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Preface 

"Past Progress and Future Challenges in Dryland Agriculture-A Global Perspective" was 
the theme for an International Conference on Dryland Farming held in Amarillo/Bushland, 
Texas, U.S.A., August 15-19, 1988. This book is the Proceedings of that Conference. 

The Conference was organized to help commemorate 50 years of service to the agricultural 
community by the U.S.D.A., Agricultural Research Service, and the Texas Agricultural Experi
ment Station at their research facilities at Bushland, Texas. The purpose of the Conference was 
to evaluate past progress in dryland farming, identify constraints, propose methods and 
technologies needed to alleviate those constraints, propose policies and programs for more 
effective technology transfer, and identify research needs and priorities for dryland farming. 
Sponsors of the Conference were: 

U.S.D.A.. Agricultural Research Service: 
Texas Agricultural Experiment Station: 
U.S. Agency for International Development;
 
U.S.D.A., Cooperative State Research Service;
 
Food and Agricultural Organization of The United Nations;
 
The World Bank;
 
Rockefeller Foundation;
 
U.S.D.A., Soil Conservation Service; and
 
U.S.D.A., Office of International Cooperation and Development.
 
During recent years, the focus on increasing food production throughout much of the world
 

has been on irrigated agriculture. Since 1950, the amount of irrigated land has increased from 
about 94 million hectares to about 220 million hectares. During the 1980s. however, the rate 
of irrigation development has dropped materially and is presently less than 1 percent per year. 
World population is increasing at the rate of about 1.7 percent annually and exceeds 3 percent 
in many parts of Africa. Irrigated land accounts for approximately 18 percent of the cultivated 
land, but produces 33 percent of the food. The cost of irrigation and drainage development of 
new systems averages over $5,000 per hectare and can be as high as $10,000. While irrigated 
agriculture will continue to expand and produce a significant portion of the world food supply, 
it appears certain that much ofthe additional food production needed in future years must come 
from the 80 percent of the cultivated land which is not irrigated. 

During the past 50 years, much has been learned about dryland farming. The principles 
learned and the technology developed need to be used to decrease risks and increase overall 
productivity everywhere that dryland farming is practiced. Large areas of the land that must be 
fanned to meet the current and future food needs of the world occur in high risk areas that have 
limited and erratic rainfall. These lands are also highly subject to wind and water erosion. 
Therefore, it is essential that the technology that has been developed and will be developed in 
the future be spread and used as quickly and as widely as possible. 

It was with this background that the Conference was developed. Also, the location of 
Amarillo/Bushland Texas, seemed particularly appropriate because it is located in the southern 
Great Plains of the United States where 50 years ago the area was in the mids t of a severe drought 
that resulted in the most severe erosion ever witnessed on the continent. The area became 
known as the "Dust Bowl," and many forecasters thought the area had no future. However, new 
policies and technologies were developed for both dryland and irrigated systems and the area 
developed into a highly important and productive area. Therefore, the location seemed to provide 
a natural setting where scientists, conservationists, farmers, and others could meet to share 
experiences and ideas about dryland agriculture. The Conference was attended by 460 
registered participants from 52 countries and 36 states of the United States. 

To allow Conference participants to get a broad view of the agricultural systems in the region, 
Pre- and Post-Conference Tours were developed. Seventy-four participants from 31 countries 
took part in the Pre-Conference Tour where they visited farmers' fields and experiment stations 
at Temple. San Angelo, Big Spring. and Lubbock, Texas. The Post-Conference Tour featured 
three of the original U.S.D.A. dryland field stations established in 1914 (Woodward, Oklahoma; 
Garden City, Kansas; and Akron. Colorado) as well as stops in Tribune, Kansas and Greeley, 
Colorado. Seventy-five individuals from 29 countries participated in the Post-Conference Tour. 

xJ 



This Proceedings contains the papers presented at the Conference along with rapporteurs' 
reports pertaining to the various sessions of the Conference. Also included are: Recommenda
tions of the Conference; Summary of Rapporteurs' Reports; What Have We Learned? What is 
Needed?; Committees: and Conference Participants. 

As Editors of this Proceedings, we hereby express our sincere thanks to the authors who 
submitted their manus6ripts in a timely manner to the Editorial Committee Assistants who 
reviewed the manuscripts, and again to the authors who cooperated with the Editorial 
Committee members in resolving any problems with their manuscripts that were identified by 
Editorial Committee Assistants. These problems were resolved during the period of the 
Conference, which eliminated time delays due to overseas' mailings and helped publication of 
this Proceedings in a more timely manner. To all who helped make this conference and 
Proceedings possible, Thank You! 

The Editorial Committee: 
P.W. Unger 
W.R. Jordan 
T.V. Sneed 
R.W. Jensen 
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Recommendations of the Conference 

Anson R. Bertrand' and Donald Plucknett 2
 

'Conference Coordinator and Consultant. 1547 Montpelier.
 
St. Petersburg, Virginia 23805, U.S.A.


2CGIAR Secretariat, The World Bank, 1818 H. Street, NW,
 
Washington, D.C. 20433, U.S.A.
 

The final half-day session of the Conference was 
devoted to summarizing what had been presented and 
identifyin4 priorities for further action. Based on those 
discussions, as well as the written reports by the rap-
porteurs, the folluwing list of recommendations was 
formulated. 

I. Dryland agriculture must play an increasingly 
important role in future production of food and fiber, 
It is well documented that the drylands have re-
ceived a disproportionately low share of resources 
devoted to increasing agricultural production. It will 
be necessary for both governments and researchers 
to devc, e more attention and resources to dryland 
farming problems than has been done historically, 

2. 	An internatioral commission, or committee, on 
dryland farmingshould be formed. The World Bank. 
in its role as Secretariat for the Consultative Group 
on International Agricultural Research (CGIAR), 
should take the lead in establishing a task force or 
committee to form such a commission. The purpose 
ofthe commission would be to promote a continuing 
international dialogue on dryland farming and to 
develop mechanisms for establishing networks 
among institutions for coordinating research and 
technology transfer activities. 

3. 	The resource base must be protected. Consequently, 
it is cssential that land resource management poli-
cies he strengthened, particularly as they relate to 
lands frequently taken hi and out ofcrop production 
systems. Policies of international organizations and 
governments need modification to encourage re

search and better management ofdryland resources 
so that the resource base will be sustained and 
present and future food and fiber needs can be met. 

4. 	Resource inventories required to develop data bases 
for good planning include soil characteristics, to
pography, climate, biota and socioeconomic factors. 
These data are essential to achieve appropriate land 
use and management. More effort should be devoted 
to development of resource inventories in dryland 
areas. Special and urgent attention should be given 
to climate and soil data bases. 

5. 	Cropping systems for dryland farming must be 
developed and used. Site-specific research is needed, 
but results must be used in concert with biologi
cally- and physically-based models and sound data 
bases to permit extrapolation of results to other 
locations. 

6. 	 More effort by scientists in developed and developing 
countries should be directed to forming manage
ment systems that permit sustained use of fragile 
lands. Attention of scientific teams must be focused 
on fragile lands that are being farmed and new lands 
being brought under cultivation for the first time. 

7. 	Infrastructure and socioeconomic conditions re
quired for the development and sustainability of 
dryland areas must be identified and developed. 

8. Attention should be given to the development and 
implementation of policies for reducing human and 
livestock population pressures on deteriorating lands 
so that desertification can be prevented. 



Part I. 
Past Progress and Future Challenges
 

in Dryland Agriculture-

A Global Perspective
 

I 



1 Opening Remarks 

B. A. Stewart
 
Director, U.S.D.A. Conservation and Production Research Laboratory,
 

Agricultural Research Service, Bushland, Texas
 

It is my pleasure to make a few remarks as we open 
this International Conference on Dryland farming. On 
behalf of the USDA Conservation and Production Re-
search Laboratory and the Texas Agricultural Experi-
ment Station Staffs located at Bushland, we want to 
extend our heartiest welcome. We truly look forward to 
this week, and particularly to the day Lhat you will visit 
our facilities at Bushland. 

Research on dryland farming has been underway at 
Bushland for 50 years. This Conference was planned to 
commemorate the contributions that the research at 
Bushland has made to crop production and resource 
conservation. Much progress has been made. Fifty years 
ago, this area was suffering from one of the worst 
ecological disasters known, the"Dust Bowl" of the Great 
Plains. The Dust Bowl was caused by a combination of 
drought, poor economic conditions, and improper farm-
ing practices. The future of the region was in doubt. 
Today, the region remains an important agricultural 
region. However, there is still much to be learned about 
producing crops in semiarid regions. Risk is always 
present. 

The idea for this Conference was to share what we 
have learned at Bushland with scientists from other 
dryland regions, and for us to learn from them. The 
conference that is beginning today, however, is very 
different from the one envisioned. We could not have 
dreamed that we would have almost 500 participants 
from 52 countries. Needless to say, we are delighted you 
are here and hope that you will find the Conference a 
rewarding and pleasant experience. 

The reason that this Conference grew much larger 

than first envisioned is that many individuals and 
organizations gave us outstanding support. For this, we 
express our sincert gratitude. On behalf of the organiz
ers, I want to recognize the U.S.D.A. Agricultural Re
search Service, Texas Agricultural Experiment Station, 
U.S. Agency for International Development, U.S.D.A. 
Cooperative State Research Service, Food and Agricul
tural Organization of the United Nations, The World 
Bank, Rockefeller Foundation, U.S.D.A. Soil Conserva
tion Service, and U.S.D.A. Office of International Coop
eration and Development as sponsors ofthis conference. 

Dr. Anson Bertrand served as Conference Coordina
tor. He did an outstanding job working with the spon
sors, organizing committee, and program committee. 
Dr. Bertrand was the catalyst that turned a small idea 
into a truly significant event. Iwant to publicly thank Dr. 
Bertrand for his outstanding leadership. I also want to 
thank Dr. G. B. Thompson, Resident Director of the 
Texas Agricultural Experiment Station at Amarillo, for 
handling the financial matters, and the Program Com
mittee for arranging an outstanding program. Lastly, I 
want to express my appreciation to the U.S.D.A. Agricul
tural Research Service and Texas Agricultural Experi
ment Stations Staffs at Amarillo/Bushland for the 
unselfish work they have given to planning and organiz
ing this Conference. They worked very hard in arranging 
the tours, registration, and local arrangements. For 
their dedication and cooperation, I am sincerely thank
ful. 

Again, we are delighted by your presence and invite 
you to call on us anytime during the week if we may be 
of assistance. 



2 
Group A Papers 

Welcome and O rerview 

Neville P. Clarke 
Director, The Texas Agricultural Experiment Station, College Station, Texas 77843 

Welcome 

Ladies and gentlemen. it is my very great pleasure to 
welcome you to this International Conference on Dry-
land Agriculture. The interest and support shown by tho, 
sponsoring organizations and the international scien-
tific community are testimony to the importance and 
timeliness of this topic. Recent history provides dra-
matic examples of the fragile balance between agricul-
ture, climate, and man and Lis ability to provide food, 
fiber, and shelter for himself and others. Gathered 
together here are scientists, practitioners, planners, and 
those concerned with national policies to deliberate a 
host ofissues central to sustainability and improvement 
of those agricultural systems which support hundreds of 
millions of lives worldwide. I submit to you that there is 
no more noble undertaking than man's service to his 
fellow man. 

It is especially fitting that this particular conference 
be held at Amarillo, since 1988 marks the 50th Anniver-
sary of the Bushland agricultural research facilities. The

majofo imetu f rseachesablshmnt rogamsm ajor impetu s for establish m en t of research program s 

at Bushland was centered in a need to control wind 
erosion on agricultural lands during the drought extend-
ing from the late 1920s to 1939. This drought was 
responsible for creation of the widely publicized Dust 
Bowl in the central and southern Great Plains in the 
1930s. Established as a cooperative effort between the 
United States Department of Agriculture and the Texas 
Agricultural Experiment Station (TAES), the Bushland 
research center remains a prime example of the Federal-
State partnership that has been so effective through the 
years in solving both local and regional problems. Many 
of the technologies to be discussed by participants in 
this Conference found their inception in research pio
neered by scientists at Bushland. We hope all ofyou will 
participate in the program and tour of the Bushland 
facilities on Tuesday afternoon. 

The Conference Agenda 

The idea for this Conference was conceived by Dr. 
Bobby StewartDirector of the USDA-ARS Conservation 
and Production Research Laboratory at Bushland, while 
on an international assignment in Rome nearly 3 years 
ago. His initial contacts with several major international 
organizations were enthusiastically received and he was 
encouraged to develop his thoughts into a concrete 

proposal. Since Dr. Stewart was also involved with TAES 

scientists in planning a celebration to recognize 50 years 
of collaborative research at Bushland, it seemed appro
prlate to combine the two efforts. The Conference we are 
convening today is the end result of those efforts. 

During the next few clays, more than 300 Conference 
participants will exchange views and factualinformation 
in 27 technical sessions, organized for the most part, 
along disciplinary lines. These sessions are described in 
detail in your programs, but a few general observations 
seem appropriate. 

At the risk of oversimplification, it appears that the 
Conference will address three basic themes related to: 

1. 	 Technologies appropriate to extensive, as opposed 
to intensive, agricultural systems. 

2. 	 Stewardship of soil and water re:ources necessary 
to sustain agriculture in dry regions. 

3. 	 Socioeconomic structure of agriculture in a high 
risk environment. 

Central to these themes are thle concepts of agriculturalp o u t o n e p i e s s s e s a d t e s s a n b l 
production enterprises as systems and the sustainabil
ity of productive systems. 

As Director of the agricultiral research agency of a 
large and diverse state, I would like to share with you a 
few perspectives about the future of dryland agriculture 
in Texas and perhaps the United States. I do so not to 
emphasize what we have -lone or failed to do, but 
because Lhe evolution of aryland agriculture in the 
southern Great Plains of the United States has much in 
common with problems being faced Isewhere in the 
world today. 

Dryland Agricultural Systems 

Dryland agriculture is, by definition, agriculture 
dependent upon the vagaries of weather, especially 
rainfall. Above all else, dryland agricultural systems 
must emphasize the capture and efficient use of rainfall.Development ofcheap sources of surface and groundwa

ter for irrigation in -uch of the American West caused 
us to lose sight of the importance of rainfall conservation 
for many years. Now, as water supplies are physicaily or 
economically exhausted, or as large scale irrigation 
projects fail for various reasons, we find that agriculture 
must revert to dryland production. Fortunately. through 
the foresight of scientists like Bobby Stewart. research 
has provided us with a new set of dryland farming 
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technologies that allow greater productivity with less 
water than was possible 100 or even 10 years ago. With 
regard to crop production, those new technologies pro-
vide means to retain precipitation on the land, reduce 
evaporation, better fit species to rainfall patterns, and 
obtain greater yields with less water through use of 
drought resistant plants. Evolution of each of these 
technologies requirn:d dedicated efforts of scientists from 
several disciplines. 

This Conference addresses several disciplinary is
sues, each of which is important to dryland farming. 
However, integration of these disciplines, or the prod
ucts of disciplinary-oriented research. is critical to de-
velopment of a comprehensive package of technologiws 
needed by producers. In the United States, we are 
developing these technology packages under the um-
brella of integrated farming systems. The basic challenge 
is to combine research information with a set of rules 
that allow producers to choose the most appropriate 
management option for a particular circumstance. These 
expert systems can potentially provide every producer 
with the very best information upon which to base his 
decisions. 

Inprincipal, ti le systems approach is alpropriate for 
all levels of tcchnology from subsist.,, farming to 
large, high tech commercial enterprises. The questions 
are, how will we decide which technologies are appropri- 
ate and how will those technologies be delivered? 

I do not presume to know the answers to those 
questions, but perhaps the recommendations of anoth:.. 
recent international conference are relevant. An Interna-
tional conference "Water and Water Policy in World Food 
Supplies" was convened in May, 1985. on the Texas A&M 
University campus in College Station. Many of you also 
participated in that conference. 

It was concluded that the scientific community and 
the private sector had substantial roles to play in devel-
opment of technologies appropriate to specific locations 
and conditions. However, to be effective, such technolo-
gies must be developed through local institutions and 
personnel, with priority on farmer inputs, 

These features of effective technology transfer are 
currently embodied in the goals and activities of many 
international organizations. The system of land grant 
colleges and universities has much to offer through 
participation in international programs for research, 
training, education, and outreach. The Texas A&M 
University System alone has provided over 500 scientist-
years of long-term technical assistance to more than 50 
countries during the past 3 decades. in addition, over 
300 scientists have been involved in short-term techni-
cal assistance assignments to more than 100 countries 
during the same period. By way of training, more than 
1,700 agricultural degrees have been conferred to inter-
national students and another 3,000 have participated 
in short-term training activities. Inthe future, Interna-
tional students and scientists will most surely partici-
pate in developing new technologies appropriate to dry-
land agriculture. Products from biotechnological re-
search may become essential features of dryland agri-
cultural systeias of the future. New range, forest, and 

crop plants that can withstand heat and drought, yet 
m,Intain acceptable productivity, would contribute to 
economic stability by reducing risk. Improved animal 
species with better adaptations to hot, dry climates and 
capable of greater conversion efficiency of low quality 
forag .s may lead to diversified crop-livestock systems 
which also enhance economic stability. Regardless of 
past successes, much remains to be done. 

Sustainability 

Among all agricultural enterprises, the issue of 
sustainability is mcst pertinent to dryland agriculture. 
Whether or not an enterprise Is successful or sustain
able is determined in large part by how risks are man
aged. Research has developed new concepts of risk 
management that are being incorporated into farmi-'g 
systems technology packages. These concepts recognize 
that both opportunity for exposure to risk and capacity 
to absorb losses are critical to sustainable agriculture. 

Risk management must be practiced at all levels 
between producers and national govrnments. Deserti
fication and deforestation are national examples of 
failu,.s to adequately plan for and manage risk in 
dryland agriculture. Both are major global issues that 
threaten societies far removed from the immediate area 
of impact. Water quality is now a major issue in the 
United States and is likely to emerge as the next issue of 
global import. Agriculture is commonly viewed as the 
principal polluter of surface and groundwater because of 
failure to control migration of seJime,.t and chemicals 
from agricultural lands. 

I propose that agricultural technlagy may not be 
the primary key to sustainable dryland agriculture in 
much of the world. Courage - o-ioal, economic, and 
political - is needed to assure sustainability ofthis high 
risk form of agriculture. Moral courage is iieeded to 
return to the old idea of stewardship which was para
mount among stable agrarian societies. We must return 
to a behavior fostered by the belief that we are merely 
caretakers of precious soil and water resources. In the 
process of using those resources for produc,.ion of food, 
fiber, and shelter, we must also protect themi for future 
generations. 

Stewardship demands careful managemrent be exer
cised, occasionally at the expense o, gr-ater profits. 
Hence, producers need economic courage to abide by 
their moral convictions. But economic courage is not the 
sole realm of the agricultural practitioner. Governments 
at all levels have a critical role to play as well since 
resources beyond the individual practitioner't, capacity 
may be required to provide relic from natural disasters 
such as widespread drought. Plans and policies for 
disaster relief are criticai fci stability of high-risk enter
prises at a n. 'lonal level. 

In the United States, we have seen the effects, over 
time, of a national farm policy based on short-term 
objectives. These policies encouraged development of 
marginal lands for row crop production without regard 
for environmental consequences. Our present farm policy, 
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elaborated in the Food Security Act of 1985, now con- a national or multinational priority to a true interna
tains financial incentives to remove marginal lands from tional priority. 
production for extended periods. Hailed as the most 
significant conservation-centered legislation for many 
years. this policy provides both financial stability and Charge to the Conference 
conserves precious soil and water resources. Conserva
tion practices applied to retired land may also enhance The problems of dryland agriculture have been 
wildlife aaid establish permanent vegetation, discussed many times by many different groups of 

Dec'sion makers must have the vision and political learned individuals. New information will be presented 
courage to support programs that establish sustainable at this Conference and new perspectives will be gained 
drylad agriculture as national policy. Political courage from debate of both old and new information. No chal
is needed because a stable agricultural sector is no lenge looms greater than a world shortage of food, food 
longer viewed by many to be as essential as industrial that is largely produced by dryland agricultural systems. 
development. The lessons of history that illustrate bene- Perhaps this Conference will present a unique occa
fits from n orderly evolution of industry from agricul- sion to combine discussions of technical issues with 
tural self-sufficiency seem to have been ignored by perspectives of decision makers responsible for elabora
many. tion ofnational and international policy. If so, we should 

It is also apparent that sustainability of a dryland expect concrete evidence that this Conference led to 
agricultuie responsible for feeding over half the world's implementation of programs and policies beneficial to 
population Is truly an international issue. Long-term dryland agriculture. You have been carefully selected to 
political stability can be achieved only when a nation's attend this Conference. The responsibility to apply what 
citizens can avail themselver, of the basic necessities for is learned during the next few days is incumbent upon 
survival. Opportunities for widespread conflict increase each of us. 
in the absence of political stability. Also lost Is the It is my hope that from these deliberations will come 
capacity for national governments to look beyond imme- new approaclles, new policies, new ways to cope with the 
diate internal concerns and become active participants problems of dryland agriculture. I charge you to put 
in solutions to international problems. Although many aside your differences and work toward those ends. We 
international organizations now exist to address issues are happy you are here. We pledge our support, our 
of global import, the resources of a few nations are not hospitality, and our commitment to ensure that you 
sufficient to effect global solutions. The challenge before have a pleasant and productive Conference. 
us is to extend sustainability of dryland agriculture from 
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Introduction 

I would like to congratulate the organizers of this 

international conference that I am told includes repre-
sentatives from 51 countries. Special credit is due to Dr. 
Bob Stewart and his colleagues at the USDA Research 
Laboratory at Bushland along with associates at the 

Texas Agricultural Experiment Station. Congratulations 
are also due to Dr. Anson Bertrand, who, for the pastDr Ansn Betran, wo.fr th
are lso ue t pa 


year or so, has worked to organize and fund this impor-

tant conference. 
I am also pleased that about 40% of those in 

attendance are from the developing counties where 
dryland agriculture is especially critical. It is fortunate 
that we all have an opportunity to share experiences on 

how these drylands can best be used and at the same 
time be protected. 

Agricultural Progress 

The world has made remarkable progress in main-
taining its food supplies during the past quarter century, 
especially in the developing countries. The pessimists of 
the 1960s who predicted widespread hunger and famine 
have been proven wrong. Except in part of Africa south 
of the Sahara, per capita food production has risen 
slightly around the world in spite of unprecedented 
increases in population. The developing countries as a 
group have performed much better than had been 

predicted. 
A study ofstatistics shows, however, that most of the 

production increases have been achieved in irrigated 
areas or in rainfed areas where adequate water is 

available for good crop production. The "green revolu-
tion" has been most successful in areas that have 

reasonably productive soils. Inadequate water and 
these areas, natural constraints to production have not 
been severe, 

It is also to be noted that the "green revolution" has 
focused primarily on cereals, and mostly wheat (Triticum 
sp.) and rice (Oryza sativa L.). These crop.i, in the 
presence of a reasonable water supply, have responded 
well to nitrogen fertilization. Adequate water and sup-

plies of nitrogen have made it possible to more fully 
utilize the full production potential of the new varieties 
of cereal crops that have been produced. 

There was good justification in the 1960s and 1970s 

for scientists to focus initially on geographic areas with 

only modest soil and water constraints. The total food 

production had to be increased quickly to satisfy the 

demands of rapidlygrowing populations. The new wheat, 
rice, and maize (Zea mays L.) varietles along with the 

associated improved technologies could and did help 

satisfy these needs. The spread of these high-yielding 
varieties not only increased food production, but revolutitonized the attitude of scientists, agricultural leaders. 
an dd eelopm e sciaists ard te p e a le of 

and development specialists toward the potential of
 

science to help meet food production goals. At any rate, 
the high-yielding cereal varieties, along with irrigation 
and fertilizer, and adjustments in agricultural policies 
that made it profitable to use these new technologies, 
have brought the world at least temporary relief from the 
specter of widespread hunger. 

Yvyland Agricultural Technologies 

We are here today to discuss what might be termed 
"the second phase of the green revolution," that in time 
might well rival in importance that of the first phases of 

this great human accomplishment. The second phase 
relates to the subject of this conference, Diyland Agricul
ture. It relates to agricultural systems that have received 
relatively less worldwide attention than those ofirrigated 
agriculture. It relates to those systems in which low 
water supply is the primary constraint. 

Dryland agriculture has been growing in importance 
for many years. In the early decades of this century, the 
soils of many agricultural areas in our southwestern 
states had become extremely degraded. A combination 
of limited renewable resources and poor cultivation 
practices contributed to and culminated in the infamous 
"Dust Bowl" of the 1930s. This USDA research labora
tory. now celebrating its golden anniversary, was cre
ated to help identify, develop, apply, and evaluate tech
nologies that could arrest and reverse the destructive 
process. Through methods developed here and at related 
facilities, the region was transformed into amajor center 
of productive dryland agriculture that gradually incor
porated irrigation technologies as well. 

The low and unpredictable rainfall that defines 
dryland farming is found on about 40% of the world's 
land surface, 60% of which is in the developing world. 
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Adverse soils, high air and soil temperatures. destruc-
tive plant insects and diseases, and intensive rains and 
winds are among the other major constraints that limit 
agricultural productivity on the 600 million ha (1.5 
billion acres) of land devoted to dryland agriculture 
worldwide. 

Fortunately, the experience of this region in the 
1920s and 1930s was not wasted. During the interven-
ing years. we have begun to systematically build up our 
,mowledge about how to prevent overuse and inade-
quate management of available dryland resources, 
Researchers are developing a set of technologies that 
farmers cani use to stabilize and sutain productivity at 
a profitable level whil- conserving renewable natural 
resources. 

Dryland Farning 

inthe Developing World 


Today, concern about our natural environment, the 
loss of renewable natural resources, and the impact of 
this deterioration on human life is widespread. For 
example, the U.S. Congress is besieged by environmen-
talists lobbying for more cautious use of fragile re-
sources, 

The drylands of Africa, the Middle East, Latin 
America, and South Asia are inhabited by over 700 
million people, most of whom are very poor. Their 
problems are similar to ours, but worse and growing. In 
some cases, traditional technologies - such as integra-
tion of livestock and trees into the food-crop system 
can help developing-country farmers stabilize and sus-
tain production on theirown drylands. Unfortunately, in 
several of the developing countries, existing temperate-
zone technologies have fallen short of meeting the needs 
of farmers, especially in the tropical areas. Further 
research is needed to help us better understand dryland 
constraints in the tropics, and to develop and transfer 
new, innovative technologies that can overcome these 
constraints, 

While tht need for innovative dryland technologies 
iswidespread, theyare needed especially forSub-Saharan 
Africa. Consequently, Ishall focus on the problems and 
opportunities of that great continent. Except for Austra-
lia. Africa is the world's driest continent. The lack of 
water has limited the use of intensive irrigation and 
fertilization technologies that stimulated agricultural 
productivity in many areas of Asia and Latin America 
during the past 25 years. The cost of developing irriga- 
tion systems in Africa is often much higher than in other 
regions. Ranging up to $25,000 per ha, the price tag is 
out-of-reach for most African countries (USAID, 1988). 
For this reason, only 6.5% ofAfrica's total cultivated area 
is planted to the high-yielding. "green revolution" crop 
varieties that grow best under irrigation (Brady, 1982). 
In the Sahel region, dryland farming is the mode of food 
production on 99 % of the cultivated land (USAID, 
1988). 

Scientific and Technical Challenges 

Population Growth 

Lack of rainfall for Africa was perhaps less critical in 
,he past than it is today because of!ncreasing rates of 
population growth on this continent. During the 1950s, 
the mortality rate in Africa was the highest in the world. 
This kept tlhe annual average population growth rate at 
about 2%, far below that of either Latin America or 
Southeast Asia. In recent years, however, expanded use 
of the vaccines and miracle drugs has sharply lowered 
the mortality rate in Africa from 27 to 16 persons per 
thousand. Fertility rates in Africa are high: African 
women give birth to an average of 6.3 children. Conse
quently, the population of Africa is now increasing at an 
annua. average rate of almost 3%. This is the highest 
regional population growth rate in the world, and one at 
which Africa's present population of about 625 million 
will double to well over one billion in the next 24 years 
(PRB, 1988). 

Agricultural Production 

Africa's rapidly expanding population is a major 
factor in changing the face of that continent's agricul
ture. Agricultural production has not been able to keep 
pace with population increases, and soil erosion has 
increased in severity. A look at the time-honored system 
of shifting cultivation illustrates what is happening. 

Years ago. with fewer people to feed, the farmers 
were able to maintain Africa's fragile natural resource 
base by utilizing pastoral animal systems and shifting 
agriculture for crop production. They would slash-and
burn an area of open forest, cultivate the plot for 2 to 4 
years, and then move on to another area when soil 
productivity declined. The abandoned site would lay 
fallow for 10 to 20 years, enough time for lost soil 
nutrients to be replenished through natural regrowth. 
This practice allowed farmers to cultivate marginal lands 
without causing any long-term damage. 

Today, in order to feed a much larger and rapidly
growing population, "slash-and-burn" African farmers 
are forced to severely shorten the fallow cycles to 5 years 
or less. The land does not have time to renew itself, and 
vast areas are becoming totally unproductive, forcing 
farmers to cultivate steeply sloping areas and grazing 
lands, neither of which are suitable for crop agriculture. 
The soils of many abandoned sites are so devoid of 
nutrients that they cannot even sustain forest regrowth 
and have begun the process of desertification. 

Africa is no stranger to deserts. During the past 2 
decades, the Sahara has gradually expanded southward 
about 90 to 100 km (USDA, 1986). Whole countries in 
the vast Sahel region of West Africa are slowly being 
claimed by the desert - Mauritania. for example. which 
is as large as Texas. Oklahoma. and Arkansas, com
bined (Brown, 1988). Analogous problems confront East 
African countries including Ethiopia, which has been so 
prominent in the news, and Somalia. The United Nations 
Food and Agriculture Organization (FAO) estimates that 
about 43% of Africa's land surface that is not already 
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desert is now at r,,,;k of becoming desertified. 

These deteriorating conditions have contributed to 

the decrease in per capita food production, which has 

taken place during iLhe past 20 years. Many farrnern, who 

might cthenvlse market crops and livestock, and so 

improve their economic circumstances, have remained 

in or reverted back to subsistence agriculture. These 

circumstances have severely limited econontic and so-

cial development efforts in the agronomically-based 

countries of Africa. 

Inlia'3 Situation 

Improved dryland technologies are equally impor-

tant forcountries such as India, where small-scale farm-

ers are trying to maintain and build on the modicum of 

economic success they have achieved. India's current 

population of almost 817 million is still growing at about 

2% annually and will likely dou,;!e to well over 1.6 billion 

by the year 2023 (PRB, 1988). Todav, India' s drylands 

the source of about 45% of the country's total cropare 
production. By the year 2000, it is expected that about 

60/o of the food for hEr gtowing population may come 
asfrom dryland cultivation (Parr et al., 1987). Clearly, 

world population continues to expand. farmers in India 

and other emerging countries also will need improved 

technologies to sustain and increase their dryland food 

production, 

Sustainable Agriculture 

There is a growing worldwide recognition of the 

importance of the sustainability of agriculture. The goal 

of sustainable agiculture is to ensure that the ability to 

produce agricultural products will be maintained for 

future generations. While increases in production are 

needed to meet increa, ed food demands, these demands 

must be met by practices that will not degrade the 

quality of the soils on which the crops are being grown. 

The U. S. Agency for International Development 

(AID) has evolved a three-pronged strategy to help na-

tions achieve sustainability in their agriculture. 

1. Efforts must be made to increase the income of 

rural people and especially of the poor majority. Their 

income generation is essential if the economy of their 

country is to progress. After all, they make up 80% or 

more of the total population of some countries. They 

must be able to produce food or to have sufficient income 

to buy it. 
2. Hungerand malnutritionmiust be minimized. The 

countries must be able to either produce their own food 

it from others. This demands continuedor to buy 
improvement in the technologies and systems of agricul-

ture. 
3. 	Soil, water,and other naturalresources must be 

conserved and their productive capacity maintained for 

long-term agricultural viability. We simply cannot afford 

to sacrifice the productive potential of future genera

tions as we seek to meet the demands of this generation. 

Today. AID and other assistance donors are explor

ing how we can help countries achieve agricultural 

sustainability. Because agriculture plays such a signifl

cant role in a country's transformation from "very poor" 

to "emerging," we emphasize the generation and use of 

new and adapted technologies and improved agricul

tural production systems. Rapid population growth, a 

deteriorating natural resource base, and tropical soil 

and air temperatures, are barriers in addition to those of 

meager water resources, problem soils, and other dry

land agricultural problems prevalent in the more tem

perate climate of North America. 

Working as we do hand-in-hand with the agricul

tural research community, many of the technologies we 

employ will ', familiar. We have also gained from these 

collaborations a valuable propensity to view problems 

from many angles. Thus: 

We are exploring ways to maintain soil productivity* 

by adding small amounts of organic or chemical 

fertilizer, by using crop and other plants to biologi

and by employing alternativecally fix nitrogen: 
farming methods such as conservation tillage; 

are looking at ways to conserve the available* 	 We 
waterresources by fallowing, more careful timing of 

use of crop residue on soilagricultural activities, 
surface, and various cultivation techniques such as 

terracing, tied ridges, and furrowing: 

Using both traditional and modem research meth

ods si ich as biotechnology, we are developing plant 

varieties that are hardier, faster-growing, and more 

resistant to the diseases, pests, drought, heat, and 

soil conditions that constrain productivity: 

* 	 We are looking at alternative farming systems such 

as alley cropping and mixed farming which can help 

farmers to conserve and improve the renewable 

natural resources upon which their productivity 

depends; and 
* 	 Weareverymuchawarethateffortstomakedryland 

areas more sustainably productive must go far be

yond development of new physical, biological, and 

chemical technologies. For this reason, we also help 

country leaders to carefully consider the socio-eco

nomicfactors- policy changes that will: 

- encourage the use of new technologies, 

- stimulate soil and water conservation, 

- provide marketing and distribution centers, 

- improve education and information dissemination 

channels, 
- create mechanisms for getting the technologies 

from the laboratory to the farmers' fields, and 

- make family-planning technologies widely avail

able to reduce population growth rates to a level 

that will not impede agricultural success and 

broader development endeavors. 

Let me briefly describe some of our science and 

technology endeavors to improve the practices and 

materials available for dryland agriculture. 
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Soil Conservation both traditional and modem methods of plant breeding 
and genetic engineering, AID-sponsored scientists are 

In recent years, dryland agricultural productivity in achieving many breakthroughs. Collaborative efforts 
Africa's Sahel, the Near East, and South Asia has fallen among international. U.S., and host-country research 
to only a fraction ef what can and should be achieved, institutions have led to development of high-yielding, 
Much of the U.S. success can be attributed to improved hybrid sorghum (Sorghumsp.) varieties that resist foliar 
soil and water conservation practices. While not all U.S. diseases and grain storage insects. Other research 
dryland soil technologies are adaptable for use in devel- endeavors are developing such improved crops as dis
oping countries, many can be productively employed ease- and insect-resistant beans (Phaseo!ussp.). heat
while other appropriate materials and regimens are tolerant cowpeas (Vigna slnensis), acid-tolerant millet 
developed and refined. (Pennisetumsp.), and salt-tolerant rice. Many of these 

Improved management of slash-and-burn drylands improved crops are designed for. or can be adapted to. 
using known technologies can. for example, reduce the dryland conditions. Their use will help move farmers 
amount of new land that must be cleared by increasing toward adequate, dependable food production that does 
the nutrient content of soil already under cultivation, not deplete the natural resource base. 
Liming. modest use of fertilizer, and occasional, selective 
application of herbicides can at least double the number 
of consecutive plantings from two or three with declining 
yields to five or six consistently-successful crops. The Fertilizers provide another layer of technology 
planting cycle can be repeated after a short fallow during through which plant yields can be stabilized. For each 
which a legume crop cover is grown to provide weed setting, researchers strive to identify the optimal mix of 
control and renew the soil's nitrogen level, chemical fertilizer and recycled organic material. Nitro-

Computer simulations of various soil, crop. rainfall. gen. the most essential plant nutrient, can be obtained 
weather, pests, and management combinations are being through biological nitrogen fixation (BNF). This process 
used by researchers to accurately predict crop success can be enhanced by improving the root nodule rhizobia, 
and identify optimum combinations for given locations the motivating agent in the process. AID's research 
in a fast and cost-effective manner. efforts have yielded significant improvements in BNF. By 

combining improved rhizobia with the right cultivar and 

Water Conservation management system, the nitrogen-fixing capacity of 
selected legumes closely approximates what can be 

Conservation of water resources is another impor- achieved with chemical fertilizers. 
tant element in productive agriculture, and a major 
consideration in dryland areas. In areas where rainfall is Farming Systems 
just barely adequate to support crop cultivation (over 
250 mm annually), farmers must have technologies to AID also supports research on alternative farming 
conserve all available water (USAID, 1987). Structurally systems that incorporate advantages beyond increased 
weak soils (Alfisols and Entisols), prevalent in some crop production. 
areas of the tropics, are easily compacted, crusted, or 
eroded by rainfall. These changes in the soil's structure 
reduce water-holding capacity, and much of the avail- Agroforestry/Alley-cropping 
able .'ater is lost in nioff and evaporation. 

Careful handling of structurally-inert soils and astute For example. fuelwood, the major source of house
timing of cultivation processes based on current weather hold energy for cooking and heat in rural areas of the 
information can significantly conserve available water. developing world, is already scarce and the situation isSoil treatment variations such as minimum tillage, worsening. This deficit is not a temporary problem 
alternate-year tillage, and seedbed preparation at the developing countries are losing eleven million ha of

nded of the r lain seasonbcan proviepoiconsa- closed tropical forests each year (FAO). It is another wayend of the rainy season can provide ongoing conserva- In w i h t e e d tof d a d h us t e r p dl - o i g 
tion of soil water on cultivated plots. Evaporation and in which the need to feed and house te t urapdly-growing 
soil erosion can both be reduced by leaving crop residues population is overtaking the renewable natural resource 
on the soil surface during short fallow periods, rather base. 
than immediately plowing them back into the soil. There is an urgent need to plant new trees andIn many cases. trade-offs have to he made to find the conserve existing forested areas. Unfortunately, most 
optimal productive system that can be sustained with rural farmers have little time or energy to worry aboutthe unique assets and limitations of each location. We reforestation. If, however, improved farming systemsare, however, bringing about small breakthroughs with include woody species, these species will be planted andimproved crop varieties and farming systems. standing trees will have a better chance of remaining inplace. To access these benefits, our researchers are 

developing and testing a number of variations on the 
Improved Plant Varieties agroforestry theme. 

For example, alley-cropping- a form of agroforestry 
Hardier plants that yield well under stressed condi- in which food crops are grown in alleys formed by

tions are particularly valuable in dryland farming. Using 
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hedgerows of multipurpose leguminous trees and shrubs 

-can be incorporated into slash-and-burn farming sys-

tems. The hedgerows are pruned regularly to reduce 

shade and competition with food crops. The plant resi-

due thus generated contains nutrients from deep soil 

layers and can be recycled into the system as green 

for food crops or as animal fodder. In slopingmanure 
areas, variations of the alley-cropping pattern help to 

prevent water runoff and soil erosion. Food crops can 

also be planted among natural stands of trees to achieve 

similar benefits. Trees planted around cultivated areas 

as "wind breaks" help to reduce erosion, plant damage 

from blowing sand, and the increased heat or cold stress 

that is exacerbated by wind, particularly in more arid 

areas (USDA, 1986). 

Mixed Farming 

In 	 areas where insect pests and diseases do not 

prohibit herding of livestock, the incorporation of ani-

mals into the agricultural system can help farmers in a 

number of ways. Where mechanized farm implements 

are unavailable or prohibitively expensive, animal trac-

tion is often the only alternative to back-breaking human 

labor. Beyond the energy they provide, farm animals can 

furnish organic fertilizer, milk, meat, skins, and off-

spring. They can also become the source of additional 

income for many farmers through rental of traction 
and other products.services, and sale of milk, meat, 

Where soil is fragile and chemical fertilizers are scarce, 

however, careful assessment must be made of practices 

that use crop residue as animal fodder rather than 

having them recycled back into the soil to help sustain 

crop production. 
Raising animals can he a precarious enterprise, 

particularly in tropical regions where they are frequently 

subject to several severe diseases. In Africa, two particu-

larly constraining animal diseases - East Coast Fever 

and Tiypanosomiasis (sleeping sickness) - are receiv-

ing major attention. Trypanosomiasis is a dreaded dis-

ease that prevents livestock production in a large area of 

central Africa. Researchers have, thus far, been unable 

to develop a vaccine against this disease, but they have 

identified a species of native N'dama cattle that have 

some natural immunity. Naturally-immune animals are 

being identified, isolated, and cross-bred with disease-

susceptible cattle. Animal scientists also are seeking 

chemotherapeutic agents to keep the disease under 

control until a vaccine can be developed, 

Smaller animals, ruminants such as goats and 

sheep, often survive better than cattle in the inhospi-

table conditions that sometimes prevail in dryland ar-

eas. To facilitate more-successful ruminant production, 

AID's Small-Ruminant Collaborative Research Support 

Project (SR-CRSP) is carrying out research to develop 

vaccines and diagnostic techniques, and to improve 

management, nutritional, and reproductive technolo

gle3 that will be useful worldwide. Through better 

management practices. one goat disease, caprine arthri

tis-encephalitis (CAE). is already being brought under 

control. A rapid diagnostic test and new vaccine for 

another goat disease, contagious caprine pleuro-pneu

monia (CCPP). holds out the promise of increased pro

duction. 
In Morocco. the SR-CRSP identified a prolific breed 

of sheep. With proper management and disease control. 

the ewe of this breed could more than triple the produc

tion of lambs produced by non-prolific sheep. 

Another AID research effort is focusing on control 

and elimination of tick-borne diseases such as Heartwa

ter and Babesiosis. Good success has already been 

achieved in identifying and isolating tick-produced 

that can be the basis of a viable vaccine.antigens 
Animals with natural tick resistance are being selec

tively bred to increase their numbers. Basic research is 

also leading to new technologies that can directly control 

ticks. 

Socio-Economic Factors 

None of these efforts will lead to the hoped-for and 

intended economic and nutritional improvements if 
land tenure rights,government policies deny farmers 

reasonable profit-margins on marketed produce, and 

access to new and improved technologies, marketing 

and distribution centers, and family planning services. 

In particular. development efforts are often hampered 

when women, who play major roles in agriculture, small 

enterprise generation, and other developing-country 

rural endeavors are denied access to education, infor

mation, credit, and other opportunities that are critical 

to their successful participation. 
AID carries on continuing dialogues to help country 

leaders better grasp the relationship between policy 

choices and development. In these efforts, we use state

of-the-art technologies - satellite imaging and com

puter modeling, for example - to help decision-makers 

visualize potential alternative outcomes if they do or do 

not champion improved policies. These discussions 

focus on such issues as: 
* free-market pricing of agricultural commodities 

construction of roads and other infrastructure criti

cal to growth in the agricultural sector; 
* 

* 	 incorporation of tree planting and reforestation into 

wood-consuming activities; 
* family planning programs:
 
* 
 increased education and training opportunities for 

all citizens: and 
e 	 encouragement of private sector endeavors, such as 

savings-and-credit institutions, which when handled 

by the public sector are unwieldy and do not reach 

small-scale farmers and entrepreneurs who are 

most in need of such services. 
We try to make available to country leaders all ofthe 

information and support they will need to make some

times politically-difficult choices. 

Networking 

The number and variety of research and related 

activities, and the institutions and governments in



Scient(flc and Technical Challenges 11 

volved in their execution. create a very complex and successful in the temperate climates can be effectively 
potentially unmanageable situation. If dryland research transferred to other environments and cultural situ
is to be carried out in the most comprehensive and timely ations. Where possible, this research must be carried 
manner, communication within this research commu- out on farmers' fields to determine the applicability ofthe 
nity must be enhanced. To this end, we are designing a improved systems. 
network through which available resources and exper- Third, there is a vital need for agroforestry research 
tise can be expeditiously channeled to the decision- to better understand how woody and food crop species 
makers, researchers, extension agents, and farmers can be effectively combined in sustainable agricultural 
who will use them. This collaboration will mobilize and systems. Unfortunately, there is little agroforestry tech
coordinate the diverse research, training, and institu- nology to transfer from the more developed world to the 
tdon-building resources available through the interna- developing countries. This is an area that must receive 
tional agricultural research centers, AID's bilateral greater attention from both the forester and the agricul
programs, and host-country national programs. turalist. Determined steps must be taken to get scien-

Many of you are already well aware of and involved 	 tists from these two important sectors to pool their 
in these efforts to "pull together" our dryland research resources and technical know-how in developing im
and development resources. I want to take this opportu- proved agroforestry systems. 
nity to invite all of you to look upon this emerging Fourth,thereis need forgeneticimprovement ofcrop 
network as a sort of "dryland bank" to which you can cultivars to assure tolerance ofstress, including not only 
deposit and from which you can withdraw improved drought, but also resistance to insect pests and dis
technologies and other information and resources re- eases, and tolerance of soil toxicities. The need for 
lated to dryland agriculture. Your broad participation stress-related genetic improvement is much greater for 
will invigorate and synergize these endeavors for the the developing countries than for the more-developed 
benefit of both farmers who cultivate drylands the world world. In the United States and other temperate-zone 
over, and those who are sustained by the products of countries, we can take steps to remove some of these 
their labor. 	 constraints. Such opportunities are not available to the 

small-scale farmer in the tropics. 
Research to obtain genetic improvement will re-

The Role of Science and Technology quire, in addition to the time-honored efforts of plant 
breeders, inputs from modern )iotechnologists. Bio-

Science and technology, along with expanded re- technology can and should be used to insert the neces
search and education, will play a vital role in the future sary genes that will improve drought tolerance, insect 
successes of dryland agriculture. While much progress and disease resistance, and tolerance to toxic soil con
can and should be made in transferring improved dry- ditions. 
land technologies from one country to another, such Research on plant nutrient systems is aflfth area of 
transfer will succeed only if it is accompanied by re- extreme Importance for the future. Probable increases in 
search to ascertain the applicability of these improved the cost of fertilizer nutrients, and especially nitrogen, 
technologies. We have already found that some practices makes it wise for plant and soil scientists to focus on 
which were quite successful on large mechanical farms farming systems that can provide plant nutrients in 
in the temperate zones are wholly Inadequate for the modest amounts without contaminating the environ
small land holders of the tropics. There is need for ment. This work will include the development ofsuperior 
further improved technologies and systems to maintain nitrogen-fixing organisms to be associated with legumes 
or increase productivity and increase rural Incomes in these farming systems. It will also include practical 
while simultaneously ensuring the conservation ofnatu- field research to ascertain conditions under which these 
ral resources. legumes can be effectively used. 

The sixth area of necessary research deals with 
computer modeling of systems. Such research will not

Research Examples only demand information on the way current and im-

There are numerous examples of the kind proved systems work, but also will make it possible toof re- exroatfomheesrcrsusobindnoe 

search that is needed. First, comprehensive I1-country ara 
studies of current dryland farming systems and prac- area to the needs of a second area. While considerablestrides have been made in such modeling research, even 

tlces must be made to ascertain the ecological, social, 

cultural, and political environments in which these greater advances will be needed in the future. 
systems operate. Steps must be taken to evaluate the The future reseai-ch examples I have given have onestrengths and weaknesses of existing systems and to characteristic in common - that research is not to be 
identify possible means of mprovingthem. We must also pedestrian. It must be first class and make use of the 
assess the need for policy changes that will make the most modern technologies. The notion that high-tech

poly tchnges w 	 shouldassessthn f tandsste ate nology research be disregarded in developing 
adoption of improved technologies and systems pract- sustainable agricultural systems must be Ignored. The 
cal. 

Second. adaptive research is needed to determine 	 best science available can and should be used to help 
remove some of the constraints to agricultural producthe degree to which technologies that have proven tion In dryland areas of the world. 
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In closing, may I repeat that the second phase of the 

has just begun. Through your best green revolution 
efforts, you and other scientists like you around the 

world must accelerate this second phase. This endeavor 
reeerteamwork amongad ust

will take discplies.Thegeneicit scientistste plnt from different 

disciplines. The geneticist and the plant breeder must 
work with the biotechnologist, the chemist, and the soil 
and crop scientists. Furthermore, the overall effort will 

take cooperaUve networking and exchanges such as are 

taking place at this conference. A reassessment of 

agricultural policies that may adversely impact on the 

viability of improved farming systems for dryland areas 

must also take place. 
wish you well as the process you have started gets 

underway, 
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Introduction 

Investments in agricultural research are some ofthe 
highest payoff investments national governments can 
make in their respective economies, yet they consis-
tently fail to make such investments at anywhere near 
adequate le.'els. Why? 

In 	 most developing countries, agriculture is the 
broadest based, potentially most important, source of 
economic growth, yet rather than to develop their agri
cultures, the governments of such countries discrimi-
nate severely against their agriculture. Why? 

A significant share of the people now employed in 
agriculture in most countries will within their lifetime 
have to seek employment in nonfarm activities, either on 
a part-time or full-time basis, yet national governments 
persistently underinvestintheeducationandtrainingof 
their rural population. Why? 

Development processes in some cases damage the 
resource base needed for a productive agriculture in the 
future, yet national governments do little or nothing to 
correct the distortions that lead to this erosion of sus-
tainability. Why? 

This list of puzzles could be extended, but the four 
Just cited should make it clear that things are not going 
well in global agriculture. Mor cover, the quandaries I cite 
are not just issues of developing countries. They are as 
true for agriculture in the developed countries as they 
are for the low-income countries. The difference is a 
question of degree only. 

One of my respected mentors, Professor D. Gale 
Johnson of the Univei'sity of Chicago, puts it quite well. 
National governments everywhere underinvest in the 
three things that are essential for a healthy productive 
agriculture-one that can feed the nation's population, 
raise the incomes of its rural people, generate the capital 
needed for its economic growth, and make its agriculture 
competitive in international markets so as to earn the 
foreign exchange needed to service its foreign debt and 
finance its economic dev-Iopment. Governments every-
where persistently underinvest in agricultural research, 
In the education and training of their people, and in rural 
infrastructure. 

As the title of my paper suggests, mire is to be an 
issue-oriented paper. We could have an ample paper ifit 
were to focus only on the three investment issues just 
cited. But I have chosen to broaden the agenda and focus 
on a larger set of issues. 

My paper is divided into two parts. First, Iwill go into 

some detail on the social, economic, and policy issues of 
dryland fanning. In the second part, I will look to the 
future and try to identify some of the issues for the 
future. At the end I will have some concluding com
ments. 

The Issues Before Us 

In addressing the issues before us, I will paint with 
a broad brush. My goal is to focus on a limited number 
of major issues and to articulate them as clearly as 
possible. To do that, I will resist the economist in me and 
not surround everything I say with a variety of caveats 
and exceptions. Similarly, much of what I say is as 
pertinent to irrigated agriculture as it is to dryland 
agriculture. I do not believe that distracts from anything 
I say. 

A Changed International Economy Which 
Changes the Basis of Economic Polcy 

The international economy has undergone dramatic 
changes over the past 20 to 25 years. The major changes 
of significance are: 

* 	 A steady expansion of international trade at a rate 
faster than the growth in global GNP. During the 
1970s, we witnessed a veritable explosion in inter
national trade, fueled by a flood of petrodollars. This 
growth in trade has made national economies more 
Interdependent: it has also made them more open to 
economic forces from the international economy. 

* 	 A huge. well-integrated international capital market 
emerged which connects national economies in ways 
every bit as important as international trade. This 
capital market links national economic policies 
together in very important ways, and now dominates 
foreign exchange markets compared to interna
tional trade. 

* 	 The global economy shifted in 1973 from the Bretton 
Woods fixed exchange rate system that had pre
vailed since the end of World War I1to a system of 
bloc-floating exchange rates. This shift in the ex
change rate system changed the consequences of 
interventions in trade, making it difficult for na
tional governments to dump their domestic prob
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lems abroad. Together wiih the emergence of the 

international capital market, this development also 

changed the way that monetary and fiscal policy 

affects the economy, with the tradeable sectors-

which in most ,-ountries include agriculture-now 

bearing the burden of adjustment to changes in 

monetary and fiscal policies (Schuh. 1986). Prior to 

these developments, agriculture was almost corn-

pletely exempt from adjusting to changes in mone-

tary and fiscal policies, 
SMonetary conditions have become more unstable, 

with the emergence of this new era dating to about 

1968. In light of the other changes cited above, this 

means that agriculture is now more buffeted by 

monetary disturbances than in the past. 

These chajges create a whole new policy milieu ior 

agriculture. Macroeconomic policies are now far more 

important for agriculture than they were in the past. In 

addition, there is nov a strong link between financial 

markets und commodity markets. Financial markets are 

now an important source of instability for agriculture. 

The Emergence of z Global Food and 

Agriculture System 
remarkable food and agriculture system has 

eerearnalente ona en- based ist part 
emerged on the international scene based in large part 

on significant technological breakthroughs in the trans-

portatio i sectors. This system hasand communication 
made it possible to all but eliminate famnine on the 

international scene. The only reason it has not been 
completely eliminated is that national governments 
sometinics choose for political reasons to hide their 

problem. Once the probkin is identified by the interna-
tional community. it is then too late. because of logistic 
difficulties, to (1o anything about it. 

This system would perform even more efficiently to 

even out shortfalls and short-term increases in prodttc-

tion among countries i it were not for barriers to trade. 

These barriers restrict the domain over which shocks to 

the system work themselves out. thus creating instabil-

ity in that part of the system which remains reasonably 

open. Were these barriers to trade eliminated, commod

ity markets would be a great deal more stable than they 

have been inl recent years. 

Much of the World's Agricultural Output is 

Produced in the Wrong Place 

There are two persistent patterns oi economic policy 

toward agriculture on the international scene. the de-

veloped countries, including the United States, the 

European Economic Community. and Japan protect 

their agricltu'es at high levels, providing their farmers 

with large income transfers, either implicitly or explic-

itly. Domcestic Prices in these countries tend to be set 

significantly above the level prevailing in international 

commodity markets. 
The developing countries, on tile other band, dis-

criminate severely against their agricultural sectors by 

overvaluing their currencies, imposing a range of export 

taxes, and otherwise channeling domestic production 

towards domestic markets. The result is to have domes

tic prices significantly below those prevailing in interna

tional commodity markets. 
The net result of these opposing sets of policies is 

that far too much of global agricultural output is pro

duced under high-cost conditions in the developed 

countries, and far too little is produced under the low

cost conditions of the developing countries. This means 

a significant loss in the efficiency of agricultural re

source use on the international scene, and with that loss 

there is a significant loss in global agricultural output 

and in the welfare of consumers worldwide. In other 

words, national agricultural policies which distort the 

use of tile world's agricultural resources impose large 

negative externalities on everybody, with a significant 

loss in global income. 
Tie policies of the developed countries have had 

particularly pernicious international effects in recent 

years. The United States and the European Economic 

Conmmnity have found themselves caught up in an 

export subsidy war to dispose of accumulating stocks 
and to regain lost shares in the international market. 

This export war contributed importantly to driving the 

prices of some commodities in international markets to 

all-time lows about 2 years ago. While this benefited 
consumers in those countries which allowed these prices 

to be passed through to their domestic economy, it also 

imposed large adjustment costs on many developing 

countries and significant losses in foreign exchange 

earnings on others. In many cases, these costs and 
losses occurred at the very time national governments 
were rationalizing their policies and turning outward to 

earn the foreign exchange needed to service their foreign 

debt and to broaden their development processes do
mestically. Unfortunately, predatory policies directed at 

each other by the U.S. and the EEC often had important 

third country effects. 

The Persistent Under-Investment In 

Agricultural Research 

study afterThe widespread paradox of research 

reseai,.h study showing very high social rates of return 

to investments in agricultural research, yet a persistent 

pattern of national governments under-investing in such 

research continuing to prevail, is one of the most signifl

cant social, economic, and policy issues of our time. 

Professor Vernon W. Ruttan has collated the rates of 

return from these studies in his important book on 

Agricultural Research Policy (Ruttan, 1983). The rates of 

return persistently range from 25 to 35% on the low end 

to over hundreds of percent on the high end. 

Understanding why national governments do not 

take advantage of such high rates of return is one of the 

significant challenges to social scientists concerned with 

agricultural development. My own hypothesis is that 

governments fail to understand just how new produc

tion technology contributes to economic growth, and 



thus fail to take advantage of one of the most powerful 
sources of such growth available to them. 

Unfortunately, most policy makers-and other 
observers as well, for that matter-believe that the bene-
ficiaries of agricultural research are the producers of 
agricultural output. Even agricultural researchers and 
social scientists themselves tend to perceive it that way. 
Yet study after study has shown that the ultimate 
beneficiaries of new production technology are the con-
sumers, who benefit from the lower prices this t,-chnol-
ogy typically leads to. The point is that these lower food 
prices are equivalent to increases in real incomes that 
are widely diffused in the society. Moreover, they tend to 
be widely diffused in favor ofthe poor and disadvantaged 
since these groups spend a larger share of their budget 
on food. 

We thus have a source of new income .-trcams whose 
benefits are widely distributed in the economy and in 
favor of the poor. A more powerful source of economic 
growth, with more positive income distribution conse-
quences, would be hard to find. The important fringe 
benefit is that this new production technology helps 
make the nation's agriculture more competitive in inter-
national markets, thus helping to earn the foreign 
exchange needed to finance higher rates of economic 
growth from that means. 

hi conclusion, if we are to make more efficient use of 
the world's investment resources, we must change our 
perception that it is only farmers who benefit from 
agricultural research and recognize instead that ulti-
mately it is the consumer who benefits, especially the 
poor consumer. Only then will policy-makers make 
investments at the proper level in this important social 
activity. The corollary point is that the importance of 
agriculture and its potential for contributing to eco-
nomic growth is not based on the relative size of its 
agricultural sector, but on the fact that everybody con-
sumes food. 

The Large Income Disparity Between Those 
in Agriculture and in the Rest of the 
Economy 

It is no secret that the bulk of the world's poor is 
located in the agricultural sector, despite the high 
visibility and prominence of the urban favela or ghetto. 
The averages tell the story quite clearly, with differences 
in per capita incomes between the two sectors often 
being of the magnitude of two or three. 

This problem also results from a failure to properly 
understand the underlying development processes that 
are at work. Policy-makers tend to view agriculture as an 
employer of last resort. failing to recognize that economic 
forces associated with economic development make it 
inevitable that labor must leave the sector to seek 
employment in other sectors. Simi?-rly, they tend toview 
the education of rural people as an activity which has a 
low payoff for agriculture, thus failing to recognize that 
the cognitive skills which education develops are essen-
tial to decoding the new production technology which 
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agricultural research produces, or that education is 
critical to facilitating the transfer of agricultural labor to 
nonfarm employment. 

Another problem is the widespread faith In the 
neoclassical model of migration. which puts the burden 
of adjustment on the rural labor force to seek higher 
Incomes by relocating. If there were more widespread 
recognition that the selective nature ofmigration in favor 
of the young. the more well-educated, and the mote 
productive imposes negative externalities on the region 
that supplies the migrant, while at the same time 
imposing negative externalities on the urban centers 
that receive them in the form of increased congestion. 
burgeoning infrastructure costs, and pollution, then 
development policy might be quite different. More atten
tion would be given to decentralizing the development of 
nonfarm activities, and there would be a greater appre
ciation of the importance of adequate schooling and 
training of the rural population and ofan adequate rural 
infrastructure to facilitate this decentralization. Para
doxically, a reduced need for geographic mobility would 
increase sectoral mobility and thus help to reduce the 
disparity between rural and urban incomes. 

The Changed Sources of Instability in 

Agriculture 
Agriculture has long been recognized as an unstable 

sector of the economy. In fact, many, if not most, of the 
interventions by governments in the food and agricul
ture system are designed to address some aspect of the 
instability question-either prices that are perceived as 
too high for consumers or too low for producers. 

The traditional diagnosis of this instability problem 
has rested on the structural characteristics of agricul
ture in a closed economy-one with very little depend
ence on international trade. The analysis is rooted in the 
low price elasticity of demand for agricultural commodi

ties and an unstable supply due to year to year changes 
in the weather. This diagnosis leads to an emphasis on 
carrying stocks as the means to dealing with this insta
bility problem, and as the means to solving the widely 
perceived food security problem. 

In today's world, it is now possible to deal with the 
year-to-year shifts in supply by means of international 
trade, thus avoiding the need to ca ry costly and diffl
cult-to-manage stocks, It is also increasingly recognized 
that the food security problem is not a question of 
supply, but rather an issue of poverty and inadequate 
means to acquire food when it is needed (The World 
Bank, 1985). 

Changes in the international economy have also 
changed the nature of the instability problem In today's 
world, shocks to the food and agriculture sector come in 
large part from unstable monetary and fiscal policies, 
and from unstable conditions in international financial 
markets. The solution to the problem lies in the reform 
of the international monetary and trade systems, and in 
more stable monetary and fiscal policies worldwide. 
These are issues that go far beyond agriculture per se. 
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The Neglected Household 

One of the remarkable things about contemporary 
thinking and writing on agriculture is the general lack of 

attention given to the household and/or the family. After 

all, the family is a pervasive and widespread social 

institution globally, and in most societies the predomi-

nant social unit. Much of the investment In human 

capital takes place in the household or within the family. 
There are complex and still poorly understood arrange-

ments and relationships within the family, as well as 

between the family and the market economy. And the 

bulk of social policy in most countries is addressed to 

some perceived problem of the family. 
Somewhat paradoxically, much of the effort to 

understand agriculture and its problems focuses on the 

production side alone, and tends to view the farm as a 

neoclassical firm, not a family unit. Similarly, policies 

designed to improve agriculture focus primarily on the 

firm concept of the farm and thus on production issues 
alone. 

The truth of the matter is that most so-called "farm" 
families participate in the nonfarm labor market in 
multiple ways, and a significant share of the income of 
such families comes from off-farm sources. This is not an 
issue of just developed countries, but of developing 
countries as well. Similarly, the opportunities in the off-
farm labor market have important implications for the 
adoption of technology and other activities on the farm 
(Villa-Issa, 1976). 

This failure to recognize the significance of the 
family and the household, its relationships with the 
production unit, and the importance of the activities that 
take place in the household, is a principal reason for the 
failure to have policies which facilitate the investment in 
human capital, and the misdirection of policies designed 
to alleviate poverty. It also contributes to the general 
neglect ofwomen's issues, of problems of inequity with-
in the household, and of policies which eventually would 
lead to more socially optimal rates of population growth. 

The Environment, Sustainability, and 

Marginal Areas 

Environmental issues are rapidly coming on the 

agenda of policy-makers world wide. Burgeoning popu-

lation growth which pushes agricultural activities up 

mountainous slopes and into areas which cannot sus-

tain a viable agriculture. and the problems associated 

with the burgeoning demand for firewood, are all familiar 

to us. The severe drought of 1988 in the United States 

has reminded the citizens ofthis country ofthe predicted 
andire consequences of the greenhouse effect, effect 

which is expected to have major consequences for global 

agriculture. 
A number of issues come to the fore under this 

rubric. The first is the role of economic policies which 

discriminate against agriculture in the developing coun-

tries as a causal factor in creating environmental prob-

lems. These policies undervalue land and contribute to 

the failure to husband that important resource. Second, 

there is a general failure to recognize that although 
economic development contributes to environmental 
problems, it also provides the means and creates the 

conditions for alleviating them (Schuh, 1987). Third. 

human resource policies, and especially policies de

signed to obtain a socially optimal rate of population 
growth, can contribute importantly to alleviating envi

ronmental problems. And finally, problems of sustaina

bility and marginal areas are not likely to be solved by 

biological and physical research alone, and we should 

thus resist the temptation to "twist" our agricultural 
research programs in that direction. The income prob

lems of people in marginal areas will likely be solved only 

by the development of nonfarm activities in which they 

obtain gainful employment. Investments in agricultural 
research should be directed to where its social rate of 

return is highest. 

Issues for the Future 

Issues for the future will be largely rooted in the 
growing internationalization of the global economy, 
Including agriculture, and tn the changes in the struc
ture of that global economy. Let me briefly highlight 
some of these issues. 

First, the shocks and disturbances to the agricul
t-.re of national economies will come increasingly from 
outside agriculture and from beyond national borders. 
We no longer will be able to understand the problems of 
national agriculture from taking a sectoral perspective 
alone, nor will strictly national "agricultural" policies be 
adequat" to address the problems of this sector. Increas
ingly, both our research and policy agendas will need to 
be much broadei. 

Second, we can expect to see major shifts in interna
tional comparative advantage in the future, with major 
adjustment problems for national agricultural sectors. 
There is a growing capacity on the international scene to 
produce new production technology for tropical agricul

ture. At the same time, the manufacturing and indus

trial sector is shifting from one country of the vorld to 

another in response to the spread of general education 

and more outward looking economic policies. The prob

lems of adjusting to these shifts in comparative advan

tage will continue to be exacerbated by large and ex

tended swings in exchange rates, which will mask 

underlying comparative advantage for extended periods 

of time. 
Third, we will see an increasing bifurcation in eco

nomic and social policy making. The increasing depend

ence on international trade means that national econo

mies are increasingly beyond the reach of national 

economic policies. This has been the source of growing 

frustration among policymakers and citizens alike in 

recent years. The implication for the future is a growing 
policies to decline in relativetendency for national 

importance as a mLans of dealing with agricultural 

problems. In its place, there will be a growing role for 

international institutional arrangements, and a ten

dency for domestic policies to shift increasingly to the 



Social, Economic, and Prclcy Issues 17 

state and local level-a shift that is already well-ad- these multiple disciplines in concerted attacks on these 
vanced in the United States. Issues of international problems. 
institutional arrangements and Issues of local and state Second. despite the long list ofsocial, economic, and 
or provincial policies and institutional arrangements policy issues before us, I am basically optimistic about 
will thus be increasingly higher on our policy agenda. the future of the global economy. Contrary manyto 

Finally, at the global level we will need to muster the observers, I believe we have a period of unprecedented
political will and insight to reform existing institutional economic growth before us. The forces and impetus for 
arrangements, and to create new ones where they are rationalizing economic policies world wide are quite
needed. From the perspective of agriculture. reform of strong. There is also an enormous amount of new 
international monetary arrangements should probably production technology still to be adopted, boih in the 
have highest priority since it is so critical to dealing with agricultural and nonfarm sectors. This new technology
the trade issue (Schuh, 1988). But our trade arrange- has the potential to fuel economic growth far into the 
ments are in serious need of reform: we need codes and future. The major challenge we will fare in the future is 
discipline for international investment, and the global to broaden these development processes to include the 
agricultural research system needs to be strengthened. poor and disadvantaged so that economic growth can be 

There are those who resist this growing need to self-sustaining. If we do that, the dictum of Senator 
address the problems of international institutions on the Hubert Humphrey, after whom the Institute I serve is 
grounds that national governments would need to give named, will surely apply: "Our best songs are still 
up too much of their sovereignty. The simple answer to unsung!" 
that complaint is that one cannot give up what one does
 
not already have and, in today's world, it is difficult to
 
know what national sovereignty is. To the extent there is References
 
some content left in this concept, however, the needed
 
reforms in international institutions will for the most Ruttan, V.W. 19 8 3 .Agricultural Research Policy. Minneapolis.
 
Dart increase national sovereignty, especially on issues MN: University of Minnesota Press.
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Introduction 

Discussions on the future of the world's drylands 

range from the euphoric to the ultra-pessimistic. Opti-

that the ruins of ancient cities in suchmists assert 
places as the Negev reflect the existence of flourishing 

farmers in the Nabatean and Roman-Byzantine periods 
farmrs n Roan-yzatineperods

agricultural systems in very dry areas. It is known that 
tead Naaten 

(2000 B.C. to 630 A.D.) cultivated land that probably 

received under 200 mm of annual rainfall by means of 
can still bewater harvesting and that this technique 

used to produce field crops, fruit, and other trees. Some 

writers have gone as far as stating that arid lands, with 

their comparatively low population densities, offer an at-
increasinglytractive solution to the problems of an 

crowded world. 

In sharp contrast, an interagency study of land 

capacity in developing countries concluded that, at 

existing low levels of technology and management, the 
total dryland population exceeded the estimated carry

ing capacity of the land by about a third in 1975 (FAO/ 

UNFPA/IIASA, 1982). Tle UN Desertification Confer-

ence estimated in 1977 that the population then seri-

ously affected by desertification was of the same order 

(UN, 1977). Eighty percent of the rangeland and 60% of 

the cropland in the developing country drylands are 

thought to be declining in productivity due to resource 
to risedegradation as population densities continue 

(FAO, 1987). 
A central thesis of the Conference on Desertification 

was that technology to combat desertification was al-

ready available. The consensus was that further delay in 

halting land degradation could not bejustified by claims 

that more research was needed before action could 

begin. This belief in the adequacy of the present scientific 

and technical knowledge base is debatable, but contin-

ues to be reflected in the focus on technology transfer 

found in many discussions of dryland development. 
Despite this belief, it is widely recognized that at-

tempts at improvement have failed to make a broad 

impact. Most interventions have focused upon the physi-

cal environment and upon measures to solve technical 

problems. They tend to overlook the fact that develop-

*The views expressed in this paper aie those of the authors 

and in no way should be taken to reflect those of FAO. 


ment is about people, their immediate welfare, and the 

well-being of their descendants. It is the way in which 

people of the current generation utilize natural re

sources that determines the physical potential to sup

port future generations.
This paper examines the degree to which knowledge, 

transferred in the context of conventional development 
nit al developactuallynbeenefforts,er ashas actually been applied.applied. It also seeks to develop 

efforts,an approach that is more holistic than current 

morecr olisticthcurrentdeffocalan whoch maes 
and which makes fuler use of the knowledge of local 

adopts the assumption thatinhabitants. The paper 
drylands comprise arid lands experiencing a growing 

period of up to 74 days and semi-arid lands with a 75 to 
1987). It concentrates119 day growing period (FAO, 


upon non-irrigated areas in developing countries and
 

makes no attempt to discuss the special problems of
 

irrigated agriculture.
 

Types of Knowledge 

Formal development of agricultural technology is a 

recent phenomenon-only occurring during the past 

100 years of some 10,000 years of agricultural history. 

Great strides in land and labor productivity through 

plant and animal selection and modifications to hus

bandry were made prior to the formalization of agricul

tural research. 
Dryland agriculture is in a state of continuous, if 

gradual, change. A large proportion of this change is 

carefully managed by rural households and communi

ties. Rural people rarely adopt innovations exactly as 

advocated by extension agencies, but select elements for 

incorporation into the existing system. The term adap

tation probably describes the process better, since farm

ers experiment with and modify new practices before 

applying them on a production scale. 
The knowledge related to agriculture can be com

plex. A full description of an agricultural practice in

cludes not only the input/output relationships under 

varying environmental conditions and management, 

but also the range of outcomes that can be expected to 

occur under a given set ofproduction conditions. Knowl
edge of production practices, however, is only one of the 

many types of knowledge that are required for planning 

and implementing development. Other relevant areas of 



knowledge include natural as well as social, administra-
tive. and policy environments, 

There are two predominant sources of this wide 
spectrum of knowledge. National and International re-
search and development agencies provide institutional 
knowledge. A great proportion is formal, such as that 
contained in research reports and government land use 
maps, although an important part is informal, such as 
the field experience gained by outposted staff. 

The less conmonly recognized source of knowledge 
is that of the families and communities of the dryland 
areas. This local knowledge includes indigenous or 
traditional knowledge, passed down over the genera-
tions and supplemented by recent experience. It also 
includes the information known by communities about 
government services and the world. Only a fraction of 
local knowledge reaches development agencies or is 
formally documented: most is transferred orally between 
families, communities, and generations. 

There is a language barrier which separates institu-
tional knowledge from local knowledge. The latter fre-
quently embodies concepts and nomenclatures which 
find no counterparts in other languages. The richness 
and detail of local knowledge concerning important 
aspects of the environment is reflected in the fact that 
Eskimos have several dozen words to describe snow. 
Farmers often recognize many more soil types than 
researchers, and likewise with livestock breeds and crop 
varieties. Moreover, the language of most scientists is 
incomprehensible to most farmers. 

In practice, a great deal of institutional knowledge is 
condensed into totals or averages. This is particularly 
inappropriate for the drylands given the seasonal and 
annual fluctuations in the production environment, 
Much local knowledge reflects the variation of produc-
tion responses, even if this uncertainty is not expressed 
in formal probabilities. Although there is a general 
consensus that attitudes to, and perceptions of, risk are 
important determinants of agricultural systems, there 
are no simple and practical means of determining pre
cisely the importance of risk in family and community 
decision making. 

Institutional knowledge changes rapidly. It is devel-
oped. by and large, through conceptual or logical thought 
processes. whereas local knowledge has evolved over 
centuries of trial and error. The content and amount of 
local knowledge is relatively stable and it expands or 
changes only as recent experience modifies older knowl-
edge. The population explosion, combined with the 
rising expectations that have resulted from improved 
communications and formal education, has rendered 
much indigenous knowledge redundant. 

Experience of Knowledge Application 

Pastoral Areas 

These areas often have harsh, uncertain climates 
and tend to coincide with regions defined as arid. The 
inhabitants of purely pastoral areas total only about 18 
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million, or 6% of the entire drylands' population, but 
they support a disproportionately large amount of live
stock (ILCA, 1980). Nomadic pastoralists are essentially 
mobile dairy producers using land that has few alterna
tive uses for purposes of subsistence (Livingstone, 1985). 
They must contend with droughts that will inevitably 
devastate their herds, while ensuring the survival of 
their families. Although animals are owned by individu
als, grazing areas and watering points are used com
munally. Indigenous institutions that traditionally regu
lated the exploitation of pasture resources have been 
seriously weakened (Swift, 1987). 

Efficient use of rangelands involves a concentration 
of grazing pressure where rainfall has been plentiful. 
This requires a mobile and flexible systems of grazing 
management which, in turn, implies strict control over 
herd numbers. Efficient matching of livestock numbers 
and feed availability cannot be effected by outside agen
cies, which lack both the necessary detailed technical 
knowledge of what is a highly dynamic situation and 
which cannot impose the necessary authority to control 
grazing management. This places an emphasis on the 
restoration of effective local institutions to carry out this 
task, but few programs have incorporated this ap
proach. 

Sparse populations and scattered settlement pat
terns make it difficult to organize efficient support 
services. Special incentives necessary to attract and 
retain high caliber staff for the dry areas are generally 
lacking. Staff are also discouraged by inadequate budg
etary provisions that are often subject to sudden, arbi
trary cuts. 

Despite the wide variation of pastoral conditions, 
development measures adopted to date have tended to 
adhere to a standard pattern that reflects an incomplete 
understanding of the specific situation. The following is 
a summary of the major approaches and experience. 

i) Stocking rates 

Attempts to regulate stock numbers have been 
based upon ti0? assumption that pastoralists value 
livestock for their own sake, keeping too many for the 
carrying capacity of the local rangelands. It is further 
assumed that herd composition is wasteful-with a high 
percentage of males and too many older, unproductive 
animals. Blecause of the communal nature ofthe grazing 
lands, however, there is always an incentive for individu
als to increase herd numbers. In addition, many families 
have insufficient livestock to meet subsistence needs. A 
larger herd, with a proportion of mature, hardier ani
mals, is also a means of ensuring more survivors after 
the drought periods. Faced with the problem of commu
nal grazing, as well as the survival imperative, it is little 
wonder that actions concentrated on reducing stocking
and improving herd composition have not been success

ful. 

ii) Improving forage resources 

This group of programs has concentrated on resting 
eroded areas to allow natural regeneration, or the intro
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duction of new grass and legume species plus forage 

shrubs and trees. Where grazing has been strictly con-

trolled and new pastures and forage protected, results 
is.have often been impressive. Grazing management 

however, highly complex ai.d poorly understood. Appar-
of poor pasture orent overgrazing may be a symptom 

grazing management rather than overstocking per se. It 

has also been noted that pasture degradation can be 

cyclical according to longer-term climatic changes. 

iii) Livestock upgrading 

Genetic improvement of local stock has been tried in 

several placeswith little success. Local stock are adapted 

to the rigors of their harsh environment: they are more 

productive tinder conditions of poor quality and fluctu-

ating levels of available forage. and better able to with-

stand the effects of pests and diseases. Unless nutri-

tional intake and animal health conditions are also 

transformed. genetic upgrading will fail. 

iv) Watering points 

Efforts to increase grazing areas by the construction 

of new watering points have usually led to an accelera

tion of rangeland degradation. Concentration of herds 

has meant that provision ofclose to sources of water 

water holes, without control of livestock numbers and 

rational grazing management, has compounded the 

environmental problem. 

v) Strengthening support services 

Marketing improvements have been based upon the 

owners value their animalsassumption that livestock 
per se for prestige, or as a mobile bank account. In order 

to counteract this assumed set of values, more frequent 

markets, better auctioning systems and the organiza-

tion of outlets for consumer goods have all been to 

stimulate offtake. These measures have undoubtedly 

been positive, but fail to come to grips with the core of the 

problem, which is that even overstocked, communal 

grazing lands contain many families striving to increase 

herd size to a level capable ofmeeting subsistence needs. 

Unless the relatively few owners of large herds reduce 

livestock numbers, the problem is insoluble. There is, 

however, little incentive to do this, as studies show that 

in good years the rate of return to investment in grazing 

stock can be very high indeed. 
A successful marketing strategy should also take 

into account the need to take maximum advantage of the 

production opportunities presented by good years. while 

reducing cyclical losses. The situation calls for measures 

to restock rapidly after droughts, while quickly reducing 

stock numbers as drought conditions develop. However, 

it is notoriously difficult to organize a successful mecha-

nism to carry this out. 
Animal healthservices are vital in dryland areas, but 

little is known about mechanisms for building upon 

indigenous knowledge concerning animal diseases. 

Extensionservicesdeploy large numbers of staff, yet 

have rarely been effective in promoting change. Even in 

situations where technology was thought to be available, 

and transfer mechanisms have been improved, services 

are facing many problems. A smoothly functioning trans

fer nechanisn cannot compensate for the lack of appli

cable knowledge. 

vi) Ranching 

The establishment of ranches for beef production 

has been seen as a means of ensuring strict control of 

herd size and composition. grazing management, veteri

nary measures, and marketing arrangements within a 

modern, commercial organization. Two serious prob

lems are attached to this potential solution. The most 

immediate is that the technology evolved under different 

levels of resource endowment, with available skilled 

management and established market channels, does 

not give attractive returns to capital in most developing 

countries. Much more important, the purported solu

tion omits the major component of the problem which is 

the welfare of the local pastoralists who are displaced. 

Mixed Farming Areas 

Most rainfed mixed farming is practiced In semi-arid 

regions, which contain 90% of the drylands' population. 

In contrast to the rather positive image of pastoralists, 

peasant cultivators are usually seen as indolent, ultra

conservative and feckless, rejecting advice and squan

dering credit. This negative generalization does little 

justice to the actual situation under which each peasant 

family attempts to make a living tinder difficult and 

uncertain agro- :cological and economic conditions. It is 

increasingly recognized that most smallholders make 

rational decisions and organize their resources effi

ciently within the limits of their own knowledge and of 

their environment (Schultz, 1964). Unless changes are 

effected in these two sets of constraints, no progress can 

be made. 
At the heart of each family's existence is the need to 

manage their resources in order to survive the inevitable 

bad years. This places a premium on risk aversion, while 

the variability ofweather patterns forces them to impro

vise their work plans and husbandry decisions as each 

season unfolds. Thus, technology generated under 

controlled research station conditions, and delivered in 

the form of rigid packages, is often modified or rejected. 

In seeking to understand dryland cropping systems, it 

is important to realize that the limited duration of the 

growing season causes extreme peaks of labor demand 

where operations are not mechanized. Many crops are 

planted after the optimum sowing date and even the 

extent of late planting is constrained by the competing 

weeding demands of the earlier-planted crop. Although 

the forced spread of planting dates provides a measure 

of insurance against crop failure, it also means that 

many. otherwise optimal. husbandry techniques cannot 

be profitable on a large percentage of crop area. 

The yield uncertainty imposed by climatic factors 

encourages cultivators to maximize the area planted by 

adopting extensive farming techniques. Because of the 
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constant threat of crop failure and limited cash 	 after careful testing on a small scale over a long period.re-
sources, farmers also tend to avoid using purchased Campaigns to achieve early planting of cash crops 
inputs such as fertilizers. These risk-avoidance strate- have foundered because of tile problem of labor short
gies. resulting in low cost/low yield systems. tend to ages for preparing seedbeds and the priority accorded to 
conflict with technical advice that advocates more inten- subsistence food crops. In some cases, early planting
sive husbandry and greater use of purchased inputs, has caused problems with pests and. because ofvarying 

Although it is frequently claimed that sufficient weather conditions, it is extrenely difficult to delineate 
technology is directly applicable to the development of an optimum planting date from the viewpoint of yield. 
mixed farming areas, but is unused, it is doubtful Prograns for improved spacing and optimal plant 
whether this is really the case. New knowledge will only populations have often been inapplicable. since many
be used if it is applicable to the actual physical and smallholder crops are grown as mixtures, whereas insti
economic situation, and to the value system ofa particu- tutional knowledge of spacing relates mainly to pure
lar community. Applicable knowledge must provide stands. It is debatable whether the advice is applicable 
benefits that are perceived easily. and which are capable 	 even in the case of pure stands, since other husbandry 
of rapid delivery within the existing managerial and factors. such as variety planted, planting date, use of 
institutional framework. Even technologies which meet fertilizers, and inensity of weeding, also differ between 
these criteria cannot be readily transferred to other small holdings and research station fields. 
locations, as agro-ecological conditions often differ Intercropping. the absence of row planting, and the 
markedly over quite short distances. Moreover, even presence of numerous weeds in soIme plots, cause nany 
within the same location, optimal husbandry tech small holdings to appear neglected. Extension advice 
niques viil differ from year to year because of varying has been directed towards persuading farmers to weed 
amounts and timing of rainfall. more frequently, since it is known that weeds depress 

Current extensive farming systems make it difficult tile yields of the crops they conmpete with. The technical 
to generate a marketable surplus for investment in optimum being advocated, however, rarely corresponds 
improved technology. Even when surpluses occur, the with tile economic optinnm adopted, because labor 
relatively small volumes involved and the fluctuations of shortages mean that there is a high opportunity cost 
the surplus from year to year. combine with the poorly attached to many weeding tasks. 
developed physical and institutional infrastructure to 
make marketing costs prohibitive. Physical conditions iii)Agricultural mechanization 
and low levels of demand have the same effect on the cost 
of purchased agricultural inputs. Although ox-cultivation typically allows a threefold 

The following is a summary of the major types of increase in the amount of cropland that can be prepared 
formal interventions that have been tried in attempting by an average family, the shortage of feed before and 
to improve agriculture in mixed farming areas, 	 during planting time is an important constraint. As 

population pressure leads to smaller holdings, the amount 
of fallow land available to support oxen is also diminish

i) New varieties ing. This means that oxen are generally weak at the start 

Much effort has gone into evolving short-duration of the rains when they are most needed for work. This in 
varieties of staples such as millet and sorghum. Im- turn limits crop area per family and reduces the range of 
provements have been achieved, but for the most unfa- options, such as replanting or delayed cultivation, avail
vorable areas with especially short growing seasons and able to dryland cultivators facing uncertain climaticconditions. One possible technological improvement is
erratic rainfall, local cultivars have proved hard to beat. the s O oetechnpla aftrotement 
Part of the reason has been that. in some areas, straw the use ofhand-operated punch planters after treatment 
prices pricsighcn beass gainprics. n aditinal 	 of the fallow by herbicide, but yield Uncertainty and lowcan be as high as grain prices. An additional 

problem is that yield uncertainty and low crop values crop values combine to impede the adoption of the 
encourage farmers to minimize costs by using seed from approach. A similar argument applies to the use of 
a previous crop. Under these circumstances it is difficult 	 tractors in countries where holding sizes are small, since 

to organize viable commercial channels for introducing the necessary scale economi s for their economic opera
the seed of new varieties. tion are not forthcoming. 

iv) Use offertilizers 
ii) Improved crop husbandry 

Mineral fertilizers have not played an important part
Agreat deal of crop husbandry advice has been given In increasing crop production in most dryland areas. In 

without first developing a full understanding of local the case of nitrogenous fertilizers the practice is often 
circunistances. Indigenous knowledge hasevolved farm- uneconomic: leaching and volatilization cause losses 
Ing systems which are adjusted to specific agro-ecologi- and the risk of negligible physical response in poor years 
cal conditions and to the inherent competition for labor is high. Phosphatic fertilizers have greater potential, 
between different operations and competing crops. especially in association with legumes that can improve
Systems are complex and interactions subtle; one ill- the nitrogen status of the soil organically, as they resist 
advised Intervention can jeopardize the whole delicate leaching and promote root growth for improved water 
equilibrium builtup over generations and adjusted only uptake. 
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v) Soil conservation programs 

Soil conservation programs have often given disap-

pointing results. There has been a tendency to treat 
conservation as al end in itself and the measures 
advocated have seldom provided sufficient incentive to 
be widely adopted. While technicians tend to see eroded 
land and degraded pastures as problems in themselves, 
they are in fact symptoms of more deep-seated problems 
involving excessive population pressure at current levels 
of technology (Sanders. 1988). 

Farmers rarely perceive soil erosion, or other forms 
of land degradation, as a high priority problem. Figures 
of annual soil loss are virtually meaningless to them, nor 
aretheyinterestedinprogramswhichdcnotyieldshort-
term benefits. In economic terms, farmers have short-
time horizons and are acutely aware of the opportunity 
cost of their efforts. Since most erosion is in an advanced 
state before any action is taken, and most productivity 
decrease occurs in the early stages of erosion, the vast 
majority of soil erosion projects can only demonstrate 
insignificant short-term production increases. The situ-
ation has reached the point, in many areas, where 
previous production levels cannot be regained without 
an input of time and effort that is not locally acceptable 
in the absence of subsidies or other incentives, 

A more promising approach is to introduce soil 
management practices that prevent the erosion problcm 
developing. However, unless these practices can he 
shown to increase production, or at least to halt dra-
matie production declines, they will be rejected. Fortu-
nately. certain techniques involving agro-forestry meth-
ods show promise of fulfilling these criteria. Mechanized 
techniques that meet the criterion of increased produc-
tion have also been developed in areas vhere tractor use 
is feasible and economic. Inappropriate use of tractors 
has. however, been a major cause of desertification, 
especially in the Near East and North Africa. Wrong 
implements. careless ground preparation, inappropri-
ate cropping patterns, and the choice of unsuitable 
arable sites have all contributed to this situation, 

vi) Water harvesting 

Certain similarities can be perceived between the 
soil conservationdifficulties of organizing successful 

programs and persuading farmers to adopt water har-

vestng techniques. Both sets of measures are usually 

labor-intensive, and both have delayed benefits that are 
subjectively discounted. In addition. the benefits of 

water harvesting are less likely to have been witnessed 

by farmers than those deriving from more common soil 

erosion control measures. 

Main Lessons of Past Experience 

It is easy to be negative in examining the experience 
with dryland development presented in previous sec-

tions of the paper. However, a critical analysis of the 

main characteristics of dryland programs, together with 

the problems and constraints involved, is a necessary 

first step in developing an improved approach. 

The analysis reveals that most past interventions 
have been characterized by insufficient knowledge and 

inaccurate perceptions of local cultures and economic 
structures. Knowledge of key interactions at the level of 
both the family unft and the community has been, at 
best, fragmentary. As a consequence, technologies have 
been introduced and policies applied without fully tak
ing account of farm-household goals and values, risk 
considerations, and seasonal scarcities of cash and 
labor. The sinile-component nature of most programs 
has encouraged this partial approach. 

At 'he community level, questions of equity have 
been largely ignored. despite widespread social tensions 
over access to water and land. Interactions between 
different farming systems within the same community. 
and between communities, have not been sufficiently 
considered. Knowledge of indigenous institutional struc
tures, social obligations, and mechanisms for imposing 
communal discipline is equally rudimentary. Moreover. 
these mechanisms have rarely been enlisted in support 
of development actions. 

Basic technical production data are commonly of 
poor quality-even reasonably accurate yield estimates 
and labor data are usually absent. The location-specific 
nature of technology is often overlooked. Contra.ts and 
similarities between local farming systems are seldom 
e::amined, and trends and luctuatic ns are not analyzed. 
The tendency to assume that each year follows an 
identical pattern facilitates the advocacy of rigid techni
cal packages that farmers are assumed to accept or 
reject but never modify. 

Planned interventions usually take place within a 
project framework, the restricted time span of which 
precludes the acquirement of adequate knowledge con
cerning the local situation. Projects rarely schedule 
sufficlent time to involve, learn from, and train the rural 
population among whom the development actions take 
place. This omniscient attitude and paternalistic ap
proach are reflected in common terms used to describe 
the local population, such as "target group" and "receiv

ing mechanism." which have a passive, non-participa
tory connotation. A set of problems have arisen when 

separate project administrative structures have been or

ganized in an attempt to circumvent the difficulties pre

sented by weak government support services. The par

allel administrations have found difficulty in fully utiliz

ing existing institutional knowledge and resources be
cause of frictions with established services and they 

cannot be Sustained after the termination of project 

funding. 
Although the project is the main vehicle for develop

ment actions, each project is profoundly affected by the 

policy environment in which it operates. Unfortunately. 
policy analysts routinely depend upon aggregate data 

which do not allow an examination of the effects of policy 

decisions on specific farming systems or social group

ings. The consequences of policy decisions on the devel

opment of dryland areas are seldom specifically consid

ered. 

http:Contra.ts


An Alternative Approach
to Drylands Development 

The major elements ofan improved approach emerge 
naturally from the above analysis. The main conclusion 
is 	that there is a need to redress weaknesses in the 
following areas: 

" 	 Understanding oflocal conditions (goalsand aspira-
tions: social conflicts/main social groupings: gen-
der roles: local institutions: technology: husbandry: 
production/labor patterns: resource variations; 
constraints caused by climatic variability: non-farm 
activities, etc.) 

* 	 Understanding institutional factors (adaptation of 
recommendations to fluctuating climatic sequences: 
support service capacity: policy environment. etc.) 

" 	 Community participation (using local institutions 
and knowledge; selection and adaptation of new 
technologies: training in use of support services: 
planning and accounting: monitoring; promotion of 
self-reliance). 

In attempting to develop successful programs. it is 
necessary to examine those problems and constraints 
that prevent people from 2chieving their goals. Problems 
and constraints will differ between families and physical 
locations, and will be experienced at different times of 
year. Their characteristics can be better understood by 
gaining a clear idea of cash flows, energy flows. etc. A 
knowledge of patterns of responsibility and authority. 
within the family and community, will also help in the 
process of constraints analysis. These aspects of space. 
time, flows, and decisions form the basis of the analytical 
process (Conway. 1987). 

The above data acquisition and analysis can be 
accomplished by a systems approach, focused on the 
farm family and the community, that treats production 
and household activities as integral components con-
sisting of several interacting elements. The farm/house-
hold system consists of those elements that constitute 
the agricultural production process, the non-agricul-
tural production activities of the dryland household, and 
the domestic consumption component. Interactions are 
governed by the amount and quality of family labor, 
land, capital, and skills available. These internal ele-
ments, in turn, interact with the physical environment, 
the socio-cultural environment, and the policy and 
administrative environment, which form the indirect or 
external components of the farm/household system. 

Whatever variation of the approach is adopted, it is 
essentially a systematic micro-level analysis and plan-
ning technique that takes account of the overall conse-
quences of any individual change within the system and 
considers the influence of the complete farm environ-
ment. This holistic concept has mainly been used under 
the title of Farming Systems Research (FSR) (Byerlee et 
al., 1980), to focus upon priority areas for future techno-
logical research. The Farming Systems Development 
(FSD) approach, advocated by FAO (Friedrich, 1987). is 
also used to identify existing technologies that can be 
adapted immediately. In addition, FSD Is concerned 
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with short-term adjustments to agricultural support 
services by identifying necessary modifications, seen 
from the viewpoint of the community. The approach 
specifically examines the interaction between house
holds within a community: this is particularly important 
in dryland areas because of such issues as communal 
grazing and access to water. 

A systems approach can also be applied to the 
identification and fonnulation of projects, whose high 
failure rate stems partly from missions which lack both 
the time and Lhe tools for an adequate study of the 
agricultural system. In addition, the approach is valu
able in studying the micro-level impact of agricultural 
policies related to pricing, subsidies and taxes, and 
marketing. 

Although the range of factors that need to be studied 
might appear incredibly complex, the analysis is based 
upon the assumption that the important characteristics 
of each syste.-i are determined by a limited number of 
key processes Conway, et al.. 1987). The systems con
cept can be put into practice by a series of actions that 
are outlined below: 

* 	 Preparatory arrangements: choice of area, selection 
and training ofmulti-disciplinary team, study back
ground information: 

0 	 Exploratory field visits: informal information gath
ering, developing initial hypotheses on constraints, 
problems, opportunities from viewpoint of commu
nity: 

* 	 Verification survey: formal surveys, technical analy
ses, quantitative data base, hypotheses testing; 

* 	 Constraints analysis and improvement appraisal: 
adjustment of initial hypotheses by multi-discipli
nary team in cooperation with community; con
structing constraint matrix, listing of priority ac
tions, appraisal of actions (feasibility, profitability, 
etc.), on-farm testing: 

* 	 Planning: farm-household adjustments, commu
nity adjustments, support services, local institu
tions, energy issues, investment projects, policy 
adjustments: trade-offs between productivity, sus
tainability, stability, and equitability: 

* 	 Implementation: mobilization ofcommunity inputs, 
organization of institutional support channels, 
monitoring, evaluation, and plan adjustments. 

The above actions should embody a considerable 
degree of flexibility because of the wide range of condi
tions likely to be encountered. At present, experience 
has been gained mainly at the level of the individual farm 
family in areas of higher rainfall. and more work is 
needed to evolve better aiialytical and planning tech
niques at the community level in dryland areas. No 
attempt should be made, however, to separate family 
and community aspects into distinct phases, as many of 
these actions can be performed in parallel and the two 
levels are intrinsically linked. 

The actions are iterative and not strictly sequential, 
since it is desirable to commence certain development 
activities quickly while continuing to refine knowledge, 
skills, and institutional performance. 
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Most actions involve the two-way transfer of local 
which in turn implies aand institutional knowledge, 

period of confidence building and learning on the part of 

a multi-disciplinary team together with the local popu-

lation. Since members of each group have their own set 

of values, motivations, and responsibilities, mutual 
and trust must be established beforeunderstanding 

progress can be made. 
Similar approaches to the one advocated above have 

already been successful on a relatively small-scale. The 

challenge is to ensure replicability of the approach by 

institutionalizing it within regular government services. 

This involves the transfer of the knowledge acquired in 

applying the approach from relevant NGO's and multi-

lateral institutions to civil servants involved in dland-.' 
It also implies a shift from reliance ondevelopment. 


projects to a program approach dependent upon regular
 

services.
 
In practice, the major cffort of re-orientation and 

training should be focused on the research and exten

sion services. This strategy should produce extension 
staff capable of working with communities and farmer 

groups to effect a matching of solutions derived from 

both institutional and local knowledge. Extension staff 

must adopt an active role in catalyzing the identification 

of problems and the evolution of solutions, rather than 

the current passive role of transmitting fixed messages 
in a didactic manner. 

Thi ateyamal e as ttee 
This strategy also means that research workers 

should be actively involved in the study of local farming 

systems and that the knowledge derived from this con-
tinuous experience should guide their work priorities. In 

responding to the need for technological solutions to 

priority problems identified by the farming community. 

scientists need to focus activities at the field level. This 

means involving farmers in testing and evaluation work. 

in this way will be more easily
Technology evolved 

transferred by extension services, since this local!lnsti-
tutional knowledge combination should be easily appli-
cable. 

Even the widespread generation of applicable agri-
cultural knowledge will not always solve the problem of 

attaining reasonable living standards. In many over-

crowded areas, population growth has already out-

rate of increase in agriculturalstripped any feasible 
production, leaving few viable options. Planned migra-

tion Is no longer possible in most drylands since there 

are few possibilities for the economic expansion of 

cultivated areas elsewhere. The strengthening of family 

planning services merits the highest priority, but they 

are often difficult to implement and the effects are, at 

best, long-term. This situation means that the develop

ment of non-agricultural sectors deserve greater atten

tion than they are currently receiving. Integrated rural 

development programs are the obvious vehicle for a 
an even moremulti-sectoral approach. but they have 

dismal history than agricultural programs. The main 

reasons for past failures are, however, similar to those 

identified for the agricultural sector. A systems ap

proach to multisectoral rural development would appear 

to be called for. The concept of integrated rural develop

inciit Is stil promnslng: it wvould eem that the tools and 

methodologies to ensure its success are now available. 
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Rapporteur'sReport on Group A Papers: 

Past Progress and Future Challenges

in Dryland Agriculture-


A Global Perspective
 

J.S. Kanwar 
ICRISAT, Hyderabad, India 

Papers presented in this session gave an overview of 
the past progress and challenges of the future in dryland 
agriculture. 

Dr. Nyle Brady, in his comprehensive paper, high-
lighted the importance of dryland agriculture, particu-
larly for the Less Developed Countries (LDC) of Africa, 
Latin America, South East Asia. India, and the Middle 
East where the population explosion was outstripping 
the available food supplies, specifically in arid and 
semiarid regions. Extension of irrigated farming was 
becoming impractical because of prohibitive costs and 
less availability of water resources in those areas. He 
traced the progress made in dryland technology genera-
tion in the last two decades in the developing countries, 
and because of the interactions between International 
Agricultural Research Centers in LDC, he pinned hopes 
on the improved dryland technology based on high-
yielding, water-stress resistant cultivars and use of 
fertilizers and appropriate tillage for improving crop 
productivity and stability of yields in drylands. He 
stressed the importance of national policy changes to 
encourage the use of new technologies for soil and water 
conservation, marketing and pricing of commodities, 
information dissemination and technology transfer, and 
family planning. In his opinion, research on variety 
improvement, agroforestry, farming systems, and soclo-
economic factors was necessary. The improvement of 
natural resources through conservation and judicious 
utilization and income generation in rural areas was the 
key to dryland agricultural development, 

Brady stressed the need for greater and sustained 
support to international and national agricultural re-
search in dryland agriculture and building of networks 
for interdisciplinary and international teamwork for 
generation, evaluation, and transfer of dryland technol-
ogy. 

Dr. G. Edward Schuh, while discussing the socio-
economic and policy issues of dryland agriculture, drew 
attention to the following: 

1. Persistent under-investment in agricultural research, 
specifically in dryland agriculture and non-recogni-

2. A changed international economy which changes 
the basis of economic policy. 

3. 	 Emergence of a global food and agricultural system, 
over-protection of farmers in developed countries, 
and disLrimination against farmers in LDC as evi
denced by commodity pricing structures. 

4. 	Agriculture is an unstable sector of the economy and 
would benefit by decentralization of nonfarm activi
ties. 
In the author's opinion, the shocks and distur

bances to agriculture come from outside agriculture and 
far beyond national borders. The author concluded that 
what we lack on the international scene is the institu
tional means to focus a multidisciplinary, concerted 
attack on problems of dryland agriculture. In his opin
ion, an enormous amount of new production technology 
still needs to be adapted and used. This technology has 
the potential to fuel economic growth in the future. The 
major challenge we face is how to broaden the develop
ment processes to include the poor and disadvantaged 
so that economic growth can be self-sustaining. 

Drs. Hall and Dixon from FAO, discussed the prob
lems associated with the transfer and appreciation of 
improved technology in dryland agriculture in arid and 
semiarid regions, specifically in LDC. Declining soil pro
ductivity, increasing land degradation due to rise in 
human population, overgrazing of rangelands, and 
mismanagement of natural resources and increasing 
desertification were identified as main causes of concern 
in drylands. The authors recognized that low levels of 
use of technology and management were responsible for 
low productivity. 

Some people feel optimistic abot't the future of 
dryland agriculture, others feel pessimistic because of 
the poor performance in the past. In the opinion of the 
authors, poor results are obtained because of the lack of 
understanding of the local conditions, lack of appropri
ate technology, and lack of realization of perception of 
farm families and society in the LDC. They emphasize 
the need for development of more location-specific tech
nology and of tailoring it to meet the local needs. 

tion of the fact that the consumers benefit more than The authors discussed the problems of pastoral 
even the producers from agricultural research. areas in arid regions and of mixed farming areas in 



26 A Global Perspective 

semiarid regions. Needs call for controlling stocking 

rate, forage improvement, livestock upgrading, and 

strengthening marketing and support services, includ-

Ing research and extension for improving pastoral areas. 

For mixed farming areas, development of location spe-

cific technology and an integrated approach was sug

gested. A multisectoral rural development concept is 

suggested for future dryland progress. The authors also 

emphasized the need for the national governments to 

accept major responsibility by providing long-term 

support for dryland agriculture to achieve overall sus

tainability of agriculture. 
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The Ecological Dimension:
 
An Assessment of the Sustainability
 

of Dryland Agriculture
 

Gerald W. Thomas
 
President Emeritus,
 

New Mexico State University, Center for International Programs
 
Las Cruces, New Mexico 88003
 

Introduction 

I am pleased to be invited back to Amarillo and 
Bushland to participate in this important conference 
to present an overview of the ecological dimension of 
dryland farming. I realize that many of the conference 
papers will focus on the specifics of resource conserva-
tion and "sustainability" issues. 

"Sustainability" is now the popular buzzword in 
Congress and in the international development arena. It 
has replaced "production agriculture," "appropriate 
technology," and perhaps even "farming systems." The 
rediscovery of the ttrm "sustainability" is appropriate 
and long overdue. I emphasize "re-discovery" of sus-
tainability because many of us at this conference have 
been conductng research on sustained use and conser-
vation of natural resources throughout our professional 
careers. The ultimate test still remains. Will the verbal 
commitment we see in Congress, the U.S. Agency for 
International Development (USAID), and the World Bank 
be carried out at the farm level at home and in the third 
world countries? 

My interest in soil and water conservation dates 
back to early work with the U.S. Forest Service and the 
Soil Conservation Service. My "heroes"at that time were 
the great "evangelists" for conservatio,.: Gifford Pinchot, 
W. C. Lowdermilk, and Hugh Hammond Bernett. I 
carried the "conservation ethic" with me to graduate 
school at Texas A&M as I pursued studies of range 
ecology. As each year has been added to my professional 
career. I have become more and more convinced that the 
critical question to ask about world food production is 
not "Can the world feed itself?" since this is obviously
possible from a technological viewpoint, but rather, 
"Can the world afford to feed itself?" While this question 
has economic and ecological implications, the ecological 
dimension is my major concern. In other words, will the 
world's environment withstand the impact of the techno-
logical changes necessary as we attempt to feed more 
and more people? What is the environmental cost of 
eating? Are our approaches to food production and 
distribution "environmentally sustainable" over the long 
term? 

It is time we face some tough questions about 
agricultural development. How do we solve the dilemma 
of providing for the hungry today and, at the same time, 

insuring that the process will not impair our future 
potential for food production? 

If short-term productivity is reduced, what are the 
social, economic, and political consequences? 

What additional baseline data will be required and 
how will environmental change be quantified? 

Can technologies be developed that reduce or elimi
nate our dependence upon depletable resources such as 
petroleum and certain critical minerals? Can we man
date that this be done in the less developed countries 
while the U.S. continues to rely on the same depletable 
resources for our own agricultural production? 

How can "man-caused" or "man-accelerated" envi
ronmental degradation be separated from that related to 
the geologic processes of change? Is it possible to halt or 
reverse the erosion and desertification process in all arid 
lands or is a part of the trend toward aridity a geologic 
phenomenon? 

What are the trade-offs between food production 
which tolerates some erosion, loss of biological diversity, 
or water aquifer depletion or pollution and the alterna
tive of "complete environmental protection?" 

These are appropriate questions for today and they 
present serious challenges to our scientific community. 

There is ample evidence that many of the at
tempts by the people in the developing world to meet 
their basic needs for food, fiber, fuel wood and other 
forest products are leading to environmental degra
dation and loss of biological diversity. This calls for a 
re-evaluation of the approach to all agricultural pro
grams in both the developed and less developed coun
tries. My focus will be on the latter - the third world 
countries. 

As a result of this concern, the Board for Interna
tional Food and Agricultural Development (BIFAD) formed 
a task force, which I chaired, in October 1987 to address 
the subject of natural resource conservation and strate
gies for sustainable agricultural production. Dr. Anson 
Bertrand, the coordinator of this conference, was a 
consultant to the task force. This BIFAD report (Thomas 
et al., 1988) was designed to provide policy guidance for 
USAID and the university community through the Title 
XII Partnership. A Congressional Forum on this report 
was held in Washington, D.C., on April 14, 1988. Copies 
of our final report are available for conference partici
pants. A summary statement on "Sustainable Develop
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ment" from the USAID perspective was presented by Dr. 

Duane Acker to the Senate Foreign Relations Committee 

hi April (Acker. 1988). 
While tile BIFAJ) report is )nly one of a series ont the 

subiect of sustainable agricultural production, some of 
for thisthe major recommenldationts are appropriate 

conference Gn drvland agriculture. 

Our BIFAD Task Force accepted tile concept of 

sustainability a3 a way of examining and evaluating 

all aspects of develo..ent 6c b'e certain that objec-

tives are realistic and that re,3ults will ricet the 

needs of this and future gentrations. Sus!ainable 

agriculture is not synonymous with "low-inpiit" ailricul-

ture or organic farming. There is a dilemwa of how tc 

provide innediate iood needs hi the short-er n without 

obscuring the vision of long-term sustainability. 

The Task Force recognized t hat while world-wide 

food production ha3 -rs-.ndrmnatically in the past 2 

decade3, thei"e are still areas of widespread hunger 

and malnutrition in many devcloping countries. Some 

so-called "underdeveloped" countries have already "over-

developed" or "over-exploited" their limited resource 

base. The situation in Africa remains very critical sin'ce 

per capita food production continues to decline due to a 

combination of factors including frequent drought, high 

population growth rates, and re:zource depletion. 

Populatiun Pressures 

At the heart of all environmienta"-issues lie two 

aspects of population growth: 1.) hicreased numbrrs 

and, 2) higher levels of affluencc. While increased 

one kind of environmentalnumbers per se present 

impact, higher per capita incomes are of most concern to 

worldwide environnntal change. 

Certainly, a major objective of devclopment assis-
taitce is to improve the standoxd of living - the per 

capita income - for all people in the developing world. 

But, most ofus also realize that wealthy ormiddle class 

people place more pressure on the environment than 

poor people. Wealthy people require more units of land. 

water, and energy, and create greater problems of pollu-

tion and contamination. As incomes rise. we can expect 

more sophisticated food processing, packaging, and 

more fossil fuel and other resource re-transportation: 
quirements: and more, environwnital prol)lem!;. 

The World Bank's latest global projections indicate 

a possible leveling of the world population for the year 

2100 at 10.4 billion people- double the present number 

(PRB, 1988a). Most of this growth will take place in the 

less developed countries. The challenge for sustainable 
quo asdevelopmcrit is not only to kee l) the status 

population increases, but to meet the needs for a better 

quality of life. In the agricultural sector, we must 
into marginalanticipate greater pressures to move 

soils, steep lands, and fragile environments with 

continued threats to biological diversity. 

The People's Republic of China is one example of 

population pressure - both numbers and levels of 

affluence. China's population, despite the emphasis ol 

the one-child family, is projected to gain an additional 
mean about 1.60.5 billion by the year 2100. This will 

billion people before a possible leveling. 

Members of scientific ieans that have visited China 

have been impressed by the country's dedication to soil 

and water conservation and tile use of organic residues. 

In spite of this concern, the Yellow River carries more silt 

than any comparable river system in the world. The 

Chinese are forced to farm steep slopes and shallow 

soils that challenge the best conservationists. Air 
areand water pollution problems in China extremely 

critical. 
In 1985. the People's Republic of China was reported 

to have a per capita GNP (Gross National Product) of 

$310 - not wealthy by any standards (PRi3. 1988b). 

With the importation of new science and technology 

coupled with the discipline and determination of the 

people (and some new "economic incentives"), great 

progress in China is inevitable! Chairman i)cngXiaop

ing, in a Time magazine interview. stated "'So what we 

have clone is adopt the useful things under tile capitalist 

system . .. to our planned socialist economy" (Tiie. 

1985). 
the per capita GNP from theWhat if China moves 


$310 reported in 1985 to the world average of $2.880
 

to the level of the American
(PRB, 1986). or eventually 
1987 level? Amiddle classes - 50 times that of the 

billion poor people are one problem: 1.6 billion middle 

class people are another. The "sustainability" challenge 

for China - and indeed for the rest of the world is 

related to both pepulation growth and in
certainly 

creased levels of technological development.
 

Complexities of Environmental Issues 

Understanding Ecosystems 

Many of the ecological implications of agricultural 

development programs, including dryland farming. 

require more knowledge of complex ecosystems and a 

better understanding of the interactions among the 

physical, biological, and climatic components. The rela

tionships between the productive capacity of the 

resource base and the "absorptive capacity" of the 

environment - the increasing problems of water and 

air pollution, soil erosion, and potential changes in 

micro- and macro-climate are not well understood. 

All too often an attempt to correct a problem at one point 

in the system may lead to a ni-ire serious problem at 

another level. These interactions are not well under

stood. 
In addition, many natural resource and environ

mental problems are not confined to national 

boundaries. Regional treatment of these problems is 

difficult than dealing with traditionalusually more 
production problems within political entitles. It is par

ticularly difficult to attack such regional problems as 
USAIDwatersheds or air pollution with the existing 

structure which focuses on individual countries. Major 

problems such as desertification, deforestation, salini



zatlon, and loss inland productivity through soil erosion 
or overgrazing have begun to receive long overdue atten
tion. But many more subtle manmade changes taking 
place in the environment also have long-range im-
pacts on our ability to sustain food production and 
economic development. Examples of these less appar-
ent problems are perturbations in ecosystems, gradual 
changes in biological populations, shifts in water and 
nutrient cycling, and potential climatic change. Also less 
understood are the possible trade-offs as decisions aremade. For example, a corrective measure to reduce 

made Fo exmpl, masue t reuceacorectie 
water pollution (such as flushing the soil profile) may 
actually increase the amount of water required to pro-
duce a Mg of grain. A range conservation technique to 
sustain forage production may mean that more units of 
land are needed to iproduce a unit of beef. A decrease in 
the use of inorganic fertilizer may place more pressure 
on the limited arabie land base by requiring more 
cultivated land per capita. 

Continued Loss of Biological Diversity 

Change in biological populations is an often over-
looked concern. Overgrazing, forest removal, burning, 
and cultivation change the vegetation complex and 
affect other biological populations. Of direct concern to 
agriculture is the loss of genetic diversity for animal 
and crop production systems. This germplasm may be 
essential to future improvement in agricultural perform-
ance. 

There is also increasing concern over the loss of 
endangered species important to natural ecosystems 
and the continued diversion of a larger percentage of 
biomass for hulnan use making less biomass available 
fbr other biological populations. The expansion of 
dryland farming is a major contributing factor to the 
reduction in biological diversity. The loss of species 
diversity will change ecosystems and may endanger life 
support functions critical to mankind, 


The impact of agricultural practices, particularly
 
the use of agricultural chemicals and monoculture, on
 
the important balance between "desirable' and 
"undesirable" insect populations and the increasing 
problems of pesticide resistance lends another level ofcomplexity to sustainability objectives. hmplementation 
oitratd pestanagobjectives.Implement aches arof in tegra ted 	 arepest m an agemen t (IP M ) ap proach es 
essential, but complete elimination of pesticides is not 
on the immediate horizon, 

Off-Farm 	Sector Interactions 

There are many off-farm ecological impacts of crops 
and livestock production. An adequate examination of 
the environmental dimensions of agricultural develop-
ment must include these off-farm sectors such as farm 
supplies (particularly energy and chemicals), food 
processing and distribution, consumer trends, and 
waste management. The interactions between agricul-
ture and associated industrial development are impor-
tant considerations in any environmental assessment, 
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Strategies for Sustainability
 

Ten different strategies necessary to environmental 
improvement and sustained use of natural resources are 
discussed in the BIFAD report. Some of these strategies 
and recommendations are highlighted below. 

Developing a Long-Term Approach 

Adding an environmental dimension to agricul
tural development programs will require P. much 

longer time frame than has been used inthe past.The 
task force considers this as basic to all other recommen
dations. The short-term perspective of development pro
grams has long been a problem, especially in identifing 
and planning to avoid consequences that do not appear 
for several years. Many environmental and natural 
resource degradation problems are of this nature. A 
number of institutional factors within USAID and fund
ing nchanisms in Congress encourage a short-term 
approach. The urgency to show results is felt in coun
tries where food and other necessities are in short 
supply. Formulation of long-term sustainability goals 
cannot be attained with a 2- to 5-year project planning 
horizon. A minimum of 10 years is recommended 
with rolling horizons for extensions. This will include: 

• Major changes in appropriations, budgeting. and 
forward funding. 

* 	 Compilation of comprehensive base-line data to 
describe the existing natural resource situation, the 
cultural setting, and the points of environmental 
stress. 

0 	 Formulation of long-term strategies for agricultural 
development and natural resource protection into 
which individual programs or projects would be 
placed. The continuity of individual projects would 
be more likely if they were identified with long-term 
goals. 

Improving Measures of Progress for the 
Environmental Dimension 

Developing adequate techniques to monitor the 
impact of agricultural or forestry programs on the envir n e t n 	a b n f t e m r i f c l a k o l 

y 
development agencies. The most commonly used indica
tors of progress in agricultural development projects 
have been increased production and/or changes in 
income. While these economic measures are impor
tant,they are not adequate as indicators of sustana
bility, environmental degradation, or resource 
conservation. Economists must find a way to place an 
economic value on the resource base and assist with the 
contrasting choices between individual short-term gains 
as opposed to the long-term contributions to socicty as 
a whole by conservation approaches. 

The science of ecology can contribute substantially 
to the evaluation process - particularly through the 
examination of ecosystems. The challenge, however, is 
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to involve all of the scientific disciplines in the 

development of environmental criteria as they pro-

vide professional input into the development pro-

cess. 

Collaboration 
Improvinges 
and Linkages 

For all programs emphasizing environmental im-

provement, the task force recommends that the scien-

tific community design a specific strategy to im-

prove communications and collaboration with the 

large environmental groups, Private Voluntary Or-

and the private sector. Theseganizations (PVOs), 

organizations have a constituency of more than 5 million 

impact on appropriations andmembers who have an 

program direction. The central objective of sustainabil-

theme for joint seminars, work-ity should serve as a 

shops, and other means ofcollaboration. Ifwe do notjoin 

forces with these environmental groups, they will write 

the environmental agenda without us. 

Influencing Country Policies 

Toward Sustainability 

Whlle we recognize that the influence of U.S. univer-

sities, USAID. and other U.S. agencies on host country 

policies is limited, the importance of local country 

policies to the issues of sustainability and environ-
mental improvement cannot be over emphasized. 

More research on 	 policy alternatives is needed. 

Likewise, research directed toward the impact of world

wide food production and trade on host countries with 

an evaluation of alternative strategies could help host 

countries develop policies related to environmental is

sues. 
One key challenge for the developing countries is to 

establish policies which reward conservation efforts: 

policies which create an "incentive to conserve" as well 

as an "incentive to produce." Land-use planning, land 

settlement problems, restrictions on the cultivation of 

marginal lands, strategies to prevent overgrazing of 

rangelands, policies on wood harvest, and indiscrimi-

nate use of fire also need attention. Credit systems and 

pricing policies have a major impact on decisions made 

at the farm level, 

Removing Constraints 

to the U.S. Response 

Constraints Gn the Agency for 


InternationalDevelopment 


Funds available to USAID are inadequate for main-

taining current programs and for major new initiatives 

concerning environment and natural resource manage-

ment. Further reductions in appropriations appear likely. 

Redirection may be the only way to increase the 

emphasis on sustainability unless Congress can be 

convinced that more appropriationsare necessary to 

address many of the pressing environmental issues. 

Staffing within USAID continues to be a constraint 

for addressing sustainability problems. The number 

of direct-hire employees in USAID has continuously 

decreased in recent years. Decreases in technical 
personnel for addressing problems concerning environ
ment and natural resource management and especially 

agriculture have been substantial. An inadequate trained 

staff in USAID also adversely impacts the relationships 

of the Agency with U.S. university scientists. 
strongly recommendsWhile the BIFAD task force 

relating to more attention to 	projects and programs 

conservation and environmentalnatural resource 
improvement. we are concerned about the trendtoward 

earmerking and set-asides. Much of this priority ear

marking is imposed by pressures from Congress. This 

limits the flexibility of the Agency (both in funds and 

staff) to address the complex problems of sustainable 

agricultural production. 

Another constraint within USAID relates to the 
In thestructure and organization of the Agency. 

Science and Technolog' Bureau. the responsibility for 

agriculture resides in one organizational unit and For

estry and Natural Resources in another, creating artifi

cial barriers to comprehensive approaches. Some re

gional bureaus and missions also have similar organiza
tional barriers that hamper their progress. We recoin

mended that USAID management consider ways of 

reducing these artificial barriers. The success of the 

regional and central bureau programs must still be 

measured at the mission and farm level. 

Constraintsto U.S. 
university involvement 

Funding remains the primary constraint to 

increased participation by U.S. universities in inter

national programs relating to the environment and 

natural resource conservation. Most states have se

vere restrictions on the use of state appropriations 
for international activities. qome states still do not 

manage their overhead funds in ways that stimulate 

international programs and projects. 
While much progress has been made since the 

passage of the Title XII legislation in the development of 

appropriate policies to recognize faculty contribu

tions to international programs, negative incentives 
at theremain at many universities. A commitment 

and at the governinghigher levels of administration 
board levels is not evident in some institutions. 

The impression that U.S. support for agricultural 

development is leading to increased competition for 

U.S. farm products has also had some impact on 

university international programs. The competition 

issue is certainly not valid for U.S. university participa

tion in conservation and sustainability programs since 

environmental deterioration affects the entire human 

population. Likewise, solutions to environmental prob

lems are mutually beneficial to the developed and the 

developing countries. 
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Insuring an Adequate Flow environment, natural rescurces...;" and 
of Development Assistance 	 -... prepare a report on a comprehensive strategy for 

maximizing the use of foreign assistance provided
U.S. universities should assume a greater leader- by the United States through multi-lateral and bi

ship role in promoting the importance of interna- lateral development agencies to address natural 
tional development assistance to the general public, resource problems, such as desertification, tropical
It is particular'y critical that the American agricultural deforestation, the loss of wetlands, soil conserva
industry understand the value of increasing the income tion, preservation o,'wildlife and biological diversity,
levels of the less developed countries where a great estuaries and fisheries, croplands and grasslands." 
potential exists for increased trade. The general public 
must be convinced that environmental degradation af- The scientific community, through Title XII or 
fects the wealthy as well as the poor in the developed as other mechanisms, should assist USAID with this all
well as in the developing countries, encompassing challenge. It is obvious that "sustaina

bility" is not just a fashion, but a continuing new 
Cooperation With Other Bi-Lateral or direction for development assistance. 
Multi-Lateral Development Assistance David Malpass of the Department of Treasury

(Malpass. 1988) stated that, as a result of these twoOrganizatioais on Sustalnability Issues 	 Congressional mandates, the World Bank has added 45 

The task force encourages the university commu- permanent staff positions and 18 man-years of consult
nity, in cooperation with BIFAD, to develop a strategy 	 ant services relating to environmental issues. 
to become more involved with the other donors in 
international development - particularly the World 
Bank and the regional development banks. The strong The Research Imperative 
statements of policy made by these institutions toward 
environmental improvement cannot be implemented in Increased emphasis on the environmental dimen
the field without scientific backup; most of this exper- sion of agricultural development will require new tech
tise should come from the universities and federal nologies and approaches - particularly for fragile
research agencies. 	 environments. While the major increases in food pro-

Two Congressional mandates make cooperation duction may continue to come from the belter soils in the 
among the scientific community for environmantal higherrainfall zones orwith supplemental irrigation, the 
improvement imperative. The first Congressional challenge of sustainability is more critical on marginal
mandate for environmental action by the multi-lateral lands with low productivity. "Green revolution" tech
development banks was included in the Continuing nologies are not as useful on these lands: and plant
Resolution Act of 1987 (Public Law 99-59 1). This legis- breeding is not a panacea. Technologies are needed 
lation provided that the Secretary of theTreasury should that recognize soil and water limitations; biomass 
instruct the U.S. Executive Directors in the banks to production and dissipation; the role of livestrek and 
promote a number of very specific and detailed reforms: wildlife; the inter-relationships between crops, live-
These reforms included: 	 stock, and wood products; and the natureof local and 

regional ecosystems. This conference will help identify
• 	 development of plans for systematic and thorough more specific research priorities. Certainly, much more 

environmental review of projects' research is needed on all aspects of dryland farming.
" 	 development of plans for rehabilitation and manage- From the study we conducted for BIFAD and from 

ment of ecological resources: my review of successful development projects in the 
* 	 Involvement of health and environmental ministers third world, it is apparent that the collaborative re

and non-governmental organizations in the project search mode should be used to the maximum extent 
preparation cycle; and feasible, especially for programs concerning the en

* 	 increase in the proportion of environmentally-bene- vironment and natural resources management for 
ficial lending. sustainable agriculture. 

The second Congressionai mandate on environ- * The collaborative mode encourages multi-discipli
mental reforms was included in the Continuing Resolu- nary approaches to complex problems.
tion for FY 1988 (Public l.aw 100-202). This resolution • The model has generated matching support from 
charges the administrator of USAID, in consultation U.S. universities as well as stimulated host coun
with the secretaries of Treasury and State, to: tries to provide both in-kind and direct financial 

support to the program.
analyze the impacts of multi-lateral development * The present Collaborative Research Support Pro
bank loans.., on "environment, natural resources, grams (CRSPs) have involved USDA and other fed
public health, and indigenous peoples" with recom- eral research agencies as well as universities. 
mendations to "mitigate adverse impacts:" a 	The CRSP is one of the few approaches to develop

* 	 compile a list ofproposed multi-lateral development ment assistance that has attracted new young U.S. 
bank loans "likely to have adverse impacts on the scientists and graduate students to the interna
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tional development arena. The scientists and col-
laborators have made substantial contributions to 
the literature across a wide range of disciplines. 
The training components have been highly success
ful, and will have lasting impact on both the host 
country and U.S. instltuions. 

Sustainable agricultural production and environ-
mental improvement will depend heavily on the deci-

sions that policy makers formulate about dryland farm-

ing. The role ofthese important lands in the total scheme 
ne-of agricultural and human development has been 

glected. More importantly, the environmental dimension 

hasbeennegectedinmostdevelopmentprograms-thechalbeningqetdions ofstevelopmt picy, 
challenging questions of sustainability. 

As I listen to what could be called the "Echoes of the 

Ecos," the lingering reverberations of the two great 
"ecos" - the disciplines we call economics and ecology 

- It is clear that the historic dri ring force has been 
"economi's"and not "ecology." It would be unrealis-

tic to assume that in the future the strong echoes of 
"economics" will diminish. But, we must move towa-d a 

great grandchildren; a more pleasant blend for our 

symphonic balance between economic objectives and 

environmental constraints. This balance will be at
tained when economists and ecologists come to
gether to place proper monetary values on the basic 
resources - dollar values on a clean environment. 
Only then can it be demonstrated that soil, water, and 

vegetation degradation will affect the long-term eco

nomic returns to society. 
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An international conference on dryland farming at 
this time and place is entirely appropriate and may prove 
to be one of the most useful conferences for agriculture 
held in the closing years of the twentieth century, 
Although irrigation projects continue to be developed in 
Sri Lanka, India, Sudan, and other countries, we sense 
that dryland, or rainfed, agriculture will take on an 
increasing fraction of the burden of supplying food for 
the people of this globe. Here in the United States as 
elsewhere, an appreciable part of agriculture is on the 
drylands. It is quite evident that universities can and 
ought to play an important role in identifying the con-
straints and developing the needed theories, methods, 
and technologies for agriculture in dry areas. 

In most developed countries, universities are tradi-
tional sites for education, research, and technology 
development, but they are also more. The faculties and 
their expertise and knowledge are a consequential col-
lective intellectual resource for the nation. They gener-
ally hold the relevant library resources for the country. 
The university faculty shares expertise and scholarship 
through consulting, writing and speaking, sitting on 
committees and panels, and developing public service 
initiatives. Moreover, it is at universities where it is most 
likely that flexible research groups using varying mixes 
of multidisciplinary representatives can be assembled, 

The universities in the many parts of the world-
sharing as they do an extensive common body of knowl-
edge and critical linkages one with another but more 
often Important linkages between mentors and students 
and among faculty colleagues-form one of the world's 
two most important networks of scholarship for agricul-
ture. The other is the international agricultural research 
centers (IARCs). True, networking is obvious at this 
meeting where scientists and professionals from all over 
the world are gathered in a workshop on technologies 
and sciences related to dryland farming. Networking is 
especially facilitated by the IARCs and the interlinked 
universities and national research facilities, but the 
roots of specific network connections can often be traced 
to common interests and friendships, many, perhaps 
most, of which were formed on university campuses. 
Most of the scientists at this meeting were educated in 
Western Europe. Australia, the U.S.S.R., and North 

America at a comparatively small number of universi
ties, although other universities, notably in Japan. 
India, and the Philippines are now making their own 
contributions. Meetings such as this one aid and nur
ture what is frequently conceived of initially in the 
university community. 

Education 

Universities, obviously, hold the key position in 
education. In educating critical members of society, 
universities raise the level of national expertise and 
intellectual ability. Also in producing graduates who 
become educators and scholars in their own right. 
universities set in motion the cascade of educational 
development of" human resources at all levels, from 
secondary schools through colleges to post-doctorate 
experience, and through extension, vocational, and 
corporate systems of education. Universities add to the 
political and economic bases by transmitting knowl
edge. They form a crucial base for the nation or state to 
compete. Expertise and knowledge are fundamental 
national resources. They are the ultimate roots of what 
makes dryland agriculture feasible. 

But crises are upon us. Applications for space in 
colleges of agriculture and enrollments in agricultural 
sciences are dropping dangerously in the United States. 
They are particularly dropping in those courses of study 
that deal with the problems of dryland agriculture. The 
Image of study in agriculture also suffers in Europe and 
many other parts of the world. Agriculture, often associ
ated with tedious and laborious work and either peas
antry or diminishing numbers, loses many capable 
students to areas of study regarded as more prestigious 
or where job markets appear to be expanding. 

The students who are more likely to find application 
of their work to food and fiber systems linked to dryland 
production may see opportunities for more specificity in 
their studies, and that may help attract more of them to 
agricultural courses. There are surely challenges in 
dryland technology, and these could be turned into 
studies and courses at the upper undergraduate and 
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graduate levels, which might be of more interest to good 

students. 
We expect that the colleges of agriculture in the 

United States will change the structure and style oftheir 


curricula toward less specificity. The reach will be for 

principles in the sciences-physical. biological, and 

social-as they are used to educate professionals to work 

in the entire food chain. Courses related to the commod-

ity and production skills will be compressed into a much 

smaller fraction of the undergraduate curriculum. We 

think that these changes are consistent with the visio 

we have heard at this International Conference on 

Dryland Farming. The substance will be scientific, tech-

nical, social, economic. and political. The undergradu-

ate programs will touch on fundamentals, but they will 

not consist wholly ofa general and liberal arts education. 

though these elements will surely be at the heart of and 

take up alarger proportion oftomorrow's undergraduate 

an appreciableprograms. The programs will contain 
component of substance in which concept rather than 

description and statistics is emphasized, and in which 

ways of reaching prescription and decisions are worked 

into courses in the agricultural sciences instead of 

rhetoric based on current technology. The flow of re-

search results into undergraduate programs, which 

worked so beautifully in the golden days of agricultural 

1960s but has since declined,science in the 1950s and 
will be motivated once again, aided by the availability of 

computers and new information systems. 

Such movement toward concepts and building the 

capability to derive prescriptions in university curricula 

should greatly assist dryland agriculture. Dryland farm-

w'ere it is,at best, risky and, at worst, aing occurs 
disaster. Science and technology have been most bene-

ficial to dryland agriculture by reducing risks that come 

with vagaries of highly variable rainfall. But science and 

technology have never fully replaced experience, Intui-

tion. good economic insight. and flexibility in response. 

As fewer students come to universities with farm and 

ranch experience, the power of education will be in the 

systems approach and the applications of moral philoso-

phy (ethics) to problem solving, 
Dryland agriculture of the future will be an agricul-

ture of science ano technology, be it in North America. 

India. or Africa. That means well-trained farmers and 

well-trained entrepreneurs, knowledgeable of the sci-

ence and technology, will be needed. But science and 

technology cannot solve all problems. Major changes in 

the economy are needed as well. There must be exchange 

of information and agricultural goods among countries. 

There must be communication among countries. This 

means education, including the education of all to good 

will. 

Research 

on as a 
the part of scien-

Science and technology must be carried 

moral obligation. There must be, on 

tists, professionals, and governments, a commitment to 

study research policies to improve both the quality of 

production and the quality of the environment. For 

dryland agriculture, there is a need to modify the ten

dency to optimize the production to include considera

tion of the quality of life of the producer. We must 

understand the complexity of production, especially in 

the systems that are fragile. We must understand the 

consumer. We must understand the community, the 

rural life, and the urban market. That means the body of 

thought in the university must mature and prepare for 

the changing years ahead. That means that universities 

have an additional key role to play: to serve the interests 

ofsocietybylearningandteachingthehuman complexi

ties as well as the functions of science and technology in 

the world, in society, in the agricultural ecosystem, and 

in dryland agriculture. 
fbr dryland farming appears to have itsResearch 

highest density in universities in the Great Plains region 

of the United States, Australia. and parts of India and 

West Africa. Here, and in Africa are the main semiarid 

lands of the world. Universities in these areas should 

have a special sensitivity to the problems of such lands. 

Science, university science included, has been effec

tive in helping people cope with the risks of arid and 

semiarid land agriculture. I)ryland agriculture is health

ier ecologically than at any time in the past. In the United 

States, major accomplishments have been made to 

improve soil conservation and range management. The 

drought of the 1930s caused major migrations from the 

Great Plains to California amid choking dust storms. 

Migrations to the west continue to a lesser extent, but 

the dust storms are now rare. Farming systems in the 

1980s are different. Agriculture is adapted to the likely 

rainy periods, with shorter growing periods, less chance 

for insect damage, and generally smaller and sturdier 

plants. New methods ofconserving rainfall are available. 

Other spectors are appearing. Global warming may 

well mean more of the lands will become arid and 

semiarid. With that possibility. "his conference takes on 

even more importance. We do not know what increased 

ultraviolet irradiation that may come with ozone deple

tion will do to agriculture. The need will be greater than 

ever for the foresight, appropriate science, and the 

application of results ofresearch to provide the flexibility 

to meet adverse climatic conditions. Universities may 

have to include new disciplines to go along with the 

traditional research disciplines which now are the roots 

of our agricultural technology. Research in the universi

ties, like the education process, must turn to the sys

tems approach (artificial intelligence, meteorology, stress 

biology, protection and risk assessment, and new mixes 

of sciences). What will be required in the decades ahead 

are research organizations of greater flexibility. We 

believe that universities, with their wide range of disci

plinary competences, have a special facility and flexibil

ity for conducting this complex research, and that they 

should be ecouraged to do so. 

We are at a time when the knowledge base is 

expanding: that we know. We do not know what the 

impacts will be. but impacts will be there. New tools will 

emerge. Philosophic attitudes will be tested in research. 

Networks with other sciences will be built. There will be 



great opportunity for dynamism-a dynamism that is 
unprecedented and uncharted. Universities should carry 
out much of the research required for dryland agricul-
ture. 

Technology Transfer 

The transfer of agricultural technology historically 
has been the special province of the Cooperative Exten-
sion Service headquartered at each of the land-grant 
universities in the United States and similarly patterned 
extension services are parts of universities or ministries 
of agriculture throughout the world. For dryland farn-
ers, extension specialists and technicians have been 
especially important, particularly as dryland farming 
occurs in sparsely populated ;- eas and extension agents 
were their principal professional contacts. Extension 
people told dryland farmers ofeach new technology, new 
soil and water management systems, new varieties of 
grains and grasses, and of hardier breeds of animals. 
Often they brought a sense of hope when the rainfall 
lagged or diminished, particularly during those periodic 
droughts that repeatedly plague dryland agriculture. 
They brought, too, the continuing desire that risk be 
decreased and told research scientists where such risks 
existed, 

Now, universities and experiment stations in devel-
oped countries increasingly send their technologies

' through un "ersity-industrial linkages. That requires 
whole new ways of doing things and of thinking. 

To an ever enlarging extent, in the United States and 
in other countries where the agribusiness and industrial 
infrastncture have been established, industrial research 
and development (R&D) perform the functions of tech-
nology development, screening, and adaptation. Scien-
tists at universities feed the process through doing the 
more fundamental research and some inventions of 
technologies, perhaps filling in the gaps such as breed-
ing and developing new crops. Thus, in the future, 
universities will likely transfer more technology through 
direct interaction with the industrial R&D mechanism. 

Such development does not mean the diminution of 
extension services, but it does mean change. In the 
fL: ure, extension peoplewill need to mobilize much more 
of the database toward problem-solving approaches. 
Computers will be commonplace tools. Extension per-
sonnel will work more through contact of the key people 
involved. They will operate more through continuing 
education techniques to teach new skills and new con-
cepts to farmers. The model for extension for tomorrow 
may be more like a"corporate" classroom system for food 
and agriculture than the Informal extension educational 
system of the past. Through the new extension service, 
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the universities will do what the corporate structure will 
not likely be able to do: to develop the decision-lnaking 
abilities in the agricultural production system. Even in 
developing countries, extension may be directed more 
toward helping farmers solve their own problems and to 
make the most of their resources in addition to demon
strating better practices to farmers and their families. 
There. too, extension and the universities may work with 
agribus~ness and governmental interventtions, providing 
financial and marketing advice as well as technical 
assistance. 

Universities have made important contributions to 
tile success of dryland agriculture in the past. We can 
see no diminution oflthat role in the future, provided that 
they receivc the support needed for their continued 
vitality. But the nature of the university role may well 
change as other institutions, agencies, industry, and 
academia sort out the functions each can do best. 

Maximizing Future Progress 

As we close out this centur and enter into a new 
one, it is appropriate that we remember that the univer
sity has been a part of our civilization since tile twelfth 
century. It is further appropriate that we payldue respect 
to the fact that the university system has made phe
nomenal contributions to the advancement of knowl
edgeand toenhancement ofthequalityoflife. It isindeed 
the basic social ulnit primarily responsible for the devel
opment and validation of hypotheses, the conduct of 
science, the discovery of knowledge, tile advan ed edu
cation of the populace. and the repository of wisdom. 

The complexity and change characterizing today's 
world are such that the role ofthe university as the major 
agent for the development and transfer of knowledge and 
technology takes on new dimensions. 

The need for an integrated systems approach to 
teaching, research, and extension programs has never 
been greater. Not only must these university functions 
be better coordinated, they must also be directed toward 
high priority domestic and world goals mutually estab
lished via joint deliberations on the part of industry. 
government. and academia. The education, research, 
and technology transfer agenda undertaken by 
tomorrow's university system must reflect a synthesis of 
tho developing body of knowledge, social and economic 
realities, and geographic conditions, as well as the 
communicationscapabilitiestotranslateknowledgeinto 
a better world. 

Only through such synthesis can real-world prob
lems, such as those unique to dryland agriculture, be 
resolved for the betterment of mankind and the preser
vation of our natural resource base. 
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In the United States right now. you will hear a lot 
about drought and near-record wind erosion. It is hot 
and dry, all right! But we are a far cry from the "Dust 
Bowl" conditions that devastated our Great Plains dur
ing the 1930s. Though nature has tested dry land farm-
ers many times since the 1930s. our land is better off 
because ofresource management systems on the ground. 

The Dust Bowl gave the Soil Conservation Service 
(SCS) its start, and the 50-plus years since then have 
taught SCS a lot about helping farmers manage their 
natural resources. As a technical service agency we have 
learned it is wise to: 

1. Use a local delivery system to market conservation 
ideas. 

2. 	Find the right blend of conservation incentives, 
3. 	Emphasize the basics of resource know-how, 
4. 	Cooperate with other federal, state, and local agen-

cies, and 
5. Support research. 

A Local Delivery System 

It was from my personal experience as a rancher in 
this dryland part of Texas that I learned about the 
conservation delivery system SCS uses. It consists of 
locally run and locally organized conservation districts 
at the county level, 

With all this local involvement, farmers can be 
certain that SCS understands their economic concerns 
and risk decisions. Dryland farmers can rest assured 
that the local SCS district conscrvationist understands 
how their way of life differs from other fanning experi-
ences. SCS understands that. generally speaking: 

* 	 Dryfarm operations take in 1arge acreages (areas), 
* They can have small profit margins. 

" Their cropping alternatives are limited, 

* 	 Their "window of opportunity" for harvesting is 

small, and 
* 	 Their equipment is larger and more expensive-a 

major capital investment, perhaps worth more than 
the land. 
SCS is in the day-to-day business of helping farmers 

and ranchers find workable solutions-common sense 
solutions to their resource problems. We look at the 
geography, we look at the local economy. and we follow 
what researchers and our experience tell us. We give the 

best advice w.: can, then we respect the landowner's 
right to make the final decision. 

The Right Incentives 

Many farmers in this country voluntarily practice 
good soil and water conservation. But, farm manage
ment decisions can be hard ones, especially if you are 
completely at the mercy of the weather and your profit 
margins are thin. So,USDA offers cost-sharing as well as 
technical help to farmers willing to adopt conservation 
practices of long-term benefit. 

The Great Plains Conservation Program is one ex
ample. It helps farmers in this drought-prone area fight 
wind erosion, water loss, and other high-priority prob
lems, including agriculture-related pollution. 

We are also seeing greater state and local involve
ment. with additional incentives for soil and water 

conservation and water quality protection. 
Tremendous public interest sparked the conserva

tion provisions of the Food Security Act of 1985. This act 
requires producers of agricultural commodities to pro
tect highiy erodible cropland soils with approved conser
vation systems if they expect to receive USDA farm 
program benefits. The deadline for making these plans 
is January 1, 1990: the deadline for implementing them 
is January 1.1995. The law also has a "sodbuster" 
provision, which provides that highly erodible land 
bought into commodity crop production after December 
23, 1985, must have a conservation system in place-if 
the producer expects to remain eligible for farm program 
benefits, that is. 

Under the Food Security Act, farmers also have the 
option of enrolling land in the Conservation Reserve 
Program. This option is a way of taking out of crop 
production land that generally is considered marginal 
for such use. Farmers get annual rental payments for 
putting land into the reserve, plus up to 50 % of the cost 
for establishing permanent vegetative cover. 

The Food Security Act is bringing a lot more farmers 
to the SCS doorstep, though not In so volntary a fashion 
as in the past. But we are making an extra effort to show 
that the conservation practices we recommend are rea
sonable and practical under local conditions. We must 
recommend a conservation plan that farmers, ranchers, 
and landowners can comprehend and afford, If we are to 
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meet our mutual goals of responsible soil and water reduces summer fallow. ,ising no-till and brings into the 
stewardship. The conservation districts play a vital role system crops that could not otherwise be used. You get
in assisting us in this conservation planning process. some snow-trapping with this technique also. 

What we've learned is that putting resource man- Research and on-farm experience point to conser
agement systems on the ground has as much to do with vation tillage as a real benefit to dryland farming. I am 
understanding people as it does with understanding the positive we will see its use expand where we have 
environment. We are really beginning to take a serious problems with water deficits and wind erosion. 
look at soil and water conservation from the standpoint We are encouraging farners to try it-even on a 
ofmarketingconservation, namely, by building personal small acreage-and prove its effectiveness to them
incentives and promoting a conservation ethic. where selves. We accept the pace of adoption that is most 
needed. comfortable to them. Skill and caution are part of 

The easiest and best way to get the confidence of dryland farming. especially where the operations are 
farmers in conservation planning is to find out what they 400 to 800 ha (1,000 to 2,000 acres), or even m,ich 
are already doing and see if it is adequate -and pat them larger. 
on the back for what they have accomplished. We do not 
buy the -cookbook" approach. 

Working Together 

Stick to the Basics Many agencies - federal, state, and local - work 
together to help dryland farmers find suitable resource 

Every farmer who comes through our door walks management systems. No one group can do it alone. 
away with a simple, basic message: SCS uses research findings from USDA, university,

* Step one: Know your soil and other resources, and private laboratories to provide the latest in technol
• Step two: Select the conservation plan that best okly to the farnier. Most of our contact with research is 

meets the needs of your operation. and through USDA's Agricultural Research Service. the 
* Step three: Implement and maintain that system. Cooperative State Research Service, and the state ex-

Our Soil Survey Program provides information about periment stations. Researchers have given us drought
soil capability and conditions. It helps us provide infor- resistant crops, agricultural chemicals, and soil inter
matlon to farmers about practices that have been proven pretations needed in dryland farming. The Bushland 
on the kinds of soils on their farm or ranch. Soil survey station has been an important contributor. 
information is computerized so that we and those we The Extension Service is our partner in funneling
assist can take advantage of all the high technology research to the farmer. Extension is involved in educa
coming along. tional outreach, especially to groups. Both extension 

SCS can help land users determine the condition of and the conservation districts have organized demon
water resources, wildlife habitat, and forested land. And stration projects to show farmers the nuts and bolts of 
we can help them with soil water monitoring - one ofthe new farming methods. The private sector has contrib
critical services we are providing dryfarming operat!ons uted machinery and other resources to these efforts.
 
in this drought year. 
 The need for research continues. One great need is 

We have soil and water conservation practices to for more practices that have been tested inder farm 
help solve the dryland farmer's resource problems. Each conditions. Dryland farmers need better issessments of 
field office technical guide shows which combinations of the costs and benefits to assess the risks they would be
 
practices are suitable resource management systems for taking.

that particular conservation district. 
 We also need a better understanding of the effects of 

In recent years, our field people have spread the resource management systems. Much is known about 
word on some exciting new ideas for dryland farming. the individual effects of various practices on yields,
For example, we encourage the use of flexible cropping erosion control, and water quality, but we do not know 
systems. With these systems, the farmer decides whether much about what happens when conservation practices
 
or not to use summer 
fallow, depending on what the are applied in combination. However. progress is being
predictions of rainfall and soil water show. There is a made, and I would like to recognize Dr. J. Abernathy at 
chance, then, of reducing summer fallow. That means the Texas Agricultural Research and Extension Center 
less erosion, plus other benefits. Snow management is in Lubbock for his work in reduced tillage and analysis
catching on as a technique to keep snow on the field as of entire conservation farming systems. 
an insulating blanket and as a source of water. Wind SCS looks forward to direction from research, to 
strips are an inexpensive method of controlling wind greaterand more creative cooperation between agencies,
erosion and in most cases meet the conservation compli- and perhaps to different incentives for adopting conser
ance requirements in semiarid regions. It is very helpful vation systems. But we are certain that our local delivery
in cotton country, where other techniques arc not prac- system through conservation districts will remain the 
tical. best way to get resource management systems on the 

A technique called ecofaflow - an offshoot of ground. 
conservation tillage - is used In the Central Plains. It 
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stations receive publicly funded support, allocated byIntroduction 
formula, to enable the states to pursue research of 

primarily statewide importance. State legislatures haveon suc-Successful farming depends in large part 
cessful research, and on the translation of that research 	 added significantly to the funding provided by Congress. 

The state agricultural experiment stations were also
into practical applications on the land. Most estimates of 

to allocate 25% of their federally supported
the return on the investment in agricultural research in 	 chartered 

research to priority problems of a regional nature. For
the United States over the past 30 years range from 35 

example, issues such as range science transcend state 
to 45% a year. Such high rates of return are compelling 

fruit reboundaries in the West and South, and tree 
arguments for a strong research program. 

search is a high priority in many states in the West and
Agricultural research must be conducted to address 

Northeast. The priorities for these research projects are
identified problems. It should meet local, regional, and 

guided by regionally chartered organizations rather than
national needs; contain an appropriate mix of long-term 

and by an individual state.
and short-term projects-that is, fundamental 

This state agricultural research system is unique
applied research; have the ability to involve as many 

because of the modest level of federal support compared
scientific disciplines as needed to address every aspect 

to the support from each state. The research and use,
of a problem; and be managed rigorously. The American 

while sensitive to national problems, are first and fore
experience suggests tbat the best way to achieve these 

most determined by the needs of individual states and
disparate goals in a publicly funded research system is 

regions. Education and training of undergraduate and 
to form an effective partnership between government 

graduate students are also integral parts of the state
and universities, 

programs. 

Agricultural Research National System 

in the United States The second component of the agricultural research 

system in the United States is the national agricultural 
research organization. the Agricultural Research Serv

research has evolved two separate systems to meet two ice (ARS). ARS is USDA's principal scientific research
 

distinct kinds of research needs. First, the system of arm. Its mission is to solve problems of nationwide
 
state agricultural experiment stations serves the needs importance, basically those of larger scope than the
 
of individual states or groupJ of states. Second, the issues confronting the state agricultural experiment
 
national agricultural research system focuses on broader stations. Where state and national priorities overlap,
 
priorities and meets the research needs of the action university and federal scientists often work side by side,
 
agencies of the U. S. Department ofAgriculture (USDA). each trying to solve pieces of the problem.
 
These two systems complement and support each other. Although this system has been criticized as duplica
they are unique, and they make the agricultural re- tive, several indepth studies have shown just the oppo
search system of th" United States the most productive site. The problems to be solved far outstrip the financial
 
in the world. and human resources available.
 

In addition. ARS has many unique laboratories that 

State System focus on specific national problems. These include the 
Meat Animal Research Center at Clay Center, Nebraska; 

The state land grant universities were established the Poisonous Plants Research Laboratory at Logan, 
by the U. S. Congress in 1862 and 1890. The Hatch Act Utah; the Plum Island Animal Disease Center at Plum 
of 1887 established the national system of state agricul- Island, New York; and the Arthropod-Borne Animal 
tural experiment stations at those universities. These Diseases Research Laboratory at Laramie, Wyoming. 



Each has a special mission of Importance to the nation, 
ARS is also mandaLd to conduct research in sup-

port of other USDA agencies, including the Agricultural 
Marketing Service, Animal and Plant Health Inspection 
Service, Extension Service, Federal Grain Inspection 
Service. and Soil Conservation Service. Every year, 
these agencies issue a list of their research priorities for 
the coming year. The needs of these agencies obviously 
greatly affect which projects are chosen and the ranking 
of their priorities. 

Research and problem solving constitute a major 
proportion of the mission of the national research sys-
tem. but not all of it. The new knowledge and new 
technology must be transferred to the appropriate user 
groups and clientele. This entails a continuing dialogue 
with other USDA agencies, especially the Soil Conserva-
tion Service and Extension Service, and with agribusi-
ness, including the newly emerging biotechnological 
industries. Commodity groups also are obviously a 
primary target of ARS's technology transfer activities, 
Dialogue with all groups enables ARS to obtain feedback 
essential for future research planning and priority set-
ting. 

The evolution ofagricultural research programs and 
organizations in the United States is instructive. But for 
various reasons- including the large size of the United 
States, the large-farm structure that prevails here, and 
the diversity of crops produced here-the American 
system of agricultural research may not fully fit the 
needs ofother countries. Yet there appear to be universal 
principles that could serve any nation well in develop-
ment of a successful research program. 

Managing Research 
and Development 

To begin, there are four key steps for managing 
research and development: define the mission, develop 
the policies, carry out the programs, and evaluate the 
science. 

First, the mission must be clearly stated, under-
stood, accepted, andrespected by every other agency 
in the government-and by the agency's employees. 
Otherwise, the agency's leadership cannot effectively 
establish the policies by which the agency functions, 
And of course, these policies must be in line with those 
of the Ministry of Agriculture. In the United States, for 
example, the research is considered a federal responsi-
bility when the federal government is the user of the 
research, or when the federal government shares prob-
lem-solving responsibility with state, local, or private 
interests. Federal research, therefore, must encompass 
not only the projects that reflect the geographic and 
climatic breadth of the country, but also the national 
goals advanced for agriculture, 

Second, the agency must develop principles and 
strategies that will enable it to function. These 
policies set forth how the agency plans to accomplish its 
mission and how it expects to be held accountable for 
what it does. For ARS. this meant establishing six broad 
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objectives that encompass the agency's scientific aims: 
conserving natural resources. improving plant produc
tivity and quality, improving animal productivity and 
quality, developing post-harvest technology, promoting 
human nutrition, and developing scientific information 
systems. Within these objectives, ARS focused on redi
rection of resources rather than increases in appropri
ated funds. Under the fiscal climate that exists in the 
United States, expansions in funding are highly un
likely. 

The next step was to develop a strategic plan that 
encompassed the universe of agricultural research 
needs: that is. it identified all of the research that 
needed to be done, without regard to costs or resources 
needed. Reality tells us that there is never enough time, 
money, people, or facilities to do everything. Decisions 
must be made. So the strategic plan became a kind of 
shopping list. or catalogue, of needs. From the list, ARS 
selected priority protects based on need and available 
resources. 

Third, the agency must take its plans off the 
drawing board and put them into action. Planning 
only goes so far. To be successful, the agency has to 
conduct the research and tell people. including the 
legislature. what it has done. 

Agency managers must review every project periodi
cally to ensure that the hoped-for results will be worth 
the investment and that the research itself still has high 
priority. As a result of this process. low-priority projects 
are frequently terminated and the funds redirected to 
higher priority work. This kind of careful management is 
essential when funds are scarce, and it is always appro
priate for a public agency. Therefore, the strategic plan 
is continually evaluated and periodically updated to 
focus on new researci areas, including biotechnology, 
biodiversity, agricultural sustainability, and low-input 
agriculture. 

One example of a shift in priority involves the 
ongoing reversion from irrigated to dryland farming in 
parts of the U.S. Great Plains. In this region, the irrigated 
area expanded steadily until the late 1970s, when it 
stabilized and began declining. Now, as much as one
third of the formerly irrigated land is farmed under 
dryland conditions. Research emphases have changed 
to reflect this reality: the priorities now include dryland 
fallow systems and development of crops with better 
tolerance to water stress. 

And fourth, there has to be an adequate em
ployee feedback system. Management needs to find 
out promptly what Is working, what is not working, and 
what needs to be changed. ARS has, therefore. estab
lished a continuum of evaluation that includes annual 
reports to headquarters from Individual research proj
ects, frequent onsite visits by the national program 
leaders, periodic review and planning sessions, and 
continual evaluation by the scientists doing the re
search. 

Within ARS. there are nearly 2.000 ongoing projects 
at any one time, More than 300 projects are reviewed 
each year to ensure continued relevance and quality to 
the correct research priorities. Those projects that have 
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met their objectives and those that have outlived their 
usefulness are terminated, 

Limited agency resources need to be focused on the 
most serious national problems. As problems change, so 
must the research agency's priorities. 

Dryland Rcsearch 

Tile need for development of more sustainable, 
profitable. and environmentally acceptable production 
systems for dryland farming is an example of a problem 
with both national and regional scope in the United 
States. It has national scope because dryland lning is 
the predominant method of raising crops in most of tile 
western hall of tile nation. At the same time, it has 
regional scope because specific problems are often 
confined to parts of the region. 

Both ARS and the state agricUltural experiment 
stations are involved inia variety of projects aimed at 
solving this critical problem. Research includes develop-
ment ofdrought resistance in crops and improved water-
use efficiency in (rops grown under conditions of limited 
soil water. 

The linkage between the state agricultural experi-
ment stations and ARS leverages the most powerful 
commitment to drland farming the world has ever 
known. These efforts are now being incorporated into 
international projects through tile U. S. Agency for 

International Development. These projects provide state 
and federal scientists the opportunity to take their ideas 
to developing countries and to borrow ideas from these 
countries and incorporate them into their own research. 

Summary 

Research is essential for successful farming. For 

research to be successful, it must be flexible and diver
sified-capable of addressing today's problems and 
anticipating tcnorrow's, composed of both fundamental 
and applied projects. interdisciplinary in nature, and 
rigorously managed. 

In the U.S.. tile state agricultural experiment sta
tions and the Agricultural Research Service have histori
cally shared the responsibility for agricultural research. 
Each system has its own unique stnhcture and process. 
Because the two systems must make tile most efficient 
possible use of available funds and scientific talent. 

overlap in research usually occurs only when state and 
national priorities indicate such need. 

The need for conservation and sustainability of 
dihyland farms is one such area ofhigh state and national 
priority. The highly produdctivC Conservation and Pro
duction Research Station at Bushland. Texas. illus
trates dramatically the power of collaborative research 
between the state and national agricultural research 
systems in the United States. 
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Rapporteur's Report on Group B Papers: 

Past Progress and Future Challenges 
in Dryland Agriculture-A Global Perspective 

W.R. Furtick 
USAID, Washington, D.C. 

The papers in this group indicated that much of 
what agricultural scientists have been doing for many 
years under various labels has been directed toward 
producing a sustainable dryland agriculture. The cur-
rent emphasis under the label of "sustainable systems"
isjust a new label. China is an example of where a major 
effort has been made to minimize environmental damage 
from farming, yet the Yellow River today carries one of 
the highest silt loads of any river in the world. Past 
studies have concentrated on runoff, siltation, saliniza-
tion, water logging, etc. rather than on the more subtle 
effects like the "greenhouse effect" that is getting much 
publicity. The universities have set in motion a chain of 
human capital development that reaches from primary 
to graduate education, but they have underemphasized 
the resource/environmental issues. 

The major constraints that were identified in these 
papers were: 

* 	 Can the world continue to feed itself and maintain a 
natural resource base with more and more people 
demanding higher quality food as incomes rise? 

" Can the world afford to feed itself? 
" There are trade-offs between feeding people today 

(short-term production) and sustalnability. 
* 	 It is difficult to separate geologic degradation from 

manmade degradation. 
* 	 It is difficult to attack regional constraints that cross 

political boundaries (i.e., air pollution). 
" 	 InternationaldevelopmentprogramssuchasAIDdo 

not have a long enough time frame authorized to be 
effective with regard to the long-term need of envi-
ronmental issues. 

" 	 Economists and environmentalists have not come 
together to determine the economic and social val-
ues involved and their economic relationships, 
The methods or technologies that were identified to 

alleviate the constraints include: 
" 	 Increase the Interdisciplinary nature of efforts, i.e.. 

environmentalists, economists, and technical sci-
entists working together closely. 

" 	 Promote a greater use of the collaborative mode of 
international research as exemplified by the AID-
sponsored Collaborative Research Support Programs.

" Educate U.S. farmers away from their perception 
that overseas agricultural development competes 
with U.S. farmers' economic returns, 

" Continue to enhance the role of the World Bank and 
other similar agencies to give a sustalnability per-

spective to ali of their programs. 
* 	 Find ways to build in producer Incentives to practice 

resource conservation. 
e 	 Develop better methods to measure progress in 

environmental improvements. 
* 	 Develop methods of measuring economic benefits to 

society for practicing environmental protection. 
* 	 Increase policy research on tile issues. 
* 	 Study the flobal impacts of the constraints, notjust 

in relation to the development issues in the LDC. 
The proposed policies or programs identified for 

technology transfer included: 
* 	 There is a need to Involve all groups in environ

mental issues, not just tile special interest groups 
such as farmers, etc. 

e 	 There is a need to bring environmentalists and 
agriculturalists together with politicians and other 
decision makers to develop common understand
ings and directions. 

* 	 Thire is a need to build longer time frames into 
development programs. 

9 There is a need to place a sustainability perspective 
on all research and development activities. 

9 There is a need to increase the interdisciplinary 
nature of all activities. 
The research needs and priorities that were identi

fled included: 
* 	 As agriculture moves to drier areas in response to 

population pressures, more effort is needed to 
measure impacts on biological diversity changes 
and other environmental impacts. 

* 	 Greater emphasis should be placed on economic 
research and resource management issues in order 
to show society and farmers the value of environ
mental issues. 

* 	 Increased research Is needed regarding policy is
sues involving land use. 

* 	 Increased research is needed regarding the global 
Impacts of environmental degradation. 
The points of agreement were that the sustainability 

of agriculture is an issue that will be with us for a long 
time, and that it will affect agricultural research, devel
opment, and education for years to come. 

The points ofdisagreement concerned how to appor
tion the needs of an increasing world population with 
rising income and demands on agriculture and the 
environment as a whole to the need for environmental 
protection. 
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Introduction Southern Australian 
There is an old truism that states that those who Dryland Farming Systems 

forget the lessons of history are doomed to repeat them. 
We are all guilty at times of reinventing the wheel, and 
this discussion is intended to remind us of the informa-
tion and experience that we have on dryland farming 
around the world. Our "corporate memory." if you like, 
can gain from those experiences so that those wrestling 
with these problems in today's agricultural environ-
ment. especially in the developing world, can gain from 
past experience. 

In discussing the sustainability of dryland agricul-
ture in Australia, an old and fragile continent, I will 
confine myself to two example-: (a) the cereal/livestock 
(wheat/sheep) systems in southern Australia where a 
Mediterranean climate prevails, which is similar to the 
climate of north Africa and parts of west Asia: and (b) an 
experimental cereal/cattle system in the semiarid trop-
ics of northern Australia, which has much in common 
with large regions of Sub-Saharan Africa (Fig. 1). 

Following a description of these two ley farming 
systems. I will attempt to draw from these experiences 
some lessons that we have learned that may have 
relevance to similar dry farming regions in other parts of 
the world. 

-MEDITERRANEAN RGO 

Figure 1. Location of mediterranean and semiarid 
tropical dryland farming areas in Australia. 

The history of dryland fanning in this Mediterra
nean region of southern Australia over the past 120 
years is presented in Figure 2 (Donald, 1965). The 9rst 
period up until the turn of the century involved a rapid 
expansion in the area cropped to wheat (Titicumaestivum 
L.), which continues to be the dominant cereal in the 
region. This constituted a highly exploitative phase 
involving clearing and cultivation resulting in a serious 
deterioration of the quality and fertility of these fragile 
ecosystems. Wheat yield in this period declined by 43% 
(Fig. 2a) due to a decline in soil fertility, especially 
nitrogen (Donald, 1965). 

In the second period up until 1945, the wheat area 
expanded and yields recovered. This was achieved by the 
use of superphosphate which overcame the chronic 
shortage of phosphorus. Farmers also adopted a modi
fled version of the ancient technique of bare fallowwhich 
contributed much-needed nitrogen from the oxidation of 
organic matter in addition to weed control and some 
water management (Fig. 2b). 

HISTORICAL WHEAT YIELDS 
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TIME 

Figure 2. Historical pattern of wheat yields in 
southern Australia over period 1870-1988 (10 year 
running means) Illustrating (a) exploitive period, 
(b) use of superphosphate and fallow, and (c) 
introduction of the legume ley system and other 
conservation farming practices (adapted from 
Donald, 1965). 
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The addition of N and P together with improved 

varieties and cultural practices restored yields to levels 

achieved 75 years earlier when the land was first culti-

vated. This system, however, proved to be unstable and 

wheat yields began to decline again in many areas after 

the 1930s due to the depletion ofsoil organic matter, loss 

of soil structure, and wind and water erosion. 

By the mid 1940s, there was a growing recognition 

of the low fertility of most Australian soils *hat in many 

ways is more pervasive than drought as a constraint to 

crop production, 
The next major development in this region was the 

widespread adoption of a legume ley farming system 

involving the introduction of self-regenerating annual 

legumes (Tryfolium and Medicago sp.) in rotation with 

wheat to restore soil fertility and to provide improved 

forage for sheep (Fig. 2c). By the late 1960s. 40% of the 

area of farms in the wheat/sheep zone were sown to 

improved pastures and 'his brought about a significant 

increase in the yield of wheat, and in sheep numbers and 

wool production (Davidson. 1981). It is claimed by 

Donald (1965) to have been the most significant im-

provement In the quality and stability of our agricultural 

environment since the first settlement. 
The successful adaptation of this technology was 

the resultofearlierresearch to identify and correct major 


and minor nutrient deficiencies widespread in much of 

the arable areas of southern Australia and the introduc-

tion of well-adapted, annual, self-regenerating legumes 

from the Mediterranean region to form the basis of the 

pasture ley system. Other factors that favored the intro-

duction of this system were the relative large farm size 

(500-2,000 ha), efficient mechanization, and the favor-

able prices for wheat and wool (Davidson. 1981). 

Despite this success, there was a marked swing 

away from this highly desirable and sustainable system 

of Icy farming in southern Australia in the 1970s to a 

system of continuou- cropping of wheat using fertilizer 

N to replace the clover Icy. The basic reason for this 

change was that growing wheat became more profitable 

than growing livestock products. 
In the mid 1980s, with record prices being paid for 

wool in Australia and world prices ofwheat at an all time 

low, the pendulum is swinging back, although future 

versions may be more flexible with shorter leys involving 

pasture legumes and/or grain legumes and improved 

forms of conservation farming involving stubble reten-

tion, minimal cultivation or no tillage, and direct drilling. 

The diversification of the farming system in this region 

has permitted a greater degree of flexibility in response 
to changing economic factors. It also favors some form of 

legume Icy system. 

Northern Australia 

Dryland Farming
 

The semiarid tropical regions of northern Australia 

with some potential for dryland cropping are shown in 

Fig. 1. At present, they are used almost exclusively for 

the extensive grazing of beef cattle and only relatively 

small areas of this large land system are suitable for 

cropping. The major limitation to cattle production in 

this region is the poor nutritive value of the native 

pastures in the long dry season. Improvement by over

sowing with legumes together with superphosphate can 

overcome this problem, but there has been little use of 

this option because of the unfavorable economic returns 

from this system (Winter et al., 1985). 

Most attempts to develop commercial dryland crop

ping in these areas in the past have failed, largely for 

economic reasons. due to remoteness resulting in high 

cost of inputs and high transport costs involved in 

marketing the final product. 
The main constraints to crop production include low 

soil fertility (especially P and N) and the adverse edaphic 

and climatic conditions which are a feature of this whole 

area. These include the high risk associated with the 

timing and duration of the opening monsoon rains, poor 

soil physical properties, and the danger of soil erosion 

under the conditions of high rainfall intensity. 

During the past 10 years, scientists from the CSIRO 

Division of Tropical Crops and Pastures have been 

evaluating a tropical legume ley farming strategy at 

Katherine in the Northern Territory (I41S. 1321E) in the 

750- to 1000-in rainfall zone. The object is to develop 

a tropical legume ley fanning system similar in some 

respects to that developed in the south of Australia, 

integrating cereal production including maize (Zeamays 

L.) and sorghum [Sorghum bicolor (L.) Moench] along 

with a store cattle production system. The objectives of 

this system are to combine a no-till system of legume ley 

farming involving maize or sorghum as the main crop, 

with beef cattle utilizing the native pasture in the green 

(wet) season and the leguminous pasture and the crop 

residues in the dry season (McCowan et al., 1985) (See 

Fig. 3). 
The key elements of the system (McCowan et al., 

1985) are as follows: 
(a) Self-regenerating legume ley pastures of I to 3 

years duration are grown in rotation with maize or 

sorghum: 
(b) 	Cattle graze native grass pastures during the green 

(wet) season and legumino'us pastures and crop 

residues in the dry season; 

(c) 	 Crops are planted directly into the pasture, which 

is chemically killed at, or shortly before, planting; 

and 

SYSTEMTROPICAL LEGUME LEYFARMING 
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Figure 3. Representation of legume ley farming 

system in the semiarid tropics showing cropping 

forage and native pasture components and their 

utilization in the wet and dry seasons. 



(d) 	The pasture legume sward, which volunteers from 
hard seed. is allowed to form as an understory in the 
main crop. 

The potentially valuable utputs of this system are: 
(a) The biological N supplieC. by the legume pasture for 

utilization by the cereal crop and the higher quality 
forage together with crop residues which are avail-
able to maintain and even improve weight gain of 
cattle during the critical dry season, and 

(b) The retention of surface mulch by the use of no-
tillage plantingtechniqueswhichplayanimportant 
role in soil conservation and in increasing estab-
lishment and ultimate yield of the cereal crop by re-
ducing evaporative losses and temperature at the 
soil surface (McCowan et al.. 1988). 

Work on the legume Icy farming system for the 
Australian semiarid tropics is still in the development 
stage, and its ultimate adoption in the form described, or 
in a modified form, will depend on social and economic 
factors. Work to date suggests that it has a great deal to 
offer in terms of the sustainability of the fragile ecosys-
tem in this region. 

Lessons Learned from Dryland 

Farming in Australia 


Exploitative Cropping 

I suppose the earliest lesson we learned in Australia 
is that you cannot continue to crop the same land 
without returning nutrients and organic matter to the 
soil if you wish to sustain the stability and productivity 
of the cropping system. 

This scenario of depleted fertility and erodi,.;g soils Is 
being played out in much of the dryland Mediterranean 
region of north Africa and west Asia at the present time, 
and also in the destabilized environments ofthe semiarid 
dryland tropics of sub-Saharan Africa. By contrast, 
Chinese farmers discovered the value ofgrowing legume 
crops in rotation with cereals in the second century BC 
during the Qin Shi Huang dynasty. They are still suc-
cessfully cropping the same land 2,000 years later. 
although there has been greater use of fertilier N in 
recent years. 

Restoring Nutrient Deficiencies 

The next lesson came through the realization in the 
late nineteenth century inAustralia that the dryland 
soils in southern Australia (and more ;'ecently in north-
ern Australia) were acutely deficient in phosphorus (P) 
and niti-ogen (N). This resulted in the widespread use of 
superphosphate which provided P sulphur iS), and 
calcium (Ca). The additional N was supplied through a 
modified fallowing system. Once these major nutrient 
deficiencies were corrected, the next most limiting nutri-
ents in many of these ancient, highly weathered soils 
have been the trace elements, including zinc (Zn)molyb-
denum (Mo), copper [Cu), iron (Fe). and manganese (Mg) 
(Anderson, 1942; Rlceman and Anderson. 1945). 
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From our experience. it can be almost assumed that 
most dryland farming soils in the developing world. 
especially those that have been cultivated for an ex
tended period of time. will require N and P for the growth 
of non-leguminous crops and in many cases, the need 
for S. Zn. and possibly Mo.Cu, and Fe will have to be 
carefully monitored, especially for leguminous plants. 

Legume Ley-Farming 
Another lesson we are still learning is that the 

mineral fertilizers, in conjunction with continuous crop
ping or with or without bare fallow cycles, can sustain 
dryland cropping systems if combined with a conserva
tion farming practice such as ley farming. 

In the developing world, this tends to be the excep
tion rather than the rule and our experience suggests 
that without some form of ley crop. especially a legume, 
there is a rapid loss of organic matter as reflected in the 
equilibrium soil organic N with a consequent decline in 
cation exchange capacit,, water-holding capacity, and 
soil structure (Fig. 4). 
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Figure 4. Effect of the number of cycles of clover 
Icy (proportionof cropped land under clover ley) 

on the equilibrium soil organic nitrogen 
(P=pasture, W=wheat) (modified from Russell, 
1980). 

The experience with pasture legume leys in south
em Australia has been very positive and has been 
responsible for significant improvement in the produc
tivity of wheat and the sustainability of the lighter 
infertile soils of much ofAustralia's southern wheat belt. 
Also. there has been a marked increase in sheep num
bers and wool production in this same region of which 
nearly half has been directly attributable to the effect of 
the ley pasture ( Fig. 5). One of the few negative conse
quences of long-term legume pasture leys is the Increase 
in soil acidity which can decrease crop productivity. 
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Figure 5. Increase in sheep numbers, fleece 
weight, and wool production from 1946 to 1962, 

the period of major expansion of ley farming in 
southern Australia (after Donald, 1965). 

Biological Nitrogen 

The gross N fixation from legume pastures depends 

the productivity of the legume. effectiveness of Non 
fixation nutrition, and the climate during the growing 

season. This gross input of N must be discounted for the 

N removed in the harvested product and the losses due 

to leaching. NH3: from animal urine. denitrification, and 

volatilization. Average values for the accretion of soil N 

under legume pasture leys has been reported to be 

to 90 kg ha I yr I for Medicago andbetween about 40 

Trifolium spp. in southern Australia (Clarke and Russell. 

1977), and 70 to 130 kg ha I'yr Iin tropical Styliosanthes 

spp. in northern Australia (Vallis and Gardner. 1984). 

The supply of mineral N is determined by the level of 

organic N accumulated under pasture leys. Short-term 
to theaccumulation of soil N is roughly proportional 

length of the ley and is highly correlated with the 

cumulative legume herbage production (McCown et al.. 

1988). 
The release of mineral N from organic N residues 

declines exponentially during the cropping phase with 

about 45% of the residue N mineralized in the first year, 

declining to 15% in the second, and so on (Ladd and 

Amato, 1986) (Fig. 6). This suggests that frequent short 

leys of 1 to 2 years duration, followed by an equivalent 

period of crop, offer the greatest efficiency in mineral N 

supply, but this must be considered against the cost of 

frequent transition from pasture to crop. 
more recentAnother far',)r that has emerged in 

years in south,,n. "ustralia is the growing role of lupins 

as a crop legun,,_ In dryland wheat rotations. Although 

the proportion of crop N returned to the soil is less 

because of that removed in the grain, these crop legumes 

can confer large benefits on subsequent wheat crops 

through 'sparing" of soil nitrate (Herridge. 1986) and by 

breaking the disease and pest cycle. 
Although the provision of additional N is one of the 

most obvious benefits of the legume ley system, other 

less obvious benefits. including the breaking of the pest 

and disease cycles, the incorporation of organic matter, 

and the improvement in soil structure, also are very 
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Figure 6. Cumulative mineral N supply from 

legume (Medic) residues to four successive cereal 

crops following ley pastures of various duration 

(derived from Ladd and Amato, 1985). 

important. With many soils, the loss of organic matter 

causes serious structural deterioration resulting in 

reduced infiltration and water storage and often serious 

of the area of lighter sandy soils inerosion. Much 
southern Australia and western Australia could never 

have been cropped to wheat without the introduction of 

the legume Icy cropping system for these reasons. 

Economics of Ley Farming 

The swing away from ley farming in southern Aus

tralia in the 1970s and the greater use of fertilizer N 
for ecohighlighted another fact: the farmer's concern 

nomics often overrides his concern for the ecosystem. In 

southern Australia. this was a direct result of a marked 

change in the relative prices of wheat and wool and other 

pasture-based enterprises. It simply became more prof

itable to grow wheat than to produce wool and lambs, 

and. with a decline in the price of urea relative to wheat, 

many farmers moved to continuous cropping with fertil

izer N (Vere and Muir. 1986). 
More recently. with improvement in lamb prices and 

the dramatic increase in the price for wool (a doubling 

since 1985), there is a marked swing back to pasture and 

crop leys as the current returns from grazing exceed 

those from cropping. 
These swings of the economic pendulum, influenc

ing the profitability of cropping relative to livestock 

production, appear to be the main driving force behind 

the decisions of farmers to adopt a particular farming 

system stratek. This has been confirmed in North Africa 

where it Is now recognized that the failure to transfer the 

Australian medic, ley farming technology to the wheat 

farmers in the higher rainfall areas, was due to the lack 

ofeconomic incentive. Because of the high value ofsheep 

in the Middle East. the target group for the technology 
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Introduction 

,xIndia's foodgrains production increased from 52 
106 Mg in 1950-51 to 152.4 x 106 Mg In 1983-84. It is 

estimated that the country's existing human population 

of about 800 x 106 will increase to one billion by the turn 

of the century. To meet the requirements of increased 

population, the country will need to produce 235 x 106 

Mg of foodgrains in 5ddition to about 26 x 106 Mg of 

oilseeds (seeTable 1 for scientific names of crops). In the 

past, increases in foodgrains production were achieved 

both through expansion of cultivated area (net culti-
vated area increased from 118.75 x 10" ha in 1950-51 to 

142 x 106ha in 1982-83) and through increased produc-

tivity ofirrigated areas (net irrigated area increased from 

21 x 106 ha in 1951-52 to 40 x 106 ha in 1982-83). At 
present nearly 70% of the country's gross cropped area 
is farmed under rainfed conditions. Rainfed agriculture 

accounts for more than 40% of the total foodgrains 
production, nearly 75% of all oilseeds, 90% of the pulses, 

and 70% of cotton. Assuming the current pace of irriga-
area is likely to in-tion development, gross irrigated 

106 ha by the year 2000. This would stillcrease to 75 x 
require that more than 55% of the gross cropped area is 

farmed entirely under rainfed conditions to produce a 

substantial fraction of coarse grains, pulses, oilseeds, 
This for major research andcotton, jute, etc. calls 

development efforts to increase and stabilize production 

from the country's rainfed areas. 

Characteristics of Rainfed Farming 

Rainfed farming is practiced under a wide range of 

climate and soil conditions. A brief description follows, 

Rainfall 

Rainfall determines the cropping potential in unirri-

Based on average annual rainfall, thegated areas. 
country can be divided into three zones: low (< 750 mm), 

medium (750-1150 mm), and high (> 1150 mm) rainfall 

zones representing arid (< 500 mm) and semi arid (500-

750 mm), subhumid, and humid areas, respectively. The 

Note: This paper was presented by R. P. Singh. Central Re-
search Institute for Dryland Agriculture. Hyderabad, India. 

rainfed area is nearly equally distributed in the above 
three zones. 

Nearly 80% of the total rainfall is received from June 
Late onset, periods ofto September, the rainy season. 


long dry spell during, and early withdrawal of the
 
aberrations thatmonsoon are some of the common faioucti on arto 

result in reduced production and frequent crop failures. 

There is high variability in the total and seasonal distri

bution of rainfall-the coefficient of variation increasing 

ith decreasing average annual rainfall. The growing 
to 300 days depending on total 

restn reuce 

period varies from 60 
its distribution, potential evapotranspiration,rainfall, 


and soil water storage. Uncertainities associated with
ranllentrndrfmighhyrskpo.
 

rainfall events render farming highly risk prone.
 

Major Soil Groups Supporting Rainfed 
Farming 

Vertisols (and related soils) 

Commonly called 'black soils', these soils occupy 

about 22% of the geographical area. Annual precipita

tion ranges from 500 to 1500 mm. These soils have high 

clay content (30-70%), and have high available water 

holding capacity, are highly erodible, and produce large 

amounts of runoff. Provision of surface drainage is 

essential in medium and high rainfall areas for improved 

productiviy . The soils are low in nitrogen and often in 

available phosphorus. 

Alfisols 

Commonly termed 'red soils', these soils occupy 

about 20% of the geographical area. Annual rainfall 

ranges from 750 to 2000 mm. These soils are character
ized by moderate (10 to 20%) clay and low organic matter 

content; poor nutrient status, particularly, with respect 

to nitrogen, phosphorus, sulfur, and calcium: have low 

water retention capacity due to shallow depths; fre

quently have a compact subsoil: are prone to erosion and 

crusting; and produce large volumes of runoff. 

Aridisols 

Occupying nearly 29 x 106 ha in low rainfall regions, 

these soils are characterized by low clay content, low 
water retentivity, and poor soil fertility. Prospects of 



increased crop productivity are relatively low. Alternate 
land use options need greater consideration. 

Sub-montane soils 

Spread in the hill and foothill regions, these areas 
receive annual rainfall varying from 750 to 2000 mm. 
For topographic reasons, these soils are highly prone to 
erosion and runoff loss unless appropriate soil and 
water conservation measures are adopted. 

Inceptsols and Et s 

Commonly terme!'alluvialsoils', these occupy nearly
Comon tegerpicallala.Theesoils arse py ney
21% of the geographical area. These soils are very deep. 

of variable texture, and generally deficient in nitrogen
and available phosphorus. The soils have high agro-
ndmicava tialepcontour 

nomic potential. 

Crops 


Table 1 gives the area and productivity of the prin-
cipal rainfed crops. 

Early Research Efforts 

Systematic efforts to tackle the problem of dryland 

farming were initiated by the setting up of a multiloca- 
tion dryland farming research project in the early 1930s. 
The research at these centers, continued until 1944, re-
sulted in sets of recommendations known as the Bom-
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bay, Hyderabad, and Madras dry farming practices. Es
sentially, the practices comprised bunding to conserve 
soil and water, use of manure to supply nutrients, deep 
plowing every third year, shallow preparatory tillage and 
inter-row cultivation, low seeding rates, and wide spac
ing of crops. In most experiments, improved practices 
resulted in only a 15 to 20% increase in yield above the 
low base yields of 0. 3 to 0.4 Mg/ha. These did not 
enthuse the farmers to adopt the practices to any 
significant extent, particularly because the recommended 
practices required high labor and cash costs and, with 
poor base yields, the risk involved was high.

In the mid-1950s, a fresh effort was initiated with 
the establishment of eight Soil Conservation Research.Demonstration, and Training Centers. Research em
phasis at these centers was placed on soil and water 

conservat to inrs a stae op yild tr 
conservation tolincrease and stabllize crop yields through 

and graded bunding, bench terracing, and 
contour strip cropping. As in the 1930s. the available 

crop varieties had only limited yield potential and, being 
of long duration, did not match the prevailing rainfall 
pattern and available water supplies in most cases. Thisand inadequate attention to in situ water conservation 
techniques remained a severe constraint to increasing 

crop production in rainfed areas. 

Recent Efforts 

A rapid expansion in the Indian agricultural re
search system occurred in the 1960s. Plant breeding 
eartssysted ne sn t o gentbreeding 
efforts provided new short duration genotypes of sor-

Table 1. Area, productivity, and major growing regions of principal rainfed crops (Directorate of Economics and Statistics. 

Percent of the total area occupied. 

1986). 

Crops Area Productivity Principal growing areas 

Sorghum lSorghum bicolor(L.) 
Moench] 

hax 106 
15.79 (3.9) 

Mg/ha 
0.690 Maharashtra 42.0". Karnataka 12.9, 

Madhya Pradesh 12.5. Andhra Pradesh 10.7 

Pearl millet [Pennlsetum 10.69 (4.7) 0.522 Rajasthan 44.5, Maharashtra 15.9. 
americanum (L.) Leeblel Gujarat 12.3. Uttar Pradesh 8.1 

Maize (Zea mays L.) 5.88 (16.7) 1.325 Uttar Pradesh 21.4. Rajasthan 16.5, 
Madhya Pradesh 14. I, Bihar 11.4 

Pulses [including chickpea 
(Cicer arietinum) and 

23.82 (7.2) 0.540 Madhya Pradesh 20.7. Rajasthan 16.3. 
Uttar Pradesh 13.3. Maharashtra 12.0 

Pigeonpca (Cajanuscajan 
millsp.)l 

Oilseeds [including groundnut 18.87 (16.7) 0.650 Madhya Pradesh 14.5. GuJarat 12.5. 
(Arachissp.), rapeseed Maharashtra 12.0, Andhra Pradesh 11.7. 
(Brassicamapusj, and 
mustard (Brassicasp.) 

Uttar Pradesh 10.3. Rajasthan 9.2. 
Karnataka 8.6. Tamil Nadu 7.0 

Cotton (Gossypiumsp.) 7.58 (29.4) 0.175 Maharashtra 36.3, Gujarat 18.5. 
Karnataka 9.9 

Percent irrigated area. 
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ghum. pearl millet, and cotton, which matched the short 
growing season characteristic of most rainfed areas, 
thus reducing the risk factor and providing an increased 
yield potential. These cultivars also responded well to 
improved crop management and to higher fertilizer 
application such that three- to four-fold yield increases 
were commonly reported. Although farmers initially 
hesitated to accept these hybrids due to fear of less fod-
deryield and possibly greater susceptibility to pests and 
disease, the new hybrids have gained popularity in most 
areas. Encouraged by the potential of achieving in-
creased production and recognizing the need for con-
certed multidisciplinary research efforts, an All India 
Coordinated Research Project (AICEP) for Dryland Agri-
culture was initiated in 1970 at 23 centers spread out 
and representing the different agroclimatic regions. Dur-
ing the same period, plant breeding efforts were strength-
ened with the setting up of AICRPs for individual crops 
(e.g., sorghum, millets, pulses, and oilseeds-the major 
dryland crops). International interest in rainfed farming 
also increased, which lead to the establishment in 1972 
of the International Crops Research Institute for the 
Semi-Arid Tropics (ICRISAT) at Hyderabad in Andhra 
Pradesh. The major research findings (Balasubrama
nian and Venkateswarlu, 1985) are summarized here. 

Resource characterization 

From available meteorological records. rainfall proba-

bilities including onset and recession of monsoon. dry 

spells, etc. have been worked out. Periods of water avail
ability have been identified considering rainfall proba-
bilities, potential evaporation, and soil water storage 
capacity. 

Crops and varieties 

High yielding. short duration crop varieties have 
evolved to match growing seasons with limited water 
availability periods. Examples of successful introduc-
tion and spread of new varieties/crops include the 
increase in area under sorghum hybrids from about 1.7 
x 106ha in 1970-71 to about 5.0x 01ha in 1982-83 with 
average yields increasing from 0.21 to 0.7 Mg/ha. In 

western Madhya Pradesh, the blac!ksoils that previously 
1million ha were were fallowed c'uring kharif, more than 

in 1985-86 compared with only
planted to soybean 

10 years earlier. Similarly. average yield of 
25,000 ha 
finger millets grown on 1 million ha in Karnataka 
increased from 0.9 Mg/haduring 1970-76 to about 1.3 

Mg/ha during 1977-83. 

Cropping systems 

Mixed cropping involving growing more than one 
crop on the same field at one time or in an overlapping 
sequence is a widespread traditional practice. lntercrop-
ping involving sowing of different crops in alternating 
rows/groups of rows reduces risk of total crop failure 

and significantly increases the cropping intensity. Inter
cropping research has focussed on developing systems 
for increased productivity of grain legumes and oilseeds 
without adversely affecting the production of the cereal 
components. Production technologies involving defining 
of base and companion crop combinations, plant popu
lation, fertilizer application, etc. have been standardized 
for intercropping systems suitable for different agrocli
matic regions. Farmers are increasingly adopting rec
ommended intercropping systems' important among 
them are sorghum and pigeonpea, sorghum and ground
nut, groundnut and pigeonpea, sunflower (Helianthus 
arintusL.) and groundnut, and soybean (GlycinemaxL.) 
and cotton. Pigeonpea is the most favored companion 
cropsinceitprovides fuel in addition to the valued pulse. 
Contingency cropping strategies to cope with aben'a
tions in weather are being researched. Thus, a number 
of finger millet varieties of different durations are now 
available to match the duration of the growing season 
due to late onset of rains. 

Crop Production Technologies 

Timeliness of cultivation and crop management 
practices are crucial for improving yields. Early planting 
of kharif crops ensures vigorous seedlings and crop 
maturation when soil water is still adequate. This can be 

achieved by early seed-bed preparation and by pre

monsoon dry seeding. 

Nutrient Management 

Nitrogen and phosphorus are deficient in most soils 
and all crops respond to appropriate fertilizer applica
tions. Split application of nitrogen for kharifand deep 
placement for Rabi crops has been found profitable. In 
acidic soils, liming has been found beneficial, particu
larly for pulses and groundnut. Application of sulfur 
through gypsum has resulted in increased yields, par
ticularly of oilseed crops including groundnut. There 
has been little work relating to micronutrient deficien
cies for dryland crops. Considering the inability of 
farmers to make cash investments, there is need to 
evolve an integrated nutrient supply system with em

phasis on recycling of farm wastes, increased emphasis 

on including legumes in the cropping system, evolving 

efficient rhizobial strains. etc. 

Farm Tools and Implements 

Precision seed and fertilizer placement is important 

to ensure germination, crop stand, efficient nutrient 

use, and achieving the yield potential of new cultivars. 
Several animal-drawn seed and fertilizer drills have been 
developed for different situations. These ensure saving 
of time and labor and allow manipulation of distance 
between rows and plant population. Tools for weed 
control and inter-culture operations also have been 
developed. 
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Alternate Land Use 	 ORP included identification of operational and institu
tional constraints in transfer of dryland technology,

The large animal component of the dryland farmers testing the performance of each component of dryland 
requires that a large fraction of marginal soils be utilized technology under the farmer's management conditions 
for a silvipasture system. Agroforestry practices for with a view to provide a feedback to the researchers, and 
different situations are being standardized. to gain experience of watershed based development of 

rainfed agriculture. In general, farm yields in ORPs far 

Rain Water and Soil Management surpassed yields in neighboring areas where improved 
technologies had not been adopted. These projects have 

In developing techniques for rainwater manage- provided an excellent constraint analysis of the factors 
ment, two approaches have been followed: one aimed at that hindered large scale adoption of technologies. 
increasing storage of water in the soil profile and the 
other at runoff collection, storage, and use. For in situ 
water conservation, the recommended practice is off- Lessons for the Future 
season tillage across the slope to encourage rainwater 
infiltration. More specific recommendations include While in a few cases, particularly, where new geno
various modifications of surface land configuration. types/crops were available, significant improvements in 
ICRISATscientists (Kampen. 1982) have perfected broad- production have been achieved, large scale adoption of 
bed and furrow technology which permits double crop- technologies by the farmers has not occurred. This is 
ping in deep black soils having gentle slopes of up to 3% attributed to a poor resource base, inability of the 
and assured medium to high rainfall but where lack of farmers to make investments in land improvement and 
drainage interferes with tillage operations. Other soil towards cost of production inputs, non-availability of 
management practices that have been developed for improved equipment and implements. and inadequate 
specific situations include compaction of highly perme- credit facilities and related infrastructure. Future re
able soils of low retentivity, chiseling soils having layers search must emphasize the generation and/or refine
ofhigh mechanical impedence at shallowdepths, raised/ ment of cost effective technologies for in situ conserva
sunken bed technology for slowly permeable fiat soils for tion of rain water and matching management practices 
regions receiving more than 1000 mm s,.asonal rainfall, for optimizing production for specific soil and agrocli
etc. matic regions. This would call for a better understanding 

A technique long recommended and widely adopted and quantification of meteorological and soil character
for soil and water conservation in India involves con- istics, crop yield-stress relations, and the manner in 
struction of contour or graded earthern bunds in fields which these interact. Implementation of development 
of up to 6 to 8% slope. There is an incressing realization projects within a natural watershed as a unit of develop
that this technique has several drawbacks: high initial ment, provision of adequate training, and required infra
cost, loss of land, maintenance difficulties, and short- structure for supply of inputs, etc. appear basic for 
term water logging resulting in reduced yields in case of adoption of improved technologies by the farmers. 
contour bunds and reduced impounding in case of 
graded bunds. Plar.ting vegetation along selected con
tour lines at a suitable interval, on the other hand, has References 
several advantages: once established tl ese serve to 
retain soil and reduce runoff, thus increasing in situ Directorate of Economics and Statistics, Department of Agri
conservation. Several plant species are being tested for culture and Cooperation. Ministry ofAgriculture, New Delhi. 
planting as vegetative bunds. 1986. Indian Agriculture in Brief, 21st Edition. p. 394. 

Kampen, J. 1982. An approach to improved productivity on 

Extension of Technologies deep Vertisols. Information Bulletin No. II. International 
Crops Research Institute for Semi-Arid Tropics, Hyderabad. 

A significant milestone in dryland agricultural re- India. p. 14. 
Balasubramanian, V., and J. Venkateswarlu. 1985. Efficientsearch was the setting up of Operational Research Management of Dryland Crops. Central Research Institute 

Projects (ORP) with a village as a unit. The objectives of for Dryland Agriculture, Hyderabad. India. p. 410. 
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Introduction 

At the outset, it Is important that we understand 

what is meant by dryland agriculture. The terms "rain-

fed" and "dryland" are often used synonymously. but 

they are considered vastly different by many workers. 

Clearly, they both exclude irrigation. Beyond that, the 

definitions become less evident. Stewart and Burnett 

(1987) characterized dryland agriculture as rainfed 

systems that emphasize water conservation, sustain-

able crop yields. limited inputs for soil fertility mainte-

nance, and wind and water erosion constraints. 
Rainfed agriculture can also include systems which 

of excess water. maximum cropemphasize disposal 

yields, and substantial inputs of fertilizer. Oram (1980) 


also distinguished between rainfed farming and dryland 


agriculture, stating that dryland agriculture is defined 


as husbandry under conditions of moderate to severe 


water stress during a substantial portion of the year. 


which require special cultural techniques and adapted 


crops and systems for successful and stable agricultural 


production. Although it is difficult to clearly delineate
 
dryland areas, they have certain climatic characteris-

tics. Oram (1980) lists these as: (1)low total rainfall with
 
at least one pronounced dry season so that lack of water 

puts a ceiling on year-round cropping, even though it 

may be adequate for one crop: (2) highly variable and 

unreliable precipitation during the normal rainy season, 

with large year-to-year differences in total rainfall and its 


distribution and from month to month within seasons: 

(3) increasing unreliability and variability with decreas-

ing annual rainfall; (4) potential evapotranspiration ex-

ceeding precipitation for at least 7 months of the year; 

and (5) very high-intensity rainstorms leading to high 

runoff and erosion. Two factors - a limited supply of 

water and a serious erosion potential - clearly are 

common to all dryland areas. 

Delineating Dryland Areas 

Dryland areas hE,- often been delineated by using 
an aridity index or bi he length of the growing period. 

Aridity Index 

The United Nations Conference on Desertification 
(UNESCO, 1977) defined bioclimatic zones based on the 

climatic aridity index: P/ETP, where P = precipitation 

and ETP = potential evapotranspiratlon calculated by 

the method of Penman (Doorenbos and Pruitt. 1977), 

taking into account atmospheric humidity, wind, and 

solar radiation. The zones established by the conference 

(UNESCO, 1977) were as follows: 
The hyperarid zone (P/ETP < 0.03) consisting of 

areas largely void of vegetation except for ephemerals 

and shrubs in river beds and which are virtually un
settled. 

The arid zone (0.03 < P/ETP < 0.20) comprising 

dryland areas with sparse perennial and annual vegeta

tion utilized mainly by pastoral systems. 

The semiarid zone (0.20 < P/ETP <0.50), including 

steppe or tropical shrubland with a discontinuous her

baceous layer and increased frequency of perennials 

where dryland farming is widely practiced. 
The subbumid zone (0.50 < P/ETP < 0.75) charac

terized by more dense vegetation, where rainfed farming 

is widely practiced with crops adapted to seasonal 
drought. 

Length of Growing Period 

The Food and Agriculture Organization of the United 
Nations (FAO. 1978) used the growing period as the 
basis for assessing climatic resources in developing 
countries. The growing period is the number of days 
during a year when precipitation exceeds half the poten
tial evapotranspiration, plus a period required to use an 
assumed 100 mm of water from excess precipitation (or 
less, if not available) stored in the soil profile. Any time 
interval during the period when water is available is 
excluded if the temperature is too low for crop growth 
(mean temperature below 6.51C). Areas where precipita
tion never exceeds half the potential evapotranspiration 
are classified as dry with no growing period. An area 
having a growing period between I and 74 days is 
classified as arid, and areas with growing periods be

tween 75 and 119 days are considered semiarid. 

Example Locations 

The average monthly precipitation, potential 

evapotranspiratlon, and half potential evapotranspira
tion for three locations are presented in Figure 1. All 

three locations are classified as semiarid by the aridity 
index (0.20 < P/ETP < 0.50). However, by the FAO 
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growing period classification, only the Rajkot, India, are the annual precipitation distribution patterns at se
location is classified as semiarid. This location has a lected stations, the precipitation isohyets, and mean 
growing period of96 days, which iswithin the 75- to 119- annual frost-free periods (Cannell and Dregne, 1983). 
day range classified as semiarid. The Amman, Jordan, Potential evapotranspiration values are not shown, but 
location has a growing period in excess of 119 days. so they range from less than 1.000 am for the Northern 
this would be considered subhumid. Bushland, Texas, Great Plains and some areas of the Pacific Northwest to 
is classified as dry. with a 0-day growing period, because more than 2.000 mm for the Southern Great Plains. 
the average monthly precipitation never exceeds 0.5 The dominant dryland region ofNorth America is the 
ETP. 	 Great Plains. which until the mid 1800s was considered 

These examples point out there is still a lack of by most to be similar to the Sahara and was designated 
precision in defining and classifying climatic zones. on early maps as the "Great American Desert." Dryland 
Each classification scheme presented. as well as others agriculture in North America began mostly in the late 
in the literature, has advantages for specific purposes 1800s. The development of railroad transportation and 
and locations: but subjective judgement is required for the passage of the Homestead Act of 1862. which pro
their interpretation, vided free land to settlers, led to vast areas of native 

grasslands being converted to croplands. The settlers 

North American brought practices from the humid areas: and within a 

Dryland Areas few years, erosion, particularly wind erosion, became 
serious. Survival, rather than conservation, became the 
focus of many settlers: and a climax was reached in the 

The major dryland farming areas of the United 1930s during the infamous "Dust Bowl." 
States and Canada are shown in Figure 2. Also shown Annual cropping and intensive cultivation were 

widely practiced by the early farmers. Deep plowing was 
300 Bushland,Tx advocated to provide a reservoir for water storage: and a 

P = 470 mm dust mulch, resulting from pulverizing the surface soil.
 
ETP ETp= 1880mm was recommended to reduce evaporation. These prac

200 P/ETP =.25 tlces led to a rapid decline in soil organic matter,
 

deterioration of soil structure, accelerated soil erosion, 
:.5 ET ,,reduced yields, and often complete crop failure. 

Following the "Dust Bowl" era, two practices emerged 
100 - that allowed farmers to cope with the erratic climate that 

dominates the dryland areas. These practices were 
stubble-mulch tillage and increased use of summer 

E 0 _ fallowing that began in some areas in the early 1900s. A 
E ° 1 . . . . . . . third practice, supplemental irrigation, was widely 

-AmmnJordan 	 adopted in areas where water resources were available. 
1608 r w<ETP tIP tTPETP == 1608[rim In 	 recent years, primary attention has been given to 

P/ETP = .26 reduced tillage systems that allow more crop residues to 
L, remain on the surface to control erosion, increase infll

(. tration, retain precipitation, and reduce evaporation. 

0 .5 ETP 
"Summer0100 	

" Fallowing 

Summer fallowing was always practiced to some 
o extent in the dryland areas of North America, but 
< 4increased from about 2 million ha in 1910 to more than 

'. Rakot, d4 15 million In 1970 for the western United States (Haas 
TP = 2430mm et al.. 1974). Summer fallow is defined as a practice

0P/ETP 	 = .28 wherein no crop Is grown and all plant growth Is con
ti oiled by cultivation or chemicals during a season when 

200 	 .a crop might normally be grown. As can be readily seen 
from the Bushland, Texas, data shown in Figure 1, pre
cipitation Is not adequate to meet the needs of a growing 

00 	 . .crop, and stored soil water at the time of seeding is 
essential. In many places, I year's precipitation - even 
at the highest storage efficiencies - is not sufficient to

0 store enough soil water prior to seeding to produce an 
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC acceptable yield. 

MONTH Summer fallowing has always been a controversial 
Figure 1. Agroclimatic characteristics of three practice. Proponents have emphasized the water-con
representative dryland locations, serving, weed-controlling, and crop-yield-stabilizing 
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virtues, whereas critics have emphasized the Ineffl-

ciency in soil water storage and the wind- and water-

erosion and declining organic matter problems associ-

ated with fallow. Only about 15 to 25% of the precipita-

tion is conserved with conventional -clean" or "black" 

fallow. However, conservation tillage systems developed 

in recent years and to be discussed later have resulted 

in efficiencies of 40 to 50%. Storage efficiencies decrease 

with increasing length of the fallow period and with an 

increase in potential evaporation. In the spring wheat 

(Thiticum aeslivum) growing areas of the Northern Great 

Plains and Canada. the traditional cropping system of 

wheat-fallow includes 21 months of fallow and 3 months 

of cropping. In the Central Great Plains, winter wheat is 

grown, and the fallow period is 14 months. The Southern 

Great Plains often uses a winter wheat-fallow-grain 

sorghum [Sorghum bico;,r (L.) Moench]-fallow cropping 

system which allows two crops in 3 years, with II 

,~b* ... .CANAIAN 

4, 

,** , ,'-•GREAT 

"'\ { ;PACIFIC 

" i' 

(a)(b 

months of fallowbetween each crop. An I I-month fallow 

in the Southern Great Plains results in almost as much 

soil water storage as a 16-month period in the same area 

used in a wheat -fallow cropping system. In recent years, 

cropping systems have been developed for the Central 

and Northern Great Plains that shorten the fallow peri

ods. For example. a spring wheat-winter wheat-sun

flower (I elianthus wriats L.) rotation has been devel

oped for the Northern Great Plains that significantly 

reduces tile fallow periods from the traditional 21

month period. In the Central Great Plains, winter wheat

corn (Zea macjs L.)-summer fallow and winter wheat

millet (PainiCem milaccnm)-sunmner fallow systems are 

being caluatcd. Grain sorghum is not grown widely in 

the Central and Northern Great Plains because the 

average frost-trec growing season is minimal. Grain 

sorghum requires a m1ininm frost-free growing season 

of 130 to 140 clays. 

ENRAIRIES 

NORTH ERN 

PLAINS 

O THWEST 

GREAT PLAINS 

(c) (d) 

Figure 2. Major dryland farming areas of the United States and Canada (a), precipitation distribution 

patterns (b), precipitation isohyets in mm (c), and mean annual frost-free period isohyets in days (d). 

Source: Cannell and Dregne (1983). 
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Stubble-Mulch Tillage 	 Alberta, Canada. and J. C. Russel and F. L. Duley of 
Nebraska. U.S.A., working separately, but laterStubble-mulch tillage uses blades or V-shaped cooperating closely, developed stubble-nmlch equip

sweeps to undercut weeds while leaving most of the nentinthelate 1930s. Allen and Fenster (1986) reviewed 
residues on the soil surface. Only about 10 to 15% of the the development of stubble-nmulch technolokr. which 
residue Is buried by a sweep operation. C. S. Noble of played a major role illcontrolling wind erosion in the 

Great Plains. Stubble-mulch tillage also reduces water 
Table 1.Straw mulch effects on water storage efficiency and erosion and has led to increased yields because of 
grain sorghum yield (from Unger. 19781. enhanced water conservation. The decline in organic 

Mulch water storage grain yield 	 matter levels is also slowed when compared to moreIntensive tillage. 
efficiencyirate 

Mg/ha Mg/ha 	 Conservation Tillage 
0 	 22.6 c" 1.78 c" 
1 	 31.1 b 2.41 b Even though stubble-mlulch tillage is considered a 
2 31.4 b 2.60 b 	 form of conservation tillage, conservation tillage often 
4 36.5 b 2.98 b 	 includes the use of herbicides to reduce the number of 
8 43.7 a 3.68 a tillage operations: and, in some cases, tillage is corm
12 46.2 a 3.99 a pletely eliminated. Stubble-mulch tillage does increase 

'Water storage determined to a 1.8-ni depth. Precipitation 	 the amount of soil water stored during the fallow period 
averaged 318 mam. 	 as compared to clean tillage. but the increase is small 
'Column values followed by the same letter are not 	 due to the limited amounts of residlu(: produced tinder 
significantly different at the 5% level (Duncan multiple range dryland conditions and because even stubble-mulch
 
test). tillage eliminates much of the crop residue from the
 

surface. Unger (1978) studied the effect of increasing
 
Table 2. Influence of straw mulch rates on soil water storage rates of wheat straw imulch oil water storage efficiency
 
at the end of fallow at four Great Plains locations (from Greb during an 11 -month fallow period and subsequent grain
 
et al.. 1979). sorghum yields on Puilnian clay loan (fine. mixed.
 

thernicTorrertic Paleustoll) in tile Southern Iligh Plains
Location 	 Years Straw mnulch rate-Mg/ha (Table 1). Water storage efficiency values increased
 

tested sharply with increasing mulch levels, which shows the
 
0 2.2 4.41 6.6 high potential (or increasing soil water storage when 

sufficient amlounts of residue are available. Greb (1979) 
also reported very significant soil water gains at four 

Akron. CO 6 134 150 165 185 Great Plains locations at the end ofthe fallow )eriod with 
Bushland. TX 3 71 99 99 107 increasing rates of straw mulch (Table 2). Crop yields in 
North Platte, NE 7 165 193 216 234 cryland areas of North America often depend largely on 
Sidney, MT 4 53 69 94 102 the amLount of soil water stored in the soil profile at tile 
Total or Average 20 107 127 145 157 	 time of seeding. As already discussed, potential 

evapotranspiration is nmch greater in the Southern 
'Soil water sanipled to depths of 150 to 180 cm per location. 	 Great Plains than in the Northern Great Plains and the 

Pacific Northwest. Consequently, the amount of grain
Table 3. Threshold water' and grain yield per in'of water for produced per unit of water is much higher in the lower 
winter wheat at several U.S.A. locations, evaporation areas. The values shown in Table 3 are 

estimates of tile anount of evapotranspiration requiredLocation Threshold Grain to initiate grain production of wheat and the amount of 
water yield grain that can be expected for each additional unit of 

min 	 kg/m water used for evapotranspiration. A nun of water above 
Pacific Northwest" 100 1.6 the threshold value used by grain sorghum in the 
Northern Great Plains' 130 1.6 Southern Great Plains increases grain yield by about 16 
Central Great Plains" 150 1.3 kg/ha (Stewart et al., 1983).
Southern Great Plains' 150 0.6 Greb et al. (1979) summarized more than 60 years 

of progress in wheat production in fallow systems in the 
Threshold water is the available water in mm required to Central Great Plains, and tile results are presented in 
initiate grain production. Table 4. As the number of tillage operations was de
"Leggett (1959). creased, there were marked increases in the amounts of 
'Montana Cooperative Extension Service/Montana water stored during tile fallow periods and dramatic 
Agricttural Experiment Station (1985). increases in yield. These positive efkcts tend to accumo
"D.E. Smika, USDA-ARS, Akron. Colorado. personal lecase iher yesestin ore edu anu 
communication. late because higher yields result inmore residue and 
"O.R.Jones, USDA-ARS, Bushland, Texas. personal increased residue results in more water storage, which 
communication, translates into higher yields, tcreating all upward spiral. 
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Soil physical properties are generally also improved, and 

soil organic matter levels are increased. The more than 

100% increase in grain yield was due to several improved 

technologies, in addition to increased soil water storage. 

Improved cultivars have had a major impact on wheat 

yields. The very significant increase in yield resulting 

from improved cultivars of winter wheat in the Southern 

Great Plains is summarized in Table 5. Plant breeding 

has also been important for other major crops. The 

discovery of cytoplasmic-genetic male sterility in grain 

sorghum in the early 1950s led to hybrids that had a 

on yields. Greb (1979) attributed thedramatic effect 
credit ofvarious improved technologies as follows: water 

45%; wheat varieties, 30%: harvestingconservation, 
equipment. 12%; seeding equipment, 8%: and fertilizer 

practices, 5%. The reason for the low impact of fertilizer 

was because of the long fallow period between crops that 

resulted in sufficient mineralization of nutrients, 

Other Water Conservation Techniques 

Space does not allow discussion of all the important 

water-conserving techniques. Snow management is very 

important in many areas of North America, and the use 

of standing crop residues and vegetative barriers is very 
snoweffective in retaining snow on the land. Improved 

management in the Northern Great Plains has reduced 

the need for fallowing and has moved the winter-wheat 

producing areas farther into the traditional spring

wheat producing areas because snow cover also protects 

the winter wheat from freeze damage. In the Southern 

Great Plains, furrow diking is a significant water-con

serving practice. 

Summary 

There are three components of a successful dryland 

management system: (1) retaining the precipitation on 

the land, (2) reducing evaporation, and (3) utilizing crops 

that have drought tolerance and that fit the rainfall 

pattern. Although these components have been known 

for centuries, new and improved technologies are emerg

ing. While this paper has been limited mainly to water 

conservation, successful cropping systems utilize a"total" 

Table 4. Progress in wheat-fallow systems at Akron, Colorado (from Greg et al., 1979). 

Years 	 Tillage 

1916-1930 	 Maximum tillage: plow, 
harrow (dust mulch) 

1931-1945 	 Conventional tillage: 
shallow disk. rodweede¢ 

1946-1960 	 Improved conventional 
Tillage: begin stubble mulch in 1957 

1961-1975 	 Stubble mulch; begin 
minimum tillage with herbicides in 1969 

1976-1990 	 1rojected estimate: 
minimum tillage; begin no-tillage in 1983 

Tillage Fallow Wheat 
yieldoperations 	 water storage 

% of 
No. mm precip. Mg/ha 

102 19 1.077-10 

1.165-7 118 24 

1.734-6 137 27 

33 2.162-3 157 

0-1 183 40 2.69 

1984:
Table 5. Relative yield 	capacity of selected ,Anter wheat varieties. U. S. Southern Great Plains (adapted from Schmidt, 

Porter et al., 1985). 

Wheat year 
variety introduced 

Kharkof 1916 

Commanche 1943 

Scout 1964 

Centurk 1973 

TAM 107 1985 

Primary
 
yield characteristics
 

sought
 

Relative 

capacity 

100 Bred from Turkey Red (introduced in 1909) 

114 Early maturity; quality 

128 Yield quality: some rust resistance: early 
maturity 

Quality; yield: stem rust resistance138 

149 	 Semidwarf; resistance to greenbug, stem 
rust, powdery midlew, wheat curl mite 
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package of practices. Washington. DC: United States Government Printing Of-
The computerwill become a tremendously important flce. 

tool in dryland agriculture. Major limitations to dryland Leggett, G. E. 1959. Relationships between wheat yield, avail
farming systems over which man has little control are able moisture. and available nitrogen in eastern Washing
the irregularity and insufficiency of precipitation, tol dryland areas. Washington Agricultural Experiment 
temperature extremes, and a short growing season.toSaeUnvriy Station Bulletin No. 609. Pullman, Washington: Washing-

However, computer models will become extremely useful 
in determining probabilities, prescribing fertilizer rates, 
and assessing risks. Simulation modeling can also 
improve evaluation of experimental practices and can 
aid in extrapolating research data to other locations, 
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Rapporteur's Report on: 

15 Panel Discussion: Striving for Sustainability 
in Dryland Farming 

A. R. Grable 
USDA, Agricultural Research Service, Fort Collins. Colorado 

The purpose of this panel was to give representatives 
from countries that have developed sustainable dryland 
farming systems an opportunity for sharing their expe-
riences. As implied by the title of the session, probably 
no country has fully achieved the goal of sustainability, 
but the program committee felt that experiences of 

Australia (McWilliam), India (Singh. for Abroll, and 

North America (Stewart)offered useful "success stories." 
Perhaps we can all learn from these experiences. 

A common theme of the presentations was the need 

for tailoring dryland cropping systems to the mix of 
climatic, economic, and agronomic resources available 
to growers. Stewart discussed the difficulty of defining 

and classifying climatic zones in different parts of the 
world. Each classification scheme has advantages for 

specific purposes, but all require judgment for interpre-
tation. As examples, he showed the dissimilar patterns 
of precipitation and potential evapotranspiration from 
locations in India, Jordan, and the U.S.A. Stewart went 
on to describe the evolution of dryland cropping prac-

tices in North America, the combination of drought and 
exploitation leading to the "Dust BLwl." followed by 

adoption of fallowing, stubble-mulch tillage, and im-

proved crop varieties. In recent decades, growers have 
started using a variety of conservation tillage and other 
practices, often including use of herbicides. All of these 
practices together have increased the storage of soil 

water and raised crop yields dramatically in semiarid 
regions such as the Great Plains. Stewart emphasized, 
"These positive effects tend to accumulate because 
higher yields result in more residue and increased 
residue results in more soil water storage, which trans-
lates into higher yields, creating an upward spiral. Soil 

physical properties are generally improved, and soil 
organic matter levels are increased.-

MeWilliam traced a similar pattern of decline and 
recovery of wheat yields in the Mediterranean climate of 

southern Australia during the past 120 years. As in the 
Great Plains, fallowing and improved varieties contrib-
uted to the recovery. Unlike the Great Plains. phospho-
rus, nitrogen, and sometimes other nutrients also were 

required to restore productivity to the original levels of 

75 years earlier. However, this fertilizer-based system, 
too, proved unstable and wheat yields began declining 
because of depletion of soil organic matter, loss of soil 

structure, and wind and water erosion. The recognition 
that low soil fertility often was a greater constraint to 
productivity than drought ushered in the widespread 
adoption of the legune ley farming system based oil self

regenerating annual Trlblium and Medicago species. 
These legumes In rotation with wheat not only restored 
soil fertility and increased wheat production, but also 
increased sheep numbers and wool production. Factors 

favoring the successful adoption of this productive and 
sustainable system during the 1950s and 1960s were 

large farm size, mechanization, and favorable prices for 
wheat and wool. Since that time, however, the relative 
prices of wheat and wool have caused wide swings in the 

amount of land in continuous wheat versus leguime ley 

rotations. It is hoped thai by cornbirilng other practices 
such as conservation tillage and othe:-legumes such as 

lupines, sufficient flexibility can be provided for both 
sustainability and profitability in the future. A similar 
legume ley cropping system has been developed for the 
semiarid tropics of northern Australia, but has not been 

adopted yet because of unfavorable economics and lack 
of nearby markets. 

As discussed by Singh, adoption of improved dry
land farming practices has lagged in India compared to 

the experiences in North America and Australia. Re
search on dryland systems, started first in tile 1930s 
and renewed in the 1950s, resulted in only modest yield 
increases for lack of improved,short-season crop varie
ties. Farmers were not enthused by these early results 
because of high costs and demand for labor, with little 
reduction in risk. The 1960s saw a rapid expansion of 

agricultural research in India, and Singh summarized 
many positive results from that work. However, except-

Ing the improved crops that have been developed, few of 
these research results have been adopted by growers 
despite the demonstration of much greater crop yields 
on farms in tile Operational Research Projects. Con

straints include "poor resource base, inability of the 
farmers to make investments in land improvement and 

towards cost of production inputs, non-availability of 
improved equipment and implements, inadequate credit 
facilities and related Infrastructure." Singh made the 

point that about 70% of India's farmland is now rainfed, 
and even with continuing irrigation development, over 
half the area will be rainfed in the future. He pointed out 
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several areas of needed research and development to the gradual improvement of soil organic matter and 
make these areas productive for the long term. physical structure over the past several decades, indi-

The two success stories from developed countries cate we can achieve sustainability for dryland farming.
show what can be accomplished with generally adequate The Indian experience (and that of many other countries 
bases of natural and financial resources. The resource represented at this conference) shows clearly we have 
degradation and falling crop yields of early years have much work ahead of us to discover and apply the proper
been halted. Rising levels of productivity, and even more mix of technologies for all dryland regions. 
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Introduction 

It is not uncommon in dryland farming that, on 
different occasions, wind and water erosion present 
significant management problems. It is fortunate that 
some of the commonly-used practices adopted to pro-
vide protection against one form of erosion also assist in 
resisting the ravages ofthe other. However, this is not the 
case for all practices, some being effective only against 
one form of erosion or the other, not both. 

There has been a substantial effort in research. 
development, and extension on water erosion: wind 
erosion has received much less effort than water erosion, 
and research and extension supporting co-ordinated 
approaches to provide protection against both water and 
wind erosion is much less still. It is an objective of this 
paper to draw attention to this lack. but also, more 
positively, to indicate the similarities and differences 
between water and wind erosion processes. To be able to 
indicate these parallels requires a review of current 
understanding of these processes. 

Knowledge of the similarities and differences be-
tween the erosion mechanisms involving either fluid are 
not too well developed, especially with respect to their 
consequences for nutrient loss. Thus, part of this paper 
has a somewhat more theoretical or speculative charac-
ter than one would wish. It is hoped that these specula-
tions may lead to more practical work designed to 
provide effective protection in those situations where 
damage can result from either water or wind. A conclud-
ing section of the paper does consider some applications
and issues in a rather more practical way. 

Water Erosion 

The Nature of Water Eroeion Processes 

Water erosion in gullies will not be considered, nor 
will mass movement. With such restrictions, sediment 
flux depends on water flux and sediment concentration 
(c. Sediment concentration is determined by the differ-
ence between the rate at which sediment is added to 
overland flow, and its rate of removal by return to the soil 
surface in the continuous process of sediment deposi-
tion. 

The great variation in size of soil particles and 

aggregates leads to a similar variation in their rate of 
deposition. It is useful in analysis to quantify this 
distribution by considering sediment to consist of an 
arbitrary number (1)of size classes, each of equal mass 
and possessing its own velocity of settling (v,) and 
concentration (c). It then follows by definition of the 
quantities that the rate of deposition (d) for this size 
class is: 

d, Il 

The settling velocity distribution ofsediment can be 
measured using a bottom withdrawal tube for larger 
velocities, complemented by the pipette technique for 
slower settling material as described by Lovell and Rose 
(1986). 

Rainfall detachment and deposition 

Provided raindrops are not intercepted by some form 
of cover, or water depth is not greater than about 10 to 
20 mm, raindrops can add to sediment concentration by 
the process of rainfall detachment. There is evidence 
that, unlike sediment deposition, rainfall detachment is 
not size selective. Thus, assuming sediment size classes 
are chosen to contain equal mass of sediment, the rate 
of rainfall detachment (e) will be the same for each size 
class (Rose et al., 1983), and given by: 

e, = a C, P/i. 

where a is the detachability of soil to rainfall of rate P 
(assuming the exponent on P is unity), and C, is the 
fraction of the soil surface exposed to rainfall. 

This process of rainfall detachment immediately 
develops a sediment concentration so that the size 
selective process of deposition commences also (Eq. [ 11). 
These two processes acting simultaneously result in 
sediment which is finer than the original soil, because 
coarser fractions of detached sediment return more 
quickly to the soil surface than finer sediment as de
scribed by Eq. [I]. This fineness is illustrated in Figure 
I as a slower settling velocity for most sediment. Figure 
I also shows the eroded sediment becomes coarser with 
time, approaching an equilibrium condition at which the 
settling velocity distribution of sediment (such as is 
shown in Fig. 1) approaches that of the original soil. 

121 
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Probably because rates of entrainment typical'y1o0-


exceed those of rainfall detachment, an equilibrium, in 

is covered by awhich a constant fraction of the soil 
more80 

deposited layer, appears to be achieved much 

under entrainment/re-entrainment processes
rrapidly 

60-	 than is the case of rainfall detachment. While an en

during, if diminishing, fineness is characteristic of ero

sion by rainfall detachment (Fig. 1). this fineness quickly
40 	

disappears with entrainment/re-entrainment. This sig-Io 

nificant difference in behavior has implications for the 

20 enrichment of nutrient loss which will be considered 

later. 

in the deposited layer would be expected
0___________-4_Sediment"
 to have a very much lower mechanical strength than the 

10. . .5 "" IT-4 2 .0.1 100... 3 -'' 
Settling (mls)
velocity 


Figure 1. The change with time in the settling 

velocity characteristics of sediment resulting from 

rainfall detachment and deposition on a sandy 
clay loam soil. The fraction of soil surface covered 

by simulated leaves was 0.05. Results shown are 

for sediment produced after 1 min (ES)and 15 min 

(0) exposure to simulated rainfall of rate 100 mm/ 

hr and drop size approximately 3 mm equivalent 

diameter. The characteristic for the original 

uneroded soil is also shown (A). Results are 

unreplicated and, therefore, approximate (Rose et 

al., 1988). 

During this approach to equilibrium in settling velocity 

the sediment concentration also de-characteristics, 
clines towards a constant value (Rose et al.. 1988). even 

under constant rainfall. 
The explanation for these changes as an equilibrium 

condition is approached lies in the build up through time 

of a deposited layer by the size-selective action of the 

deposition process. This deposited layer formed from 

previous detached material is coarser than the original 

soil, and the fraction (H) of the original soil it covers tends 

toward an equilibrium value typically of the order 0.9 (A. 

Proffitt. Griffith University, Brisbane. Aust., personal 

communicataion). This deposited layer can also be 
layer by raindrop impact, asplashed into the water 

process referred to as "re-detachment" by rainfall (Rose 

et al., 1988). 

Entrainment and re-entrainment 

someIf the streampower of overland flow exceeds 
to the flow in thethreshold value, sediment is added 

process of entrainment of the original soil. The resulting 

sediment concentration leads to selective deposition and 
asthe formation of a coarser deposited layer, exactly 

described above when rainfall detachment was the ero-

sion mechanism. Just as the mutually acting shear 

stresses between overland flow and the soil surface can 

result in entrainment of the original soil, so these same 

shear stresses can "re-entrain" sediment from the de-

Like rainfall detachment, processes ofposited layer. 

entrainment of original soil, and re-entrainment of the 


deposited layer, are bellwed to be non-selective in regard 


to the material on which these processes act. 


original soil, even if the original soil was in a cultivated 

state.This presumption is used as abasis for physically

based theory of the entrainment and re-entrainment 

processes as developed by Rose and Hairsine (1988). In 

this theory. the distinction between entrainment and re

entrainment is made in terms of the use made of this 

available streampower F(-Q). where F is a fraction 

(found to be =0.1) and (Q-Q) the excess streampower 

over the threshold value Q,. Rose and Hairsine (1988) 

assumed that in entrainment, this available power is 

utilized in overcoming the forces related to soil strength 

which resist the initial removal of soil from its adjacent 

soil material. By contrast, in re-entrainment, it is as

sumed that the available power is dominantly used in 

raising sediment from the deposited layer into the over

land flow against its immersed weight. 

Water Erosion Prediction 

Assuming L,rlform flow down a plane land surface, 

the sediment flux per unit width of plane (q) is given by 

the product of water flux per unit plane width (q) and the 

sediment concentration (c): 

131q, = qc. 

141Thus, Yq_, = Jqc 

where Y denotes summation over some chosen time 

period, such as a year. 
The distribution with time of q (measured, say. at the 

bottom of a cultivated field) for any particular site and 

management will have some particular distribution. 

Freebairn and Boughton (1985) have illustrated such 

distributions for runoff rate expressed in terms ofproba

bility of exceedance. When runoff was plotted on a 

logarithmic scale against probability of exceedance, 

mulch reatments tended to have a more linear distribu
suitabletion compared to that for bare soil. Since a 

methodology exists for describing the distribution ofq in 

Eq. 131 and [41, what Is the character of the time distri

bution of c? 
rainfall rateRate of detachment of soil depends on 

P (Eq. [21) rather than on q. The detachability term (a in 

depth which inEq. 121) decreases strongly with water 

turn will vary with time, distance downslope, and spa

tially with the microtopography usually dominated by 
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cultivation effects in agricultural land. 
However, at the scale typical of Western agriculture 

(though not universally). It appears that entrainment/ 
re-entrainment processes will generally be the dominant 
partner in the erosion processes, at least for more 
serious erosion events. Thus there is hope that in such 
a context, the distribution of c can be related to that of 
q (Eq. 13] and [4]). There are two different reasons why
this relationship bctween c and q varies. The first reason 
is the relative dominance of the mechanisms of entrain-
ment and re-entrainment. If re-entrainment dominates, 
then the sediment load is largely determined by the 
capacity of the flow to transport sediment (the"transport 
capacity." Foster, 198 2 ). At this transport capacity, Rose 
and Hairsine (1988) show that at any time (t) and 
distance (x) down a plane with uniform non-rill flow: 

(ctI) a [(51 

with F = 0.1; YXv,/I the sum of the settling velocity 
distribution of the sediment; p and a the density of water 
and sediment, respectively; S the land slope: and V the 
velocity of overland flow. However, if the rate of entrain-
ment is limiting, sediment concentration involves the 
specific energy of soil entrainment J(Joules/kg, which is 
related to soil strength characteristics. In this situation, 
Rose and Hairsine (1988) have shown that, again for 
uniform overland flow. 

Y2 
c~x2t) x" - 22 {I x +-x)] [6] 

FPS(KQ} /2 Cr/{G-p}
where 4,= )v/I [7] 

and '= g [N 

FpgS 


In Eq. [6]. c Is reduced by any increase in J, as Is the 

strength of the dependence of c on slope (S) and slope-

length (x). 


The second reason for variation in the relationship
between c and q is the geometry of surface flow. The not 
uncommon formation of rill structures in which over-
land flow is concentrated has important effects on q and 
other factors. While the role of such geometry is being 
better understood, a knowledge of likely rill frequency
and geometry is required for the prediction of sediment 
and concentration to be accurate. Clearly rill geometry 
can also vary with time during a runoff event, 

Soil Conservation Against Water Erosion 

In situations where ephemeral gullies or major rills 
develop, it has been found that c can be close to that of 
the transport limit given by Eq. [5]. Since H, F, and p are 
approximately constants, then for any given slope and 
hydrologic context, the only soil factors tending to re-
duce sediment loss are Yv,/l (increased by larger stable 
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aggregates fostered by adequate organic matter, for 
example) and larger a. However, soil strength and 
management factors can strongly affect the number and 
size of ephemeral gullies in which c can be as high as 
given by Eq. [5]. In rills, c approaches this transport limit 
usually only for short time periods, for example, during 
the collapse of rill walls or during periods of active rill 
initiation or rill head incision. 

Still restricting consideration to essentially bare 
soil, the contribution to c by entrainment and re-en
trainment is more commonly closer to the lower value 
given by Eq. [61, where c may be described as "entrain
ment limiting". The value ofterms in Eq. [6] are such that 
c approaches Ox11 

2 only when x Is of the order of 
hundreds of meters, so this value will not commonly be 
approached. As the soil strength term J In yi increases 
(Eq. [61 and [7]), not only does c decrease, but less 
obviously, the dependence of c on slope S can be
substantially reduced to well below the maximum dependence, which is proportional to S1_25 . Also, as J 

increases, the dependence of c on slope-length x is 
increasingly reduced below the maximum ofproportion
ality to x"/ 2. 

When the erosion processes of entrainment and re
entrainment are dominant, as is usually the case in an 
important erosion event at the scale of Western-style 
agriculture, it is, therefore, common for c to fluctuate 
with time during an erosion event. Sediment concentra
tion in this situation can behave like a limit cycle with 
limits to c being the upper transport limit of Eq. [51 and 
the lower entrainment limit of Eq. [6]. As with q, c can be 
described bya mathematical distribution, thoughwithin 
these limits. Though not always the dominant contribu
tor to c, the c due to rainfall detachment will in general
be significant, and will add to that due to entrainment 
and re-entrainment. 

The above analysis indicates that there Is no unique
 
or generally applicable answer to the question of the
 
slope and slope-length dependence of soil loss; the
 
answer depends greatly on soil strength term J, and
analysis includes the result of the USLE (Universal Soil 
Loss Equation. Wischmeier and Smith, 1978) as a 
possible data set. It may be shown that if entrainment/ 
re-entrainment dominates, and the mean c is about 1/
2 the transport limit value, then soil loss per unit area is 
approximately - x", , and if the ratio is 1/3, then loss per

°unit area is - x .2 approximately. These findings have 
significant implications for the desirable spacing of 
graded terraces. 

Despite discussions so far being largely limited to 
the special case of bare soil, it cannot be over-empha
sized that the major reductions in soil loss are given by 
cover in intimate contact with the soil surface (asdistinct 
from aerial cover). There are two obvious effects of such 
contact cover. First, cover greatly increases the rough
ness of the soil surface, thus substantially reducing flow 
velocity V (Eq. [5]) and, therefore. Q (Eq. [7]). Second, 
surface contact cover can bear a fraction of the shear 
stresses developed at the soil surface by either overland 
flow or raindrop impact. In addition to the two obvious 
effects of cover, the tendency of overland flow to concen
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patterns appears to be re-

duced by surface cover, and it is likely there are other 

effects of surface contact 

trate into more erosive rill 

subtle erosion-ameliorating 
Itmay be noticed that all the above-mentionedcover. 

effects require cover tobe in effective "ontact with the soil 

is for this reason. of vital importance in
surface. It 

cover and its effectiveness, to distinguishassessing 
between such surface contact cover and the aerial cover 

or
provided by the intact leaves and stems of plants 

trees. While aerial cover can reduce rainfall detachment, 

none of the additional protection describedit provides 
above, 

Wind Erosion 

Wind Erosion Processes and Prediction 

can act in tandem. both
Water and wind erosion 


being important at different times, with wind erosion 


tending to increase in importance with increased aridity 

(Chepil and Woodruff. 1963). In terms of fundamental 

fluid dynamics. the major difference between the two 

types of erosion lies in the character of the fluid, air 

versus water. Soil loss in wind erosion is reduced non-

linearly as soil water content increases (Nickling, 19fi8), 

another link between the action of the two fluids. 

The pioneering work of Bagnold (94 1) linked obser-

studies of wind erosion to 
vational and experimental 
physical principles and concepts. His interpretation of 

the three types of processes involved in sediment trans-

port by wind still stands: namely, saltation, suspension, 

and surface creep. Suspended material can be sustained 

by particles of sufficiently low settling velocity experienc-

ing upward motion due to turbulent air velocities at least 

as frequently as downward moion. While shear stresses 

between the air and land surface are the ultimate cause 

of motion, in saltation, dislodgement of other soil par-

tidles by the impact of returing particles which have 
te ic fght ibeting prtolesiicantbeeiccelery 


a significant
been accelerated in flight is believed to be 

between any particularBecause of interactive frebtwnaypricaresoforces 

soil grain or aggregate and its neighbors, and, because 

of its weight, a certain force will be required to dislodge 

it. The lowest value of the friction speed (u.) at which soil 

is called the static thresholdmoveparticles begin to 
Iversen, 1985). The 

friction speed (u.,) (Greeley and 
near the soil surface is approxi-

vertical eddy velocity 
of size areto u.. Particles of a varietymately equal 

Depending particularly on size (but
typically removed. 

also on density and shape). each size class will have a 


characteristic speed of settling which is rather quickly 


achieved for small particles. This speed is called the 


terminal speed, and will be denoted v, for particles of size 


class i. If v, < u., then turbulent eddies are capable of 

transport of this class of particles, and the 
upward 
motion of such particles is called suspension. 

However if v,> u.,perhaps significantly greater, then 
is little

the major features of motion by the particle 

affected by turbulent eddies. Following entrainment, the 

trajectory of such particles is a much smoother curve 
passage of suspendedthan the more erratic upward 

particles whose motion is dictated by the turbulent eddy 

motion. These larger particles following smoother trajec

tories, which return to the surface in deposition, are 

saltating particles (or aggregates). Those yet larger par

ticles whose weight is too great for the wind-generated 

forces to lift them from the soil surface, but which can be 

or rolled along the soil surface, experience the
moved 

type of motion called surface creep.
 

Severe wind erosion in the Great Plains of the USA
 

in the 1930s provided motivation for much of the experi

mental work which has been summarized in the USDA
 

Wind Erosion Equation (WEE) (Woodruff and Siddoway, 

1965). As was the case with its sister equation in water
 

erosion (the USLE) (Wischmeier and Smith, 1978). the
 

was similar to that widely used in
 
conceptual stance 
agronomy. This approach is to commence with as di

rectly relevant experimentation as is possible; data are
 

collected on all variables believed to be of relevance, and
 
general


then the collected data analyzed using very 

mathematical modeling methods involving 
statistical
 

concepts. The work of Chepil and his co-workers, though 

i.formed by the more theoretically-based work of Bag

nold, may be said to belong dominantly to research of the 

experimentally-based kind described above. As summa

rized in the WEE, the work of Chepil and colleagues was 

a method for quantitatively estimating
both to provide 

in given field and climatic
the potential wind erosion 

how to reduce
conditions and to provide guidelines on 


soil loss by wind erosion (Chepil and Woodruff, 1963).
 

Despite attempts to overcome some of the site

specific characteristics of the WEE, a great deal of work 

is involved in transferring the use of this equation to a 

quite different environment or country, with quite differ

ent soils or management methods.While 
this isso, this
 

or other of its forms is still the most
equation in one 
widely used method of estimating wind erosion damage, 

and this may not change quickly. 
There is widespread recognition of the inherent 

limitations in the kind of approach represented in the 

which carries on from the approach pioneered by Bag-
WEE. Thus, work has accelerated recently of a type 

proc ered bythout

which ad onfrom the p 

nold, and conceptualizes the physical processes without 

direct or sole dependence on experimental data, making 

use of more general principles ofsolid and fluid mechan

ics. The physical processes are described in a mathe

matical framework and the outcome or solution of the 
data.

equations is then compared with experimental 
or
 

Because of limitations inknowledge, some
parameter 


parameters in such equations may require experimental 

but such parameters have been given
determination, 
physical meaning by the analysis process involved. This 

more theoretically-based approach has been reviewed 

and is illustrated by the work of 
by Nickling (1988). 

While such approaches
Anderson and Hallet (1986). 

might be said to be in the developmental stage, given 

further development, they offer hope of escape from site 

promise of application to single
specificity and hold 

windstorm events if that is needed.
 



Similarities and Differences Between 

Water and Wind Erosion 


There are significant similarities and differences 
between the processes involved in water and wind ero-
sion. While there is no direct analogy to rainfall detach-
ment in wind erosion, there is direct equivalence in the 
process of sediment deposition, and broad similarities in 
the processes of erosion which result from the mutual 
shear stresses between the fluid and the surface over 
which it flows. 

The distinction between entrainment and re-en-
trainment, made earlier in describing water erosion, 
may well have relevance to wind erosion. In describing 
the entrainment process by water, the possibility of a 
significant amount of work being required to overcome 
interaction forces between the entrained soil particle (or 
aggregate) and its neighbors was recognized. This re-
quired work can limit or control the sediment concentra-
tion in water erosion, and the same would be expected to 
hold for wind erosion. Recognition of the effect of mois-
ture in reducing wind erosion through capillary forces 
effectively strengthening the soil is an example of how 
soil strength effects can modify wind erosion. 

If soil or sand is in a dry, fragmented, and non-
cohesive state, then the distinction between entrain-
ment and re-entrainment, found so helpful in water 
erosion, may become blurred. For soil in such condition, 
sediment transport by wind is likely to be transport
limited, similar to the limiting situation described for 
water erosion dominated by re-entrainment. Theory and 
experimental data on wind erosion agree that for loose 
dry soil, the sediment flux is proportional to u3. if the 
threshold is well exceeded. 

If this corresponds to a transport limited situation, 
then for an entrainment limited situation the power on 
u. may be expected to be less than 3. by analogy with 
considerations discussed for water erosion. Nickling 
(1988) reviewed results of studies in which the exponent 
on u. has been found to be less than 3. The situations in 
which this result was obtained were ones in which the 
supply of sediment could be limited by soil strength 
characteristics, among other factors. 

Thus, it would appear that the clear and quantified 
distinction made in water erosion between entrainment 
limiting and transport limiting situations could be of 
direct relevance to the development of wind erosion 
theory, given suitable adaption in expressicn of the 
concepts. 

A further potentially fruitful area of interaction 
between physically-based water and wind erosion mod
eling is the consequence of erosion processes on the size 
(or settling velocity) distribution of transported sediment. ent, Thiepsie seietlfeidatrtemnand of deposited sediment left behind after theN 
erosion event. This issue has profound consequences for 
the loss of nutrients in either water or wind erosion for 
reasons discussed in the following section. 

Nutrient Loss by Water and Wind 
The loss of sediment by water or wind leaves the 

source areas of sediment with less plant nutrients, and 
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potentially lower productivity (Rose and Dalal, 1988). 
When the movement of either fluid carries sediment with 
it, plant nutrients are also transported. However, asignificant difference between the loss of plant nutrients 
by wind and water is that there is no strict analogy in the 
case of wind to the solution and convective transport of 
soluble fertilizer forms such as the nitrate ion. 

Except in situations of low erosion and high levels of 
application of nitrogen (N) fertilizer, or if volatilization is 
significant, the dominant cause of loss of N by water 
erosion is commonly in forms, such as organic-N, which 
are closely associated with or sorbed to soil or its organic 
matter (White. 1986). Since most other plant nutrients 
are much less soluble than nitrate-N and are sorbed to 
soil, loss in water or wind erosion would be a major cause 
of their unproductive depletion in soil. 

Therefore, it appears useful to seek a common 
framework on which to interpret the loss of plant nutri
ents (or soil pollutants) which are sorbed to the soil and 
transported by its erosion in either fluid. If there are no 
mechanisms of selective loss of nutrients during ero
sion, then the loss of any soil-sorbed nutrient is given by 
the product ofthe sediment loss and nutrient concentra
tion in the soil. However, this is commonly not the 
situation, with eroded sediment frequenty being nutri
ent-enriched with respect to the original soil. Enrich
ment effects are described by the "Enrichment Ratio" 
(ER) where: 

ER kg element/kg eroded soil 
= kg element/kg original soil [9a] 

and: 

Er = concentration of element in eroded soil 
concentration of element in original soil. [9b] 

Rose and Dalal (1988) and Foster et al. (1985) review 
data on ER for water erosion, illustrating how ERdepends 
on soil type, the particular mix of erosion mechanisms, 
tillage practices, and time. These reviews confirm the 
basis for the relationship commonly used for ER (eg.. in 
CREAMS, Knisel. 198011: 

ER= A M 1101 

where M is the accumulated mass per unit area of soil 
lost by water ercsion, and A and B are empirical fitted 
parameters. The loss of any nutrient N (kg/m 2) is then 
given by 

R N 

where CniS concentration of nutrient N in the original soill 

(kg N/kg soil). 
For water erosion, Figure 2 Illustrates that ER varies 

with the erosion mechanism and with time, being gener
ally higher for rainfall detachment than for entrainment. 
For entrainment/re-entrainment, ER oscillates around 
the value of I which indicates no enrichment. The 
decline in Er with time when rainfall detachment is the 
erosion process (Fig. 2) reflects the change with time in 
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Figure 2. Variation with duration of the erosion 

event in the enrichment ratio (ER) of total nitrogen 
for the sandy clay loam soil of Fig. 1. Soil in both 

experiments was bare. The relationship for rainfall 

detachment was for simulated rainfall as described 

for Fig. 1 with flume at very small slope (0.1%). 

The relationship for entrainment/re-entrainment 
was obtained with no rainfall, but with water 

flowing over soil in a 6 m long flume at a rate of 

1.12 x 103 m 3 water/m width/s and a slope of 3% 


(Rose et al., 1988). 


the settling velocity characteristic (Fig. 1). That E,¢ is 

close to unity with entrainment/re-entrainment is in 

accord with the experimental finding that sediment 

produced from the operation of these erosion mecha-

nisms has a settling velocity characteristic very similar 

to that of the original soil. 

Less data are available on enrichment effects for 

wind than for water erosion. However, Table 1 indicates 

of various forms of inN thesignificant enrichment 
fraction ofsoil (< 0.053 mm) which experienced substan-

tial erosion. Little if any enrichment occurs in the larger 

little eroded fraction. Recent work has shown that E, 

varies with the height range over which eroded sediment 

is captured. 

for total N and mineral NTable I. The Enrichment Ratio (EJs) 

in two size classes of wind-eroded particles., 


Size fraction Total N NO:-3N NH+-N 

< 0.053 mm 2.0 2.5 3.6 
>__0.053__m_ _.0__.3 _ 0_9 

SAdapted from Hagen and Lyles (19851. 

A theoretical framework to aid such observations on 

factors affecting ER will now be presented. As discussed 

earlier for water erosion, the eroded sediment can pos-

sess a variety of settlingvelocity characteristics, depend

ing on the mix oferosion mechanisms and on time within 

the erosion event. Also, with wind erosion, the preferen

tial long-distance transport of the finer sediment lost in 

suspension leaves the remaining sediment (involved in 

saltation and creep) coarser than it was before the wind 

erosion event. This is illustrated by two such possible 

A B 

.0kgsoil In 

kg soil 

V r 

I , .vi 

kg element 

kgsoil 

(b) 

VI VI 

kg elementA 
k sol Area g element 

-in eachAv i 
- -in total soil 

VI 

Figure 3. Schematic diagram showing how 

distributions of type illustrated at C, which 

determine the enrichment ratio (ER), depend on 

the product of two more basic distributions illus

trated at A and B. Velocity v, is sediment settling 

velocity (logarithmic scale). In distribution A, (a) 

might refer to eroded sediment, and (b) to the 

original soil. For any particular soil and element, 
difference in the 

distribution shown at B for eroded and uneroded 

soil. Thus, two distributions of type at C are 

involved in the calculation of Et (Rose and Dalal, 

1988). 

there could also be some 

distributions in A of Figure 3 where (a) and (b) might 

represent distributions for transported sediment at some 

time during the erosion event, and of the original soil. 

respectively. 
as organic N or phosphorusNutrients such are 

closely associated with or bound to soil aggregates, but 

not in general uniformly over all size ranges, as is 

illustrated at B in Figure 3. Distribution B can also vary 

somewhat between eroded sediment and the original soil 

(and with the erosion mechanism for transported sedi

ment). However, at least for water erosion, the major 

variation is in distribution A rather than B. The distribu

tion of ultimate concern is distribution C in Figure 3, 

obtained by multipiying together the two distributions A 

and B. Figure 3 is meant to indicate that distribution C 

follows from multiplying together the component distri

butions in A and B. so that any combination ofdistribu
tions in A and B will result in a particular distribution in 

range of settlingC. (Note that Av, Indicates a finite 

velocity (or size) of sediment). From this implied multipli

cation of distributions, we have: 

A xB=C.or 

kg element in Avkg soil in Av 
= kg eroded soilkg eroded soil x kg soil in Av 

1121 
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An exactly parallel equation to 1121 can be written for the 
original soil. Summation over the entire settling velocity 
range of the right hand side of Eq. 1121 gives the 
numerator in Eq. [9a]. thus yielding ER. However. ERcan 
be determined directly by determining the concentra-
lions for the unfractionated eroded and original soil, as 
indicated In Eq. [9bJ. The values of ER obtained through 
summation of Eq. [121 (and an equation ofthe same form 
of the original soil) should agree (within experimental 
error) with the ratio directly determined from Eq. 19b]. 
using concentration data from unfractionated soil. The 
entire point of using the component approach indicated 
by Eq. 1121 is that this will yield a physico-chemical 
understanding of why ER is what it is: the contribution 
made to E. by each of the distributions in A and B of 
Figure 3 will be known. Furthermore. since physical 
interpretation of reasons for variety in the distribution in 
A at least are becoming available (Rose et al., 1988), then 
an ability to predict ER. or to indicate the likely effect of 
changed management practices on E W is opened up. 

An example of how such knowledge can be useful is 
illustrated by Figures I and 2 for water erosion. A major 
reason for the initially higher ER for rainfall detachment 
and its decline with time (Fig. 2) can be understood in 
terms of the decrease in fineness of sediment with time 
when this erosion mechanism dominates (Fig. 1). 

While more quantitative information appears to be 
available on ER for water erosion, the data in Table 1 
indicated that wind-eroded sediment can also be signifl-
cantly enriched. It is likely that nutrient distributions of 
the type illustrated in B of Figure 3 will iadicate a domi-
nance of nutrients in the size fraction which can experi
ence suspension, and which can thus be lost to the local 
area. Though the saltating load is often dominant in 
terms of mass transported, enrichment effects would be 
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Figure 4. Relationship between soil loss and 
relative wheat grain yield under dryland 
conditions in eastern Australia. Circles represent 
cumulative soil loss under natural rainfall over 26 
years (Gunnedah) and 30 years (Wagga Wagga) 
followed by two and four wheat crops, 
respectively. Triangles represent the result for a 
wheat crop following soil removal by desurfacing. 
Soil profiles at Gunnedah and Bringalily are 
medium to deep whereas the others are shallow, 
with either texture-contrast (Wagga Wagga) or 
saline subsoil (Drillham) (Rose end Dalal, 1988). 
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expected to be much less than for the suspended load for 
reasons discussed in relation to Figure 3. 

Practical Applications and Issues 

For a semi-arid Australian environment, Figure 4 il
lustrates the decline in wheat (TriticumaestivumL.) yield 
which is approximately linear when plotted against the 
logarithm of soil loss. The rate of decline was greater for 
shallower soils with a texture-contrast profile or a saline 
subsoil than for soils with medium to deep profiles. An 
annual soil loss of about 10 Mg/ha (corresponding to a 
loss of soil depth of about Imm/y) reduced yields by 
about 20% for sites with a shallow topsoil. The relation
ship appears reasonably consistent whether soil loss 
was by natural rainfall or by desurfacing. an experimen
tal technique commonly criticized as being too artificial 
a simulation of erosion. 

Investigating the effects of wind erosion on wheat 
yields in the U.S.A., Lyles (1977) found a yield reduction 
of some 2 kg/ha-mm of soil lost for wheat/fallow rota
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Figure 5. Ilustrating how, for a particularlocation 
on a vertisol in the Darling Downs, Queensland, 
the average annual soil loss varies with land slope 
and the stuface cover fraction of the soil, where 
cover was by mulch providing effective contact 
cover. The T-value is an assumed tolerance level of 
1 kg/m 2 /year (corresponding to 10 Mg/ha/year). 
Vertical arrows indicate various trade-offs between 
maximum cultivated slope and cover if soil loss is 
not to exceed the tolerance value. 
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can betions. Although the effects of erosion on yield 

partly compensated by added fertilizer application, the 

compensation generally appears to be less than con-

plete in dryland farming (Eck et al.. 1965: Mbagwu et al.. 

1984). 
There are sources of protection against erosion 

particular to wind erosion, such as shelter belts, and to 
terraces. Despite differ-water erosion, such as graded 

ences with respect to detail, the provision of cover not 

readily removed by the eroding fluid provides an effective 

and practical form of protection against both wind and 

water erosion. While this form of protection is of general 

application, it is particularly suitable in those dryland 

farming regions where there is dang-r from both water 

and wind erosion. 
In the rapidly-changing technological context of 

Western agriculture, new computer-based tools such as 

expert systems have the potential to aid the application 

of research (EI-Swaify. 1988). An attractive feature of 

that kind of technology is the possibility of more effective 

integrationofsoilandwatercoiservaton objectiveswith 
of thethe whole range 	of decision-making required 

there will remain contexts in whichfarmer. However, 
this type of approach will not be feasible or not be 

Even in such situations, more can be done to 
adopted. 
provide the results ofexperimentation and research in 	

1984. Developing and testing of a conser
prove ay 	 rsetofarmers.and K.J. Keith.tperiactiaforms which 

forms which may prove practically useful to fairmers, 
Figure 5 provides an illustration of this. 

Figure 5 provides an approximate summary of the 

results of 8 years of field experiments carried out on a 

vertisol (Pellustert) in a farming situation on the Darling 

Queensland (Freebairn and Wockner, 1986).Downs. 

While the details of Figure 5 are specifle to the soil type 


and cultivation scale, this type of figure could be useful 

Being based on

in other contexts if data are available. 
loss data, the figure has 

average annual soil 	 many 
latgeonn H al oi o, thistype fgretan cany 

can help
limitations. However, this type of presentation
the farmer visualize the quantitative tradeoff between 

the variety of land slopes which occur on the property 
cover which needs to beand the fractional surface 

sustained during the erosion periods if an agreed toler-

able level of soil loss (or T-value) is not to be exceeded. 

From Figure 5, if 10% surface cover can be retained, then 

slopes up to 3% can be farmed without exceeding the T-

value; however, 30% cover would be required at a slope 

of7%. 	 eof d n cFreebairn, 

Local experience of the effect of different cultivation 
practices in reducing the stubble cover for crops of 

interest is a necessary adjunct to the information pro-

vided by Figure 5. Another aid which could be useful, at 

least for consultation, would be a set of photographs il-

lustrating what the various fractional cover levels look 

like for crops of interest. There is an ongoing need to 

integrate such information in extension packages, such 

as that described for conservation cropping by Chamala 

et al. (1984). 
There are significant dryland farming areas where 
there anre signfath d nd farn waers er . 

there is danger from both wind and water erosion. 

and extension staff tend to have specialistResearch 
knowledge in one of these forms of erosion and be rather 

weak in regard to the other. Co-ordination is weak, and 

more research, development, andthere is a need for 

extension work aimed at developing soundly-based soil 

conserving practices which provide protection against 

both wind and water erosion. Of course, this is only one 

pillar of support needed for the development of effective 

soil conservation policies (Rose. 1985). A purpose of this 

even this pillar is in need of 
paper is to suggest that 
strengthening. 
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Introduction 

Soil erosion by water can be a problem in dryland 

agriculture by degrading soil and producing sediment 

that causes downstream sedimentation and deteriora-

tion of water quality. Method5, of predicting soil erosion 

are widely use, I to identify~ excessive soil erosion and to 

select erosion control practices. Direct measurement of 

soil erosion is not practical because erosion is diffuse 
much sediment on a field as rill and interrll erosion.and varies greatly in time and space. However, measure-Ersoisafntno heesityfteeoie 

erosion is an important component ofment of soil 
research. Dealing effectively with erosion requires an 

understanding of erosion mechanics and the dominant 

erosion process in a given situation. 

Mechanics of Soil Erosion by Water 

Soil erosion by water is a process of detachment, 
transport, and deposition of soil particles by raindrop 
impact and surface runoff. Detachment is the removal of 
particles from the soil mass and occurs when the forces 
applied to the soil by the impacting raindrop and surface 
flow exceed the resisting forces of the soil. The forces 
holding soil particles in place include cohesion and 
friction between the particles and gravity. Detached 
particles are transported when the forces applied to 
them exceed the gravitational and frictional forces re
sisting movement. Size, density. and shape of the par-
ticles describe their transport.ability. The capacity of the 
erosive agents for transporting sediment is related to the 
fluid mechanics and hydraulics of the erosive agents. 

Sediment load is the rate that sediment is being 
transported downslope at a given location on the land-
scape. Deposition of sediment occurs when tie sediment 
load exceeds the transport capacity ofthe erosive agents. 
Deposition selectively deposits the coarse and dense 
particles leaving the fine and less dense particles to be 
carried downstream. Detachment of most agricultural 
soils is less selective than is deposition. Sediment eroded 
from these soils is a mixture of aggregates and primary 
particles. Sediment properties at the point of detach-
ment depend on soil properties. The amount of sediment 
leaving a field can be much less than the sediment 
produced by erosion within the field. Concave slopes and 
profiles along concentrated flow channels greatly in-
crease the potential for deposition. 

Most soil surfaces are nonuniform, which causes 
runoff to concentrate in a series of small rivulets. Rill 

erosion and most downslope movement of sediment 

occurs in these areas. On interrill areas (space between 

the rills), the effects of raindrop impact dominate whereas 

the effect of flow dominates In rill areas. Runoff from iill 

and interrill areas is further concentrated in a few major 

natural waterways before leaving most fields. Erosion in 

these channels. ephemeral gully erosion, can produce as 

Erosion is a function of the erosivity of the erosive 

agents and the .esistance of the soil to erosion. Amount 

and intensity of rainfall is a measure of rainfall erosivity. 

Similarly. amount and rate of runoff, which depends on 
rainfall and infiltration, is a measure of runoff erosivity. 
Infiltration is a function of invariant soil properties and 

those that change with climate and land use. Canopy 
cover close to the soil greatly reduces the erosivity of 

raindrop impact. and cover directly in contact with the 
soil greatly reduces the erosivity of raindrop impact and 
surface flow. 

The erodibility of soil is a function of time-invariant 
soil properties, like texture, and of properties modified 
by weather and land use. Erodibility changes slowly 
after a change in land use and an effect ofa land use may 
persist for a few years. 

Measurement of Soil Erosion by Water 

Soil erosion by water is typically measured by in
stalling plots on uniform slopes. These plots are often 
about 3 m wide by 11 or 22 m long on slopes of about 6 
%. A typical study might involve a series of plots to study 
how conservation tillage affects soil erosion or to evalu
ate soil erodibility. Data from plots have been used to 
develop erosion prediction technology, especially the 
Universal Soil Loss Equation. 

Through the 195es. most plot erosion research was 
conducted under natural rainfall, but rainfall simula
tors became widely used in the 1960s. Emphasis in 
simulator design has ranged from drop characteristics. 
reliability, simplicity, cost, intensity control, and ease of 
setup, operation. and transport. Rainfall simulators 
produce data quickly under controlled cot iditions. while 
natural rainfall over an extended period produces data 
from a range of storm and cover conditions. Data from a 
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few intense simulated storms must be adjusted to of data from erosion plots on uniform slopes under 
represent the expected result from natural storms, natural and simulated rainfall. The USLE estimates 

Small watersheds are used to measure erosion on erosion rate using factors of climate, soil erodibility, 
areas representative of fields. Small plots of rill or topography, and man's activities. The USLE does not 
interrill areas are used to study fundamental erosion explicitly consider erosion processes or detailed interac
processes. In general, as a study area becomes larger. tions among its factors. The USLE Is mature technology 
the greater is the likelihood that the measured sediment and its equation structure prevents it from representing 
load leaving the test area is the integration of several the relationships observed in experimental data and 
erosion processes. A ridge-furrow tillage system illus- theory. However, the USLE has a large users group so 
trates the problem. On relatively flat slopes, sediment that a new user can readily find assistance. Also, this 
production on the ridges exceeds the transport capacity broad use builds confidence in the equation. Reasonable 
of the flow in the furrows. Deposition occurs in the results can be expected from the empirical USLE, pro
furrows and the sediment leaving the plot is primarily a vided it Is not applied outside of the data range used to 
function ofthe sediment transport capacityoftheflowin derive it. Also, the equation is easy to use by field 
the furrows. Within limits, changing erosion rates on the personnel. 
ridges has little effect on how much sediment leaves the In contrast to the USLE, process-based prediction 
plot. technology is based on equations that represent funda-

On moderate slopes, neither deposition nor rill mental hydrologic and erosion processes including rain
erosion occurs in the furrows. Erosion is primarily a fall, runoff, and infiltration. Erosion on interrill areas is 
function of erosion on the ridges and not flow in the computed by estimating detachment by raindrop impact 
furrows. On slopes steep enough for rill erosion to occur and transport of the sediment over the interrill areas. 
in the furrows, sediment leaving the plot will be related The sediment computed to arrive at the rills is compared 
to erosion on the ridges and in the furrows. On very steep to the transport capacity of flow in the rills. Deposition 
slopes where rill erosion is v'ery intense, sediment leav- is computed when the sediment reaching the rills ex
ing the plot will be almost entirely related to erosion in ceeds the transport capacity of the flow in the rills. When 
the furrows. Therelore, if data over the entire range of sediment reaching the rills is less than the transport 
these conditions are combined in a regression analysis, capacity of flow in the rills, rill erosion is computed if the 
the data will be highly scattered and poorly fitted by erosivity of th.'! flow in the rills exceeds the resistivity of 
simple regression equations. the soil to detachment by flow. These computations are 

Runoff from a test area is often measured with a repeated to route sediment downslope to field outlets. 
flume or by bulk collection. Runoff is sampled to deter- Erosion prediction technology based on fundamen
mine concentration and properties of the sediment in the tal hydrologic and erosion processes can be developed to 
runoff. Important sediment properties are size, density, replace the USLE. Scientific understanding of hydrology 
and composition for several size classes. These determi- and erosion is sufficiently complete to provide the basis 
nations are made on the aggregated sediment as it leaves for such technology. Inexpensive computer hardware 
the study area. needed to implement the technology Is widely available. 

Surface conditions, especially the fraction of the soil Research is needed to develop computer software io 
surface directly exposed to raindrop impact and surface solve the governing equations and data bases for input 
flow, are determined. Cover is the single factor having and to determine experimentally parameter values. This 
the greatest effect on erosion. However, other factors technology, which should be available by 1992, is ex
such as surface roughness and soil properties that affect pected to have a major impact on erosion research and 
erodtbility and sediment characteristics must also be the erosion prediction technology used by conservation 
measured. Techniques that measure soil strength are agencies. 
being widely evaluated for their potential to indicate soil Even though erosion prediction technology based on 
erodibility. Both micro and macro topography should be fundamental erosion processes will begin to replace the 
measured to characterize both surface and landscape USLE by the mid 1990s. research is already underway 
geometry, which greatly affects the erosivity of flow and that will be the basis for erosion prediction technology 
indicates the likelihood of deposition on both the micro that will follow the WEPP technology. An important 
and macro scale. feature of the erosion prediction technology after WEPP 

will likely be digital elevation models that characterize 
landscaples in detail to allcw accurate computation of

Prediction of Soil Erosion by Water erosion, deposition, and sediment load at all points over 
a complex field. 

Empirical-lumped methods and fundamental-proc
ess-based methods are the two basic types of technology 
for predicting soil erosion by water. The Universal Soil 
Loss Equation (USLE) represents the empirical-lumped Contact L. J. Lane. Project Leader, USDA-Agrcultural 
approach while the technology being developed by the Research Service. Arldlands Watershed Management 
USDA-Water Erosion Prediction Project* represents the Research Unit, 2000 East Allen Road, Tucson, AZ, for 
fundamental-process-based approach. Information on the USDA-Water Erosion Prediction Project 

The USLE was empirically derived from a large mass (WEPP). 
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Summary 

Soil erosion by water can excessively degrade soil 

cause downstreamand produce sediment to 

sedimentation and water quality problems. Erosion is a 

complex process that varies spatially and temporally. A 
of erosion andscientific understandingthorough 

technology for estimating erosion rates are tools widely 

problems and practicesused to identify erosion to 

control erosion. 
Soil erosion by water is the detachment and trans-

port of soil particles by raindrop impact and surface flow. 

Accurate measurement and prediction of erosion, and 

selection of erosion control practices, depenzi o,-a identi-

fication of the particular erosion process that dominates 

in a given situation. 

under either natural or simulatedErosion plots 
rainfall are widely used to study erosion, evaluate ero

sion control practices, and provide data for development 

of erosion prediction technology. Alsosmallwatersheds 

are used to indicate erosion under field conditions and 

small plots are used in the field and laboratory to study 

fundamental erosion processes. 
The Universal Soil Loss Equation (USLE) is widely 

used to estimate soil erosion by water. This empirical 

on a large mass of plot data Is mature
equation based 
technology and has severe limitations in being able to 

represent relationships suggested by modem hydrologic 

and erosion theory. Erosion prediction based on funda

mental hydrologic and erosion processes is powerful. 

Research is underway to develop this new technology for 

practical application. 
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Introduction 

Wind erosion can occur on any continent and In any 
climatic region whenever bare, loose, dry soil is exposed 
to high winds. The dust clouds resulting from e "osionof 
cropland may be a few meters or several kilometers high, 
carrying millions of megagrams of ".opsoilthousands of 
kilometers from the orginal source. The droughts of the 
1930s in the Great Plains Region of the USA and the 
1970s in th. southern Sahel of Africa both emphasized 
that wind erosion has a dramatic effect on soils and ol 
mankind, and that there is still a need for effectiv, wind 
erosion control practices. 

The real impact of wind erosion Is a loss of the fines 
from the surface soil. The total ramifications of these 
losses are still unknown: however, we do know that, as 
the nutrients and soil fines are removed, continual input 
of additional energy in the form of fertilizers will be 
required to maintain the same lcvel of crop production. 

Mechanics 

Wind speeds near the ground are retarded by vege-
tation and other obstacles, and increase with height. The 
velocity very close to the soil surface depends on the 
height of the roughness elements (Zingg, 1953). Surface 
roughness influences the height at which the velocity is 
zero. Standing cotton (Gossypiurn sp.)stalks (rows 1 m 
apart, 0.1 m between stalks, stalks 0.3 m high) have a 
roughness equal to that offreshly plowed ground: smooth, 
bare soil has a roughness 1/ 10 the plowed soil. Small, 
loose soil aggregates on a smooth soil are easily picked 
up and transported by the wind. 

Eroded particles exert a drag on the wind, which 
alters the velocity profile. The effect will depend on the 
surface, but Zingg (1953) explained that energy is gained 
by particles as they rise above the surface. Part of the 
energy gained by the particles will be transmitted to the 
slow-moving air near the surface as the saltating par-
ticles return to the surface. As particles impact the soil 
surface they may rebound vertically into the air flow. 
Upon striking the soil surface, add.tional material may 
be abraded. In laboratoly wind tunnel studies, Chepil 
(1945) found the threshold velocity varied with the 
mixture of erodible and non-erodible material. This 
means that for a particular soil texture, there is no single 

threshold velocity. The larger the nonerodible particles. 

the higher the velocity required to initiate movement. 
This principle is used extensively to reduce or control 
wind erosion on culth ted fields. 

Mode of Transport 

As the threshold velocity is exceeded. individual soil 
materials are dislodged, become aerodynamically un
stable, are injected 	 into the vind stream, and trans
ported downwind. The distance moved and mode of 
transport will depend on the v'locity of the wind, the 
shape and density of the soil material, and the ro-igh
ness of the surface (Holy. 1980). 

Material too heavy to enter the wind stream may 'oll 
along the soil surface in a tr'nsport mode called surface 
creep. Surface creep is usually composed of material G.5 
to 1.0 mm in diameter. and may comprise5to 25%of the 
total quantity being transported. Material small enough 

to enter the wind stream, but so heavy that gravity pulls 
them back to the soil surface, are in a transport mode 
called saltation. The saltaton mode is usually consid
ered the most important transport mode because it 
initiates other modes oftransport. Upon striking the soil 
surface, the saltating material may dislodge additional 
material. Saltating material is usually 0. 1 to 0.5 mm in 
diameter, and can comprise 50 to 75% of the total 
material being transported. If the materia is small and 
light, it may become suspended in the wind stream and 
transported great distances. Material in suspension is 
usually 0.002 to 0. 1 mm in diameter and comprises 3 to 
40% of the total material being transported (Chepil and 
Woodruff, 1963). 

Erodibility and Deposition 

Generally, the coarser the soil texture, the greater 
the potential erodibility. Easily-eroded soils require more 
extensive control practices lo protect the soil. Wind
eroded material will be deposited whenever tho wind 
velocity at the soil surface is reduced. The reduction may 
be due to increased soil roughness, crop residues, or 
topographic changes. Deposition may take the form of 
sand ridges in field borders, accumulation of coarser 
textured sand in small dunes within the field, and 
trapping In standing crop residues. Wine ,an'iers are 
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used in North Africa to trap drifting sand and protect 

trees, homes, and farmland. 

Measurements 

To study soil movement by wind, scientists devel-

oped laboratory and portable wind tunnels to simulate 

the flow of wind over soil surfaces and the detachment-

movement of eroded aggregates. Along with the labora-

tory wind tunnel, it was essential that methods be 

developed to collect samples of the eroded soil (Bagnold. 

1943; Chepil. 1957). These early pioneers adapted lab3-

ratory equipment to measure soil losses in the field, but 

these devic,s were not suitable for unattended field 

operation. Within the past 20 years, additional samplers 

have been developed; but the wind powered isokinetlc 

sampler (called the BSNE) develo.,,d by Fryrear (1986) is 

an accurate, dependable sampler ht has opened the 

way to extensive use under field conditions. The BSNE 

samplers permit the measurement of horizontal and 

vertic-al distribution of saltating and suspended eroded 

material. They can also be used to measure the effective

ness of wind barriers or wind erosion contro. systems. 

Gupta et al. (1981) used iron pegs driven into the soil and 
in the Bikaner and Chandan re-reported soil losses 

search stations of India of 615 and 325 Mg/ha, respec-

tively. This technique will not permit the determination 

of soil losses of less than about 20 Mg/ha because of the 

limitation of soil surface measurements. 

Prediction 

To predict daily, seasonal, or annual wind erosion 

losses, it is essential that the factors responsible for wind 
erosion are properly documented. The basic factors are 

9,3l erodiblity. vegetative cover, and winds above the 

threshold. Chepil et al. (1963) pre dicted the number of 

dust storms each year by correlating the number of 

dusty days wih the annual ralni'all over the previous 3 

years.Their method works well !nthe Central Plains area 

yeA)rs. h analisuiie oordc eiu 
(USA) where the rainfall is utilized to produce a residue 
crop. in the Southern Plains area, Fryrear (1981) found 
that ra'nf- II, evaporation, and wind movement In the 
last 4 months of the year were significantly (P<0.05) 
correlated with the number of storms the fo!lowing year. 

To estimate the number of storms is a challenge, but 

to estimate the total soil loss is a major advancemen, 

Woodruff and Siddoway (1965) reported the Wind Ero-

sion Equation that is presently used to estimate annual 

(but not daily or seasonal) wind erosion losses. The 

equation includes factors for se'l erodiblilty, soil rough-

ness. climate. fld. length, and vegetative cover. 

A new Wind Erosion Research Model is under devel

opment by the Agricultural Research 'eervice.This new 

model contains submodels for ero. ion, soils, crops, 

tillage. and weather: and it will perri estimates of daily 

wind erosion losses, soil flax exposure to crop seedlings, 

and deposition of eroded material. Th- model will be 

validated with equipment described in this report. 

Conclusions 

Historically, wind erosion has resulted in extensive 

deposits of fertile silt soils that are valuable agricultural 

regions today. The mechanics of soil movement are 

reasonably well understood, but the full knowledge of 

material detachment will challenge the best scientists 

for many years. 
The wind erosion process is extremely dynamic. 

Advances in computer technology coupled with cfflzicnt 

sampling equipment will permit the expansion of our 
on soil andknowledge of wind erosion and its impact 

crop productivity. In the past 50 years, we have seen the 

wide-spread adoption of more effective wind erosion 

control practices in the Great Plains of the USA. but 

development of effective control systems for the Sahelian 

region of Africa, and other similar areas, will challenge 

erosion scientists for many years. 

References 

Bagnold, R. A. 1943. The physics of blown sand and desert 
dunes. New York: William Morrow & Co. pp. 265. 

Chepil. W.S.1945. Dynamics of wind erosion. I.The nature of 

movement of soil by wind. Soi Science 60:305-320. 
Chepil. W.S. 1957. Width of2eld strips to control wind erosion. 

Kansas Agricultural Experiment Station. Technical Bulle
tin 92. pp. 16. 

1963.Chepil. W. S.. F. H. Siddoway. and D. V. Armbrust. 
Climatic index of wind erosion conditions in the Gr,-eat 

Plains. Soil Science Society ofAinerica Proceedings 27:449
452. 

Chepil. W. S., and N. P. Woodruff. 1963. The physics of wind 
erosion and its control. Advances in Agronomy 15:211
301. 

Fryrear. D.W. 1981. Dt!,t storms in the Southern Greal Plains. 
Society of AgriculturalTransactions of the American 


Engineers 24:991-994.
 
FryrearD. W. 1986. Afield dust sampler. Journal of Soil and 

Water Conservation 41:117-120. 
Gupta, J. P. R. K.Agarwal. and N.P. ~oilkhy. 1981. Sol erosion 

by wind from bare sandy plains in western Rajasthan. 
India. Journal of Arid Environments 4:15-20. 

Holy. Milos. 1980. Erosion and environment. New York. Perga
mon Press. pp. 225. 

Woodruff, N. P.. and F H. Siddoway. 1965. A wind erosion 
Society of America Proceedingsequation. Soil Science 


29:602-608.
 
Zingg, A. W. 1953. Wind tunnel studies of the movement of 

sedimentary material. Iowa State University Proceedings. 

5th Hydraulic Conference, Bulltin 34:111-135. 



19 Impact of Combining Agricultural Techniques 
and Soil Conservation Measures 

on China's Loess Plateau 

John B. Doolette and Alan Piazza*
 
The World Bank, 1818 H Street, N.W.,
 

Washington, D.C. 20433 U.S.A.
 

Introduction 

Soil conservatua measures, when implemented in 
isolation, are tarely adequate solutions to widespread 
soil erosion prrbl~ms of developing countries, since 
severe degradation frequently occurs on fragile land 
farmed by the poorest segment of the population. To be 
successful in these areas, soil conservation programs 
must establish a sustainable agrict,'.ure at a higher 
productivity level through a combinat-on of technical, 
social, and policy actions. In China's loess plateau. 
recent programs combining erosion control interven-
tions with improved crop and animal production prac
tices have proven effective in reducing chronic soil 
erosion and rural poverty. This paper describes the 
technology and policy package under implementation in 
the loess plateau, reviews initial results and presents a 
cost benefit analysis. 

The Loess Plateau 

Soils and Climate 

The loess plateau is an ancient land form whose soil 
was formed from accumulated wind-borne deposits. The 
plateau ext.-ds over some 630,000 km 2of northwestern 
China, covering most of the provinces ofShaanxi, Ningxla, 
and Gansu. 'ihe soil profiles are largely undifferentiated 
and of uncommon depth, with large tracts between 50 
and 100 m deep. The soils are mostly silty oams 
comprised of 60 to 80% silt, 15 to 20% clay, and 5 to 15% 
sand; are usually alkaline (pH 7.5-8.5): and high in 
calcium carbonate (10 to 20%). The plateau overlays 
sandstone, other metamorphic rocks, and, in some 
places, strata of coal. 

Mean annual rainfall varies from less than 100 mm 
to more than 500 mm, with most areas receiving Lelow 
400 mm. About 75% of the annual rainfall occurs in the 
3 to 4 month period of June to September. These 
summer rains are frequently in sporadic, heavy falls. 

vrhe views expressed in this paper are those of the authors, 
and should not be attributed to the World Bank. 

The efficiency of use of tic limited effective rainfall is 

reduced on steep slopes due to limited infiltration, 
bometimes worsened by surface crusting caused by high 
calcium carbonate levels. The brief season of effective 
rainfall fortunately coincides with the period of highest 
mean air temperature (I 7-180C in May, 24-250 C in July, 
and 15-160 C in September) and provides the most 
favorable pe.dod for plant growth. Plant growth Is limited 
by low temperatures during November to March and by 
low rainfall in .April. 

Land Degradation and Rural Poverty 

Expanding and exploitative agriculture over the 
past several centuries has progressively removed the 
loess plateau's vegetative cover. The most massive de
struction of the vegetative cover began i the 1950s with 
final removal in the i960s. Since unprotected loess soil 
is extremely easily eruied. the removal of the vegetative 
cover has resulted in the advanced destruction of most 
of the plateau. Streams, which have in many areas cut 
through to the ,,nderlying sandstone, have heavily dis
sected the plateau. leaving a landscape of steeply sloped 
hills of relatively u- iform height. Erosion products are 
transported out of the area by the increasingly silt-laden 
Yellow River, leading to heavy siltation of downstream 
dams and irrigation systems and dangerous increases in 
the height of the riverbed itself. 

The extensive environmental degradation is an 
important cause of low productivity and severe poverty 
in the rainfed agricultural areas of the loess plateau. 
Rural per capita income in Shaanxi, Ningxia, and Gansu 
avc-'ages about $85 per year, or less than 75% of the 
1986 national average of$115. The situation is far worse 
in the rainfed upia.ds, where more than five million 
inhabitai. 'is survive or. incomes of less than $25 a year. 
This population, comprising some of China's worst 
remaining absolute poverty, is now competely depend
ent upon social services and assistance in cash and in 
kind provided by the guvernment. The hardships of low 
and variable crop production are made worse by unsafe 
drinki~g water ard inadequate fuel supplies for cooking 
and heating.

Agriculturd p, oductivity and incomes were dimin
ished during the 1960s and 1970s, when, as part of the 
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national policy of achieving self-sufficiency in grain 
production, upland farmers were encouraged to switch 

from pasture-based livestock production to extensive 

cultivation ofgrain. Extendinggrain cultivation to steeply-

sloped land exacerbated land degraclation and reduced 

the carrying capacity of the land. Population 'ontilnued 

to grow. however, and recent detailed estimates indicate 

that the rural population now exceeds the carrying 

capacity of the rainfed agricultural areas of Ni.agxia and 

Gansu by at least 200.000 and 500.000. respectively. 

The govemnent initiated voluntary resettlement pro-

grams for this surplus population in the late- 1970s. 

Land Rehabilitation Actions 

Early Erosion Control Efforts 

Erosion control work on the loess plateau began in 

the 1950s with the construction of wide terraces on hill-

sides, soil dams in gullies, and large-scale afforestation. 

The pace of erosion control was accelerated in tie 1970s 

with the adoption of a comprehensive regional plan to 

construct hundreds of soil dalms in each of the coLnties 

along the middle reaches of the Yellow River-an area 

representing about 85% of the loess plateau. Implenen- 

tation of soil conservation measures was insufficient, 

however, and it was clear by the end of the 1970s that the 

plateau's vegetative cover had become grossly depleted. 

Current Erosion Control Program 

lBeginning in the late 1970s. the government re

spondced to the limited effectiveness of previous erosion 

control measures and continued rural poverty in the 

loess plateau with intensive research andl development 

programs to sinultaneously improve erosion control 

and agricultural production. The Mizhl County Conpre

hensive Erosion Control Experiment Station was estab

lished by the national government and Shaanxi provin

cial authorities in 1978. The station developed and 

tested a number of soil erosion control measures and 

improved agricultural production techniques. collected 
a land use and social data base, and inIplenIented 
comprehensive land rehabilitation programs in several 
micro-watersheds. A second station was created in 1982 
in Dingxi County, Gansi. and: has undertaken similar 

research and development. Initial results have beeni 
promising and have led to widespread application. 

The erosion control strategv adopted in Mizhi and 

Dingxi is to reverse environmental degradation through 

the replacement of the current low-yield extensive crop

ping systeiml with a systemnl of intensive cropping of 

lowlans and terraces. Unterraced hills with slopes 

greater than 25 degrees are utilized for fodder anId tree 

crop production. Specific erosion control imeasures ill

elude: 

(a) 	 Construction of terraces: Negatively sloped terraces 

(about 5 m wide) are cut into currently cultivated 

hillsides with slopes up to 25 degrees. This is 

Table 	1. Land use. field crop prodluction. livestock nunbers. and] gross value agric'ultural produc'thi In QuanJ]a Guily." 

1979 1984 
Factor considered Quantity I Share Quanllty N,Share 

Agricultural land use (hal 310 100 3 13 100 
Field crops 234 76 130 42 
Tree crops 60 19 100 32 
Grassland 16 5 83 26 

Field crop production MOJ 250 100 320 100 
Tubers 103 41 158 49 
Millet 35 14 78 24 
Corn 21 8 41 13 
Other 91 37 43 14 

Livestock population (number) 
Iarge animals 49 74 
Sheep 72 112 
Goat 280 0 
Pigs 169 57 
Chicken 0 618 

Gross 	value of production 1$1 26.890 100 57.010 100 
Field crops 14.430 54 17.860 31 
Tree crops 1.890 7 9.110 16 
Livestock 2.300 9 6.030 I1 
Other 8,270 30 24.191) 42 

Production value ($ per capital 46 	 90 

Source: Mlzhi County Comprehensive Erosion Experiment Station. 



extremely labor intensive, but it alone with no other 
changes in production practices effectively doubles 
crop yield, as well as reducing erosion: 

(b) 	 Establishment of trees and shrubs: The Mizhi Sta-
tion has established an extensive arboretum for 
testing commercial and erosion protectioi trees and 
shrubs and an experimental orchard (b th on steep 
slopes). Selected trees and shrubs (inbo h cases) are 
planted in small bench terraces (about .5 m wide), 
narrow contour ledges. or fish scale" pits (depend-
ing upon the topography and type of tree or shrub) 
on cultivated hillsides of more than 35 degrees 
slope: 

(c) 	 Establishment of pasture plants: Pasture species 
replace crop cultivation and uncontrolled grazing on 
unterraced hillsides of 25 to 35 degrees slope. The 
limited number of species being used include erect 
milkvetch (Astralagusadsurgens). common Sain-
foin (Onobnjchis vicicefolia). alfalfa (Medicago sa-
tiva), sweet vetch (Hedysarumn sp.), and the shrub 
Caraganakorshitiskii. They are planted by hand 
from seed on unterraced steep slopes. They are 
harvested for fuel more often than for animal feed 
and this has influenced the choice of species; al-
though, given the climate, none of these is an 
unreasonable choice: and 

(d) Soil dams and the creation ofdam land: One to three 
large soil dams are constructed near the outlet and 
along the main stream of each gully. Numerous 
small soil dams are situated alongmany of the small 
creeks which feed into the gully stream. Large dams 
have a retaining wall of earth of up to 60 m wide and 
25 m high and may be equipped with a masonry 
spillway. Small dams have a retaining wall up to 20 
m wide and 1 to 6 m high. Soil dams stop or retard 
the movement of erosion products down and out of 
the gully and. thereby, create fertile flatland. Large 
dams fill up with silt to an arable level within 8 to 10 
years and yield 3 to 7 ha offlatland. Small dams silt 
up after 2 to 4 years and yield 0.25 to 0.5 ha of 
flatland. 
Since much of the currently cultivated steeply sloped 

land is taken out ofcrop production, increasingyields on 
existing and newly created flatland and wide terraces is 
essential to increasing total production. Specific meas-
ures under study at both stations include improved 
chemical and organic fertilizer strategies, testing and 
introduction of improved varieties, and new cultural 
practices for improving water use efficiency and weed 
control. 

Application in Pilot Gullies 

These rehabilitation measures have been imple-
mented as part of well-orchestrated comprehensive 
development plans in a number of gullies (micro-water-
sheds) in Mizhi and Dingxl Counties. The first step is the 
development of land use plans for the individual gullies. 
Work on mapping soils, slope, and existing land use and 
collection of statistical data on population. livestock 
numbers, and farm budgets began in Mizhi in 1980. This 
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information is integrated into a 5-year action plan drawn 
up mutually by the production team of each gully and 
the 	Mizhi station staff. The action plan requires each 
production team to carry out the conversion of a speci
fled quantity of hillside to terraced crop, tree, or pasture 
production or undertake other erosion measures each 
year. 

Pilot operations in Mizhi are now well advanced and 
provide data for assessing the impact of the implemen
tation of the action plan. As indicated by the data 
presented in Table 1 for land use, field crop production. 
livestock numbers, and gross value of agricultural pro
duction. preliminary results in the Quanjia Gully of 
Mizhi County are most favorable. With a total agricul
tural land area of 310 ha in 1979, or about 2.2 ha for 
each of 140 farm households, the 1979 gross value of 
agricultural production in the Gully averaged $46 per 
capita. During the 1979 to 1984 period, these house
holds doubled their gross output value-to $90 per 
capita-while substantially restructuring their output 
mix and reducing soil erosion. Over 100 ha ofnoderately 
and steeply sloped land was converted from field crop to 
tree crop production and grassland, thereby reducing 
the share of agricultural land sown to field crops from 
more than three quarters to less than one half. Despite 
this reduction in sown area (and poor rainfall: 295 mm 
in 1984 vs. 387 mm in 1979). greater yields on improved 
terraces and intensively cultivated dam lands helped 
push field crop production from 250 Mg in 1979 tc,320 
Mg in 1984. Greatly increased production of pasture 
prompted an increase in the number of sheep and large 
animals. The number of chickens increased drarnati
cally, from none in 1979 to more than four per household 
in 1984. The number of pigs declined over the perk d 
and. as a soil conservation measure, all goats were sold 
or slaughtered in 1980 to 1981. 

A cost-benefit analysis of the several soil conserva
tion measures implemented in Quanjia Gully indicates 
that rates of return are 13% for small and large soil 
dams. 19% for planting steeply sloped land to tree crops, 
and more than 25% for terracing gently sloped land for 
crop production. These preliminary estimates are based 
on investment costs for constructing small dams, large 
dams, planting steeply sloped land to trees, and terrac
ing gently sloped land of $7,240. $38,208. $420. and 
$260 per ha, respectively. and on estimated incremental 
benefits from field and tree crop and livestock produc
tion. 

Successful implementation of these measures in 
Quanjia depended on their integ ".tion into a compre
hensive development plan for the Gully. Implementation 
also benefited from large investments in the construc
tion of two large soil dams in the early 1970s. The first 
of these soil dams filled with silt and became arable in 
the early 1980s, making a one time significant contribu
tion to total crop production. Nevertheless, it is clear that 
the bulk of the increase in gross value of agricultural 
output in Quanjia was the result of implementating the 
5-year action plan. Specifically, in combination with use 
of improved varieties and more fertilizer, initial results 
show that the more efficient water use on terraces has 
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brought about yield increases of more than 100% rela-
tive to yields on unterraced hillsides. Replacement of low 
yield cropping on unterraced hillsides with trees, shrubs, 
and pasture species has made possible very large in-
creases in the output of tree crops and animal products. 
Lastly. the construction of small soil dams since 1980 
has increased the gully's area of flatland. 

Implications for Rehabilitation 
of the Loess Plateau 

Preliminary results from the Mizhi station suggests 
that an economically viable erosion control strategy has 
been developed - new farming practices have been 
developed which improve productivity and profitability 
while greatly reducing soil erosion and siltation. The 
central government has recently adopted several poll-

cies which should facilitate the widespread implementa
tion of the control strategy. The laws stipulate that, 
within a period of 5 years, crop cultivation must cease on 
all unterraced land with a slope exceeding 25 degrees. 
Unterraced land must be terraced or planted to pasture 
species if the slope exceeds 25 degrees and to trees if over 
35 degrees. The government pays a subsidy of Y45 per 
mu ($182.40 per ha) for construction of terraces (for 
production of field crops or trees) and Y 4 per mu ($16
20 per ha) for planting pasture species. In conjunction 

with the production responsibility system. households 

are given complete ownership, including the right to 
intergenerational transfer, of the output of trees and 
fodder from hillsides they have converted, provided they 
adequately maintain the vegetative cover. Failure to 
adequately maintain the vegetative cover results in 
forfeiture of the original subsidy and loss of owuership of 
the trees and fodder. 
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Introduction 

The Mallee lies in the northwest corner of Victoria 
between the Murray River. the South Australian border, 
and the 325-mm rainfall isohyet. The area is generally 
300 to 550 km from Melbourne. the capital of Victoria. 
The principle town in the region is Mildura. Mildura is an 
irrigation settlement on the Murray River with a city 
population of some 17,000. The Mallee has a semi-arid 
environment with annual rainfall ranging from 250 mm 
in the north to 325 mm in the south. Wind erosion of 
cereal-cropped land is a most serious land degradation 
problem. Land degradation problems also exist in simi-
lar rainfall and soil type conditions in South Australia. 
Western Australia. and New South Wales. 

Annual average rainfall is spread over 12 months 
with a slight winter dominance. Winds are predomi-
nantly from the west and are at their strongest and most 
frequent in the summer months. Temperatures in ex-
cess of 400C are common in the summer months: frosts 
occur in the winter. 

Landform 

Soil types range from light yellow aeolian sands and 
predominantly east-west Iunes to heavy grey clay on 
river-frontage land systems. Inter dunal soils are pre-
dominantly red sandy loams. Sandhills or dunes make 
up approximately 30% of the landscape. 

Original vegetation was predominantly Mallee, a 
multi-stemmed Eucalypt sp.-cies from which the term 
Mallee originatcs, with some pine (CallitrispreisiO,belah 
(Casuarinacristara),and buloke (Casuarinaluehmanii) 
on better soils. The area was opened for settlement in 
1890 and clearing continued until 1930. A large increase 
in population occurred when returning soldiers were 
sent to the area as soldier-settlers after World War I. 

Stock and domestic water supply is mainly provided 
by open channel from the Grampians Mountain Range 
near Horsham. some 300 km south of Mildura. Open 
channels are used to supply water to earthern tanks 
annually. 

Fallow 

fact of life in the Mallee. This phenomenon usually 
occurs between October, when fallow commences, and 
sowing, usually in June/July. The dust storms cause 
physical discomfort to the residents and the resultant 
erosion leads to blocked water supply channels, drifted
up fence lines, blocked roads and railways, and a severe 
visibility hazard to road and air traffic. 

Approximately 85% of the area's income is derived 
from grain production, mainly wheat (Triticumaestivum 
with some barley (Hordeum vulgare) and rye (Secale 
cereale).The area produces 45% of the state's wheat. The 
state in turn produces up to 15% of Australia's wheat. 
Grain legume production is gaining favor, particularly in 
the south of the Mallee. There are currently approxi
mately 1500 farmers in the Mallee with an average 
holding of about 1200 ha (about 3000 acres). Usually 
between 30 and 60% of this area will be crupped or in 
fallow in any year. There is also some stock grazing, 
predominantly sheep. 

The principle cause of soil erosion has been the 
method of cultivation. This has traditionally involved 
inversion with a one-way disk plow in mid to late spring, 
prior to weed seed set. This is then followed by cultiva
tions with "field workers"' to break down the clods and 
prevent subsequent weed gerr-nations. The number of 
workings has depended largely on the occurrence of 
significant precipitation causing germination, with each 
event being closely followed by cultivation. Eight to 12 
cultivations are not uncommon during wet summers. 
This results in complete destruction of any clod struc
ture or vegetative matter. Harrowing, fast speeds during 
cultivation, aid dry workings have been other contribut-
Ing factors. 

In 1981, the then Soil Conservation Authority 
embarked on a campaign aimed at altering the farming 
practice to one which retained vegetative matter on the 
surface of the soil. This practice is locally termed Trash 
Rete-,tion Farming, and has the potential to eliminatc 
wind erosion of fallowed land. Trash Retention Farming 
can only be achieved by changing farmers' attitudes and 
then having them change their implement inventory. 
This involves changing from one-way disks, scarifiers, 
harrows, and combine seeders to blade plows, rod 
weeders, chisel plows, and air seeders. This change in 
machinery inventory has to be achieved without the 

Since clearing, the combination oflight soil, westerly incentivc of increased yield or any other financial incen
winds, and bare fallows has made dust storms a regular tive. The motivation is primarily one of protecting the 
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Field experience quickly demonstrated the shortsoil. 
The first step in this process was to develop a comings of certain of the key machines involved in the 

program to bring about this change. This program project. Development work has been undertaken on 

blade plows and rod weeders by local farmers andinvolved a number of linked steps. 
manufacturers, and by the department directly under

taking work.
Liaison 

The first action was to interview the majority of the Demonstration and On Farnt Loan 

farmers in a community area and ascertain their poten- of Machinery 
tial for acceptance of change. The farmers were grouped 

according to their perceived ability to accept change. The A machinery loan scheme has also operated in 

parallel with other facets since the program's inception.innovators and early adapters were worked with first. It 

must be accepted that the -laggards" may never change. This involves the loan of blade plows and rod weeders to 

Another important step in this phase is the acceptance interested farmers to try on their own farm. This has not 

and belief in the program by the landholder advisory been without its problems, but has been well worthwhile 

and also provided a learning process for both farmer andcommittee. This group must comprise dedicated altruis-
government employee. The loan scheme is supportedtic farmers who are prepared to give freely of their time 
with on-farm visits by scientific and technical staff. Thisto attend discussions, field days, meetings and exchange 

of ideas with government workers and fellow farmers. increases farmer confidence and acceptance with in

creased contact. Demand for loan machinery has always 

exceeded availability. The intensified work by the ma-
Commmunity Awareness and Education 

chinery has also highlighted faults at an early stage and 

In parallel with working with the farmers. conmu- has assisted with modification to suit local conditions. 

nity awareness of tile problem and likely solutions niust 

also be raised. The presence of dust storms was so Inventory 
frequent that many people considered them natural 

phenomena. implying that they could not be stopped. At its commencement, the only data relevant to this 

This community attitude mus' also be changed. This is project were a map of Land Systems and statistical 

done through regular TV appearances of extension offi- information on inputs and outputs from farms. A survey 

cers, field days. local press articles, and the production of farmer attitudes has been undertaken, a bi-annual 

of high-quality brochures. The production of quality inventory of the erosion condition of the soil and tillage 

videos for farners and schools to Use on their own practices is undertaken, and a survey of the structure of 

-iachines is a further refinemennt of modern extension f'arming equipment has been completed. This informa

effort. The involvement of local machinery dealers is also tion forms the basis on which resources are directed to 
the areas of highest need. It is also used to evaluate ourof immense assistance to the program as their involve-

ment adds an additional positive force. Machinery a,{ents 

who can be converted to trash-retention farming can be We are confident that the adoption of trash retention 
a major asset as they are prepared to supply money tillage is proceeding at a substantial rate. This confl

under the guise of "advertising" for the purchase of dence is tased on results from our inventory, our local 

expendables that governments will not fund. These knowledge, and our knowledge of the machinery that is 

incentives can make field days or bus tours to view 	 on farms and the way in which it is being used. There are 
now more than 230 blade plows in the Mallee, compareddevelopments in other areas more acceptable to a wider 

cross section of the farming community and can help with none prior to 1976. This increase has occurred 

break down natural inhibitions, despite a dramatic fall in the rate of purchase of farm 

machinery in that time. This dramatic fall in machinery 

purchase has been due to the reduced financial re-Research and Development 
sources of farmers following the devastating 1982-88 

drought and falling wheat prices. Trash retention farmResearch/extension plots are located in three locali-

ties in the north, center, and south of the region. These ing techniques have been used to prepare approximately 

sites represent the priority soil types in the region and 40% of fallows in the Mallee in 1987 to 1988. 

are publicly visible and locally relevant. The treatments It is clear from the results from our research plots, 

represent a range from current practices to those that and the local experience of farmers, that there is little 

may be practiced in (say 5- 10) years to come. The re- direct financial benefit to be gained from the adoption of 

search has been carried out in parallel with the exten- trash retention tillage. There is potential to reduce costs, 

sion effort. Both extension officer and farmer learn abouL but the savings from less cultivation are likely to be offset 

the treatments as the research continues. A side benefit by the cost involved in changing from one machine to 

of this has been the training of academicaliv qualifled another. The motivation is primarily one of protecting 

staff in practical agriculture. This provides a much the soil. This project has. therefore, shown that there are 

greater level of credibility with the farmers and, there- important lessons both for Victoria and Australia in this 

fae, a more ready acceptance of advice. project. It Is possible that these lessons could be extrapo



lated to an even wider area. The project demonstrates 
that changes to farming practices can be induced largely 
on the basis of the supply of information and a mutual 
desire to achieve a certain result. 

The change Is not being motivated by new technol-
ogy because the blade plow, which is a key element, has 
been used extensively in North America since the 1940s. 
Neither is the change being driven by economic factors 
such as is the case where farmers adjust their cropping 
programs based on the relative prices of wheat and 
sheep. 
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Introduction 

The primary objective of every soil and water conser
vation measure is the protection of the soil surface from 
rainsplash and wind erosion, and the maintenance of a 

high organic matter content which subsequently in-

creases the water retention capacity of the soil. An 
increase in organic matter content also improves soil 
structure and fertility, 

In Sub-Saharan Africa, conservation strategies are 
needed that will not only reduce soil loss by runoff and 
wind and limit the movement of soil nutrients and 
organic matter, but also be compatible with existing 
traditional farming practices. These strategies have to be 
technically and economically feasible, and socially ac-
ceptable to the local community. A "bottom up ap-
proach" has to be adopted where local environmental 
and socio-economic conditions, and existing traditional 
farming practices, are considered and incorporated into 
the new conservation measures. The new farming prac-
tices must be closely knit within the existing fabric of 
traditional farming techniques like mulching, ridging. 
mixed cropping, and crop rotation (or shifting cultiva-
tion). Additionally. conservation practices like minimim 
tillage, terracing, cover cropping. intercropping, and 
agroforestry have to be introduced through an adaptive 
research approach where area specific conditions are 
adequately considered and the short-term benefits of 
conservation are clearly spelled out. 

The recommendation of feasible and sustainable 
area-specific conservation packages should consider: 

" 	 natural or environmental factors such as climate, 
topography. soil type. weeds, rodents, pests. and 
diseases: 

* 	 socio-economic factors like land tenure, population 
pressure, farm sizes, credit and extension services, 
markets and marketing institutions, infrastructure, 
resource constraints (land, labor, and capital), and 
the farmers' set goals or inclinations and 

" 	 national policies on land use. crop and livestock 
production, food, and prices. 

Above all, every conservation strategy should not be 
developed in isolation, but rather as an integral part of 
an existing land usc or farming system. rarmer circum-
stances cited above and direct involvement of farmers in 
the planning and decision making processes are essen-

tial prerequisites to a successful conservation extension 
program. 

Integrated Land Use and
 
Conservation in Malawi and Kenya
 

In the past, soil conservati',n strati-gies in Malawi 
were based on an assessme t of eiosional hazards 
through land capability classification and, thereafter. 
making specific technical recommendations concerning 
land management practices and conservation neas
ures. Emphasis was on physical conservation measures 
and land management practices like crop rotation. In 
Lilongwe. a World Bank financed Land Development 
Program (1968 to 1977) conducted a catchment-based 
soil conservation program over an area of 280.000 ha. 
Over the period, 2573 kms of roads, 7725 kms of 
diversion ditches, and 933 kms of artificial waterways 
were constructed by the Malaiwian Government using 
costly machinery operations (Mwakalagho and Douglas. 
1982). This program focused on controlling runoff after 
it had left the farms and ignored the problem from the 
source-exposed (bare) cultivated fields and the detach
ment of soil particles by raindrop impact in the same 
a'ea. Eventually, the farmers failed to maintain the 
structures causing diversion ditches to silt and the 
unstable waterways to gully severely. This program 
failed because the local smallholder farmers* circum
stances were neglected through a "top down conserva
tion approach". The construction and maintenance of 
these physical conservation structures Isjust too expen
sive and labor intensive for the smallholder farmer to 
sustain. 

The introduction of some integrated land use sys
terns to these farmers has proven to be a feasible and 
sustainable alternative. The basic framework consists of 
boxed (tied) or plain ridges aligned on the contour with 
the aid of contour marker ridges, good crop hu-.bandry, 
and contour buffer strips planted to a variety of produc
tive perennial crops and trees. Alley cropping of Leu

caena leucocephalaand maize (Zea mays L.) on steep 
slopes has produced good results. Livestock have been 
integrated into the farming system through the use of 
pasture and crop residue as fodder: compost and animal 
manure have helped maintain the soil in a favorable 
condition for crop production. Grass or legume buffer 
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strips have proven very effective in erosion control, consider the intensity and high erosivity of rainfall, high
Farmers practice agroforestry through the planting of erodibility of the soils, and any other problems and 
fruit trees like mangoes (Mangifera indica) and guavas constraints associated with arid and semi-arid lands. 
(Psidium sp.) along these strips. Suitable trees such as The new conservation strategies have to be compatible
Acacia albida and Leucaena.leucoceghala. when planted with current land use/farming systens wit h due consid
on raised contour marker ridges or in buffer strips, eration of the local technical and socio-economic farmer 
contribute significantly to the organic matter and nutri- circumstances, the intricacies of managing the fragile 
ent status of the soil and also provide fuelwood and ecology, and tile difficulties of choosing appropriate 
fodder. Trees recommended for fuelwood like Eucalyptus alternative technologies. 
camuldensis, Eucalyptus tereticornis. and Gmeliria These case studies look at the tdentification of 
arborea are ideally suited for planting around the home- feasible conservation strategies for Malawi and a semi
steads. The trees compete with crops for water, nutri- arid area of Kenya.
 
ents, and light. Planting of pigeon peas (Cajanus cajan
 
Millsp.) and pastures along the contour marker ridges is Conservation Strategy Study Areas
 
yet another practice used to improve the structure and
 
nutrient status of the soil, and also provide fodder. Crop in Malawi and Kenya

residue is incorporated into the 
 soil (the inter-ridge In order to evaluate feasible area-specific conserva
furrows) as a means of supplementing deficiences in tion practices. a case study was conducted within one of 
organic matter and also improving the water retention the Extension Planning Areas (Machinga Six) of South 
capacities of the soil. Eastern Malawi. It has a total area of 67,280 ha out of 

The campaign on soil erosion/land degradation which 35.220 ha are arabieandin some 9.150 ha of the 
Kenya was initiated many years ago with emphasis on arable land cultivated. The average farm size in Mach
physical soil conservation measures such as narrow and 
broadbased terraces. Fanya juu" terraces, diversion inga Six is 0.83 ha with an average family size of four. Thearea receives unimodlal rainfall of 840 to 1020 mm per
ditches, artificial waterways, and excavated bench ter annum with an annual dry period of 6 to 7 months. The races. On large-scale farms (with gentle slopes). conser- soils are mainly Uatosols with a few isolated patches of 
vation measures were mecthanized as opposed to labor- Vertisols within the dambos (marshlands). Generally. 
intensive practices on small-scale farms. The new con- the entire urea has fairly shallow soils with a top soil
servation practices were forced on the farmers through layer of between 10 to 20 cm (effective depth of soil). An 
legislation. When this enforcement was relaxed after in- analysis of the nutrient status of the soils showed a 
dependence, most terraces were either not maintained general deficiency of nitrogen, calcium, magnesium, 
or plowed out; deforestation increased and overgrazing potassium. and organic carbon. The organic matter 
became widespread. Through the Governments Back concentration in the soil was less than 15 g/kg. 
to the Land" policy, more virgin land was cultivated with- Thecurrent farmingsystem practiced isAgro-Silvicul
out soil conservation measures and, therefore, led to an 
 ture (crops and trees) and involves labor intensive culti
increase in soil erosion and a decrease in crop yields. ration practices. The crops are planted on contourridges

The problems of soil erosion have become more with minima] soil erosion occurring in cultivated fields. 
acute due to population pressure on land, ongoing frag- Some severe and extensive erosion is evident along the 
mentation of land. deforestation, and encrmachment by roadsides and on farm paths. The major crops grown are 
farmers on very steep slopes (water catchment areas). maize (local and hybrid cultivars) and cassava (Mcwihot
Due to the increase in small-scale farn . the present sp.). Minor crops grown are pigeon peas, sorghum
conservation emphasis is on labor-intensive measures (Sorghum sp.). groundnuts (Arachis sp.). rice (Oryza
like sFanya juub terraces. diversion ditches. trashlines, sativa), sweet potatoes (Dioscorea sp.). and cowpeas
and stone and bench terraces. As the farmers have be- (Vigna sinensis). Maize is intercropped with cassava or 
come aware of the need to conserve, they have been as- groundnuts. Mono cropping is also practiced according
sisted with the Implementation and demonstration of to farmer preferences. No crop rotation is practiced due 
the benefits ofa production-oriented conservation strat- to land shortage and population pressure problems. 
egy incorporating agroforestry systems in conservation. 
So far. these conservation measures have succeeded in semi-aridInmKenaease study asareas cnduced within th(Njemps Flats and Tugen Plateau) of 
the high/medium potential areas where hand labor is Central Baringo (Biamah. 1988). These two areas oc
adequate and the landholdings small enough to manage. cupy a severely eroded and denuded expanse of semi-
The planting of fruit, fodder, and fuelwood trees has been arid land adjacent to Lake aringo.The area lies between 
incorporated into the farming systems. Thinrace embank- 1000 and 1200 m above sea level. Mean annual rainfall 
ments have been stabilized with various grass species ranges between 650 and 670 mm and is unimodal. It 
like Napiergrass (Pennisetum purpureum Schum.) and falls between April and August with a dry spell of 7 
other local grasses. This has proven to be a rlajor source months. The dominant soils are Solonchak, and Fluvi
of fodder as well as an effective means of controlling soil sols along the Njemps Flats and chromic Cambisols and 

osince
wcalcic Xerosols within the Plateau.Tugen Generally.Since well over 70% of Kenya's land area is marginal these soils are deficient in nitrogen and organic matter. 
in rainfall, area-specific conservation strategies have to People in the local communities (llchamus and 
be developed for these areas. The strategies have to Tugen) are traditionally pastoralists by upbringing and 
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background. Thus. livestock production is a major source 
of income. Bee keeping also is another farming practice
and source of income. The amount of honey harvested 
depends oin many factors ofwhich the most important is 
the source ofnectar for the bees. Good honey is obtained 
from local trees like Acacia mell!f'era. 

The identification of feasible and effective conserva-
tion strategies for denuded grazing lands would ver' 
much depend on factors like land tenure and ownership.
land use, and grazing management practices. Certainly,
under these harsh climatic conditions and unstable 
soils, it is not feasible to recnommend physical conserva-
tion measures. Instead, any soil conservation efforts
should Iocus on elleetie anld improved past ure manage-
ment combined with t, planting of fast-growing nlit-i
purpose trees. The pasture and trees would provide theground cover, Mulch. an(i sonic good root establishment 
(penetration) that would certainly inprove soil structure 
anti facilitate better infiltration rates ofrunoiiwater intotile soil. Micro c,'atchnints or tied contour builds shoul
be used seletively i ceraino t reas tiimprove inilld 

bve l yueid ecl ee tit ai ar as o i m rov in il r ation. Besides c'onserving the soil anl being good sources 
of fodder, fuelwood, and timber, tile trees Would serve aswindbreaks and live
species indpro hedges. Stoe leguminous treethe ertilit
ve ofSthe soil through iroget 

spei s pov f t e s il hr oe t hee ii mcr il t yfixation in the soil gh ii ro e nici.e., Acacia. Prosopis.and IL'fcaena). 

The stablishnienit of grass (through reseeding) between 

double rows of planted trees provides efk'ctive ground 

cover necessary for dissipating the energy of falling rain 

drops. Grass species 
 like Cenchnas ciliaris. Eragrostis
superba. and Panicurncoloratuan have been sutt'cessfully
established in these areas. 

Crop production, although ofsecondary importance 

to livestock prodltion. is practiced with sonic (Ollt-en 
-
tration on maize and beans PhaseohLs sp.) andi wherepossible. millet (Pcniristmtinsp.). As dependence on lie--

stock becomes less viable and 
 uiniuial ownership of 

land discouraged through land adjuditatioi. there w'ill 

certainly be a cha nge of attitude aniori g tht' farnl ers 

towards the pr, .uction of Iooood crops for subsistenc(erequirements. This should be encouraged as a nleais of 

improving the nutritional status oi'
the local people. 

Summary: Proposed Conservation 

Interventions and Land Use System
 

From the diagnostic study of the existing iarnilng 

Table I. Adaptive research a pproac h to colse'ivatrion siralt egiesr'sca rut i anid extensini 

On Station 
Research 

(I1Improved crop variti les 
(21 Fertilizer application Iiyp. aid ralr')
(3) Improved fruit tree species 
(4)lntercrop/lnterrow spacling 

-Alley/strip cropping 
(5) Other lve mulch cover crops 
(6 Reclamation of daml;os 

Exisli 

[i)Laniic rntr agc'illivill 
(2) ('oi .iilpo-iirgII)diiol{iisratlo s)
(3 i fproucIlvc'-t c(ck cctionhntrodl(ticti o 
N)|jhIlnter'roppinri4 (.r(oppi rig pa itt'rr s)
(5) Se' I selet'c tin 
(6)Markeling fruils/c1ish crops 
(7) Soil erosion crontroal 

'"'here is Interaction aniong all the types of itervetltioos. 

system and subsequent identification of the problems
and constraints asso('iated with tile farming practices. 
some potential areas ofintervention are proposed. These 
interventions should be compatible with tile p'oposed
land use system - an integrated system enphasizing 
crop. tree. atid livestock produ(tion through inter(rop
ping and strip cropping. agrolorestry, and zero grazing
Ior organic manure. respectively. These conservation 
strategies would be implemented through an adaptive
research approach (already operational in Malawi) and 
some time frame for tile interventions planned in phases 
(Table 1). 

Conclusi 

°rc conservation :;tratcgies reroIiinlended have taken 
into consideration the productive potential of existing 
resources, the sustainability of sri.ggestei new fanningpractices, and tile adaptability on the basis of 'onlipatibillty with the existiig farming system and also tile need 

for short - ter mitan gible bene fits totCrt'hinl hies mallh older fa n ner.ta t its tocsiat' anla talsr 
Certainly, some on-station research and on-far trials
would have to he condclt('ted to determine the recoinimlended feasible and economical larning practices that 

o uld be exten ded t o t i e(arin er for im pjle mn mta t ion .exte 'rl t' erces wold have o iprovednati 
extension sericcs would have to be improved and
 
increased to cope with any new 
or additional extension
 
pa'kages. Btecause of the1 current 
shortage of fronlline
 
agricultural extension personnel, the extension related
 
problems cannot be inovercom the short-tern and,

therefore, will 
 slacken the pacte of accelerated agricul
rural development in the areas. 
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Introduction 

The Food Security Act of 1985 mandates that farm-
ers who have highly erodible land have erosion-control 
phns developed and "approved" by 1990. and have them 
fully implemented by 1995 in order for them to partici-
pate in various government programs. Therefore. inter-
est in annual crops as windbarriers for controlling wind 
erosion has increased considerably, especially in areas 
such as tile semiarid Southern Great Plains Region 
where cotton (Gossipium hirswtium L.) is a major cash 
crop. After cotton harvest in November or December. 
very little residue remains and the potential for wind 
erosion increases. Tillage is the usual method for ,oin-
trolling wind erosion during the subsequent fallow pe- 
riod ofJanuary to April. Ilowever, because this period is 
characterized by high winds and low precipitation, the 
potential for excessive wind erosion is quite high and 
tillage alone is often inadequate for erosion control. 

To minimize tile probability of having significant 
wind erosion, certain types of annual crops can be 
interplanted as windbarriers with the cotton and al-
lowed to remain in the field until after the high-potential
erosion period is over. The effectiveness of the wlndbar-
rier will generally be about 10 times its effective height. 
("Effective height" is defined as the average vertical point 
in the windbarrier below which tie barrier has a density 
of approximately 40% or more.) [Because effective height 
is so importav,!. we studied this characteristic for 2 years 
in several cultivars of forage and grain sorghum (Sor-
ghum bicolor (L.) Moench] and pearl millet [Periniset'tin1 
americanumi(L.)K. Schuml. The purpose of this paper is 
to present the results of these studies. 

Materials and Methods 

In 1985 and 1986. we planted I I sorghum cultivars 
and four pearl millet cultivars in two rows 10 cm apart 
in the center of two blank rows. This put tile barrier 
plants 1.45 m from the adjacent eight-row blocks of 
cotton (row spacing of 1 in). Plot lengths were 8 and 10 
m in 1985 and 1986. respectively, 

On November II. 1986 (befo-e lodging began), the 
total height of the plants was measured. Also in 1986 in 
a 3-m section of each plot, plants of forage sorghum and 
millet were cut off I m above ground, and the grain 
sorghums (all of which were shorter than 1 ni) were cut 

offJust below the heads to determine if this would reduce 

lodging and improve effective heights. 
Effective heights of the respective plantings were 

measured on April 21, 1986. and April 3, 1987 (approxi
mately 10 months after planting), by placing a measur
ing rod in the approximate center of the subplots and 
visually integrating to the nearest 5 cm the effective 
heights over the entire subplot. Cotton lint yields were 
obtained from the areas adjacent to the respective 
windbarrier plants in 1985. Due to poor stands in 1986, 
tile cotton wits not harvested. Effective heighit and lint 
yield data fron three replications of the randomized 
complete block design were analyzed and the LSD (Least 
Significant Difference) values calculated. A correlation 
analysis was made of total plant heights on November 
11, 1986. and the effective heights of those same plants 
on April 3. 1987. 

Results and Discussion 

Effective Heights 

Plants not cut off. The effective beights of the culti
vars ranged from 13 to 78 and from 23 to 68 cm for the 
1985 and 1986 plantings. respectively (Table 1). 1low
ever. only the forage sorghums Funk G 1990. Pioneer 
911. and Pioneer 931, and the pearl millet Gahi Ill had 
effective heights oft60 cm or more in both years. 

The correlation analysis showed no significant rela
tionship between plant height before lodging and effec
tive heighit after lodging (height Nov. 1. 19t,6. vs 1986 
not-cut-offplanits: see Table I).This indicates; that naxi
mumn unlodged height is miot a good indicator of what 
effective height will be: therefore. potential windbarrier 
cultivars will have to he evaluated upon their actual 
effective *ieights after lodging has occurred. 

Cut-qo plants vs. fot-cueoff1 "plaints. The effective 
heights of three of the four millets and NK Sordan were 
increased substantially (17cm or morel by cuttingoffthe 
plants I in above tile ground. The effective height of 
Tilleaf I was reduced bY i5 -'ni. The effective heights of 
the remainder of the Cultivars were changed less than 
plus or minus 8 cn,. Apparently removing all material 
above I ii high from tile plant changes the lodging 
characteristics of some cultivars. but not of others. 
Additional research will be necessary before tile value of 
this practice can be adequately established. 
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Lodging Characteristics Cotton Yields 

We observed that the plants generally were lodged None of the wlndbarrier cultivars significantly re

(i.e.. were broken over at ground level, or at some higher duced the lint yields of the cotton adjacent to them. 

point so the resultant angle between the basal portion Averaged over all cultivars. cotton lint yields in the two 

and the broken-over portion was less than 90 degrees) by rows adjacent to the barriers (Rows I and 2) were 4% 

mid-January. and that subsequent lodgingwas minimal, lower than those in the next two rows (Rows 3 and 4), but 

We also observed that there were distinct differences this difference was not statistically significant. 

among types in lodging characteristics. The millets had 
the lowest lodging percentages; but when a plant did Wind Profile Measurements 
lodge, it generally lodged very close to the ground. The 
forage sorghums tended not to lodge at the base of the Wind profile measurements made in 1988 on repre

plant. but to break near the effective-height point; and sentative cultivars of forage sorghum, grain sorghum. 

foranygiven cultivar, the height where brealdngoccurred and pearl millet (data not presented) indicate that the 

was relatively consistent. The grain sorghum cultivars various types were equally effective per unit height in 

lodged almost completely, and lodging occurred primarily reducing wind velocity. Also, the data indicated that for 

at or near the base of the plant. every unit height, wind velocity downwind was reduced 
about 10 units. 

Table 1. Effective heights of 15 cultivars planted in 1985 and 1986. 

Effective heights, 

Plants not cut off Plants cut off Height b 

Crop/Cultivar 2-Yr. Avg 1985 1986 1986 Nov. 1986 

Forage sorghum 
DeKalb FS25A 41 50 32 35 115 
Funk G 1990 60 60 60 53 135 
NK 367 62 73 52 55 117
 
Pay. Morecane 24 23 25 23 112 
Pioneer 911 62 63 60 55 150 
Pioneer 931 70 75 65 72 133 
Red Top Kandy 62 71 52 47 98 
NK Sordan 45 37 53 70 118 
NK Trudan 34 32 37 42 107 

Grain sorghum 
DeKalb DK46 29 15 43 47 75 
Oro G 18 13 23 23 68 

Pearl millet 
Gahi 1l1 73 78 68 85 133 
Grae King 52 53 52 72 117 
NK Millex 53 55 52 82 110 
Tifleaf 56 56 55 40 100 

Avg 49 50 48 53 113
 

LSD 0.05 level 17 18 21 25 30
 

'Approximately 10 months after planting.
 
"Average height on November 11, 1986, before any lodging occurred.
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Introduction 

Since its inception, the Soil Conservation Service 
(SCS) has provided assistance to farmers in developing 
conservation plans for their farms. These conservation 
plans include a combination of conservation practices 
such as terracing, contour farming, and strip cropping. 
The farm plans also include alternative crop rotation and 
tillage practices as parts of the farmer's conservation 
plan. Designing farm plans can become a very complex 
problem for some farm situations. This paper illustrates 
how the Erosion-Productivity Impact Calculator model 
(EPIC) can be used to assist conservation planners in 
their plan development (Williams et al., 1984). 

EPIC 

EPIC is a result of an interagency cooperative effortEI isetaheresulets ofintgeny ooeater et 
to meet the requirements of the Soil and Water Re

sources Conservation Act (RCA) of 1977. Agricultural 
Research Service (ARS) had the responsibility for carry
ing out the 	basic research and modeling of the soil 
erosion impacts, Economic Research Service (ERS) 
adapted the model for use in the 1985 RCA Appraisal. 
and SCS provided expertise In soils data and soil sci-
ence. 

EPIC was designed to be point specific; to estimate 
erosion and productivity relationships; to consider soils, 
topography, vegetative cover, and crop residue: to track 
nutrient losses: to estimate effects of management, 
tillage, and conservation practices on crop yields; to 
estimate the effects of changes in water-holding capacity 
on crop yields in rain-fed areas: and to use existing data 
bases. 

Methodology 

In this study, we examined two alternative tillage 
practices, conventional and conservation tillage. Con-
servation tillage requires at least 30% residue cover on 
the soil surface after planting. We also examined two 
practice levels; the first was essentially no conservation 
practices and the second was a combination of contour 
farming with terraces and wind strips. We also consid-
ered two crop rotations. The first was a cotton (Gossy-
pium hirsutumL.)-sorghum[Sorghumbicolor(L.) Moench] 
rotation and the second was a cotton-sorghum-wheat 

(Trticum aestivum L.) rotation. In order to establish a 
base of comparison for all of these alternatives, we also 
included one example of continuous cotton with conven
tional tIllage and no conservation practices. 

EPIC provides the conservation planner with con
siderably more extensive informalion about the impacts 
of the alternative conservation tillages and practices 
than the conventional methodology. One of the reasons 
that EPIC can provide more information is that EPIC 
includes a weather simulation sub-model which will 
provide identical weather for each alternative. Sub
models are also included which simulate the effect of 
nutrient movement, plant growth. tillage, and erosion. 
Each alternative was evaluated for a period of 102 years. 
Using resulting data, the planner will have the ability to 
examine the type of erosion events and extent of erosion 
which occurs periodically throughout 102 alternative 
weather crop situations. Thus, the planner can examinethe distribution of erosion events as well as the average 

impact of soil erosion with the alternatives. 

Results 

The results of the EPIC simulations for each of the 
following considerations are compared: 1)crop yield over 
the 102-year period; 2) mineral nitrogen (N) losses by 
leaching, runoff, and lateral subsurface flow, as well as 
organic N and phosphorus losses through erosion and 
sediment transport: 3) the average soil erosion by using 
alternative practices; and 4) the distribution of erosion 
events under the alternative practices. 

Crop Yields by Alterative 

Crop yields did not change appreciably in response 
to tillage or conservation practice (Table 1). However, the 
yields did increase with the more conservative rotations. 
This is due to reduced runoff and more extensive plant 
use of the conserved water. 

Crop yields after 102 years of erosion were within 
plus or minus 2% of the yield prior to erosion. The only 
exceptions were 5 to 6% losses for the Amarillo soil under 
continuous cotton or the cotton-grain sorghum with 
conventional tillage and a 5% increase for continuous 
cotton for the Olton soil. In general, erosion rates were 
not great enough to make major changes in soil charac
teristics, thus there was little yield impact. 
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Nitrogen and Phosphorus Movement Amarillo and 14% on Olton. When conservation tillage 
was added and as niore residue producing crops were 

Nitrogen movement-in runoff added in rotation, further decreases in erosion from 
Without conservation practices having been ap- wind and water occurred. When conservation practices 

plied, N movement in runoff increased as N application such as contcur farming, terraces, and wind stripcrop
increased (Table 2). Nitrogen application increased with ping were applied, erosion from wind and water were 
higher level- of soil conserving management In terms of decreased 50 to 65%. 
crop rotations and residue management. The crop rota
tions compared caused more organic material to be Distribution of Erosion Events by Alternative 
added to the soil compared to continuous cotton. Higher 
levels of organic material on the soil surface decreased Both the extent and frequency of erosion are Impor
organic material break down. To achieve adequate crop tant if adequate soil conservation is to be maintained. 
production, N was added to achieve proper carbon- The extent of the erosion event is measured by the 
nitrogen ratios. This allowed normal microbial activity annual erosion rate (Table 4). The frequency is expressed 
and proper nutrient cycling. The opposite effect was in terms of the percent of years having an erosion rate 
true, however, for N in sediment except for the conven- within a given range. The annual erosion rate categories 
tional-tilled cotton-sorghum rotation. Sub-surface N 0 to 11.2, 11.2 to 22.4, and >22.4 Mg/ha are equivalent 
movement increased with higher levels ofsoil conserving to 1,2, and greater than 2 erosion tolerance levels when 
practices. However, N did not percolate into ground the tolerance level is 11.2 Mg/ha. Note that both the 
water. extent of the erosion and the frequency ofyears with high 

Phosphorus movement in sediment decreased with erosion rates diminish when conservation practices and 
higher levels of soil conserving practices. crop rotations are added. However, a smaller relative 

percent of the years accounts for more of the total 

Average Soil Erosion by Alternative erosion in the over 22.4-Mg/ha category, implying that 
a few highly erosive years begin to account for a larger 

Soil erosion decreased with use of all soil conserving percent of the total remaining erosion. This indicates 
practices (Table 3). Use of the cotton-sorghum rotation that additional conservation practices may need to 
alone decreased wind erosion 16% on Amarillo soils and concentrate more on these less frequent, highly erosive 
20% on Olton soils, and decreased water erosion 15% on years. 

Table 1. Crop yields by altemative tillage, rotation, and conservation practice. 

No contour farming, terraces, or wind strip 

CottoI Cotton-sorghum rotation Cotton-sorghum-wheat rotation 

Soil/crop Cony. till Cony. till Cons. till Cony. till Cons. till 

--------------------------- Mg/ha ----------------------------
Amarillo 

Cotton 1.25 1.20 1.21 1.55 1.56 
Grain Sorghum 3.19 3.21 3.36 3.36 
Wheat - 1.64 1.64 

Olton 
Cotton 1.17 1.13 1.13 1.44 1.44 
Grain sorghum 2.97 2.98 3.11 3.11 
Wheat - 1.57 1.57 

Contour farming, terraces, and wind strip 

Cotton-sorghum rotation Cotton-sorghum-wheat rotation 

Soil/crop Cony. till Cons, till Cony. till Cons. till 

-........--------- Mg/ha --------------------
Amarillo 

Cotton 1.20 1.21 1.54 1.55 
Grain sorghum 3.21 3.20 3.35 3.35 
Wheat 1.63 1.63 

Olton 
Cotton 1.12 1.13 1.43 1.44 
Grain sorghur i 2.97 2.97 3.10 3.10 
Wheat 1.56 1.56 
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Conclusion References 

EPIC can provide a new basis of comparison of Williams, J.R., C.A Jones. and P.T. Dyke. 1984. A modeling 
conservation alternatives that reflect the interaction of approach to determining the relationship between erosion 
tillage, rotation, and conservation praotices with soil and soil productivity. Transactions, American Society of
 
and climate. This should lead to better designed conser- Agricultural Engineers 27:129-144.
 
vation systms and more complete cost-benefit analysis
 
of the alternative conservation practices.
 

Table 2. Nitrogen and phosphorus movement as a percent of continuous cotton nutrient movement and nitrogen application.
 

No contour fanning, terraces, or wind strip 

ooll and Cotton Cotton-sorghum rotation Cotton-sorghum-wheat rotation
 
fertilizer
 
impacts Cony, till Conv. till Cons. till Conv. tili Cons. till
 

- - - .. - - - - - - - - - - - -  - - - - - - - - - - - %/ - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Amarillo 
Applied N 100.C 131.2 132.2 137.3 137.0 
N in runoff 100.0 122.9 129.6 128.6 136.4 
Percolated N n/a n/a a/a n/a n/a 
N in sediment 100.0 104.4 96.7 97.2 90.0
 
Subsur. N move. 100.0 127.8 126.7 138.3 135.9
 
P in sediment 100.0 97.6 92.0 89.8 84.9
 

Olton 
Appl!cu N 100.0 132.8 134.0 143.8 144.0 
N in ru'off ')0.0 126.1 132.8 150.8 157.5 
Pei cc lated N n/a n/a n/a in/a n/a 
N in sed',--.t 100.0 1'2.6 96.3 93.5 86.6 
Subsur. N move. 100.0 136.5 139.2 166.6 167.7 
P in sediment 100.0 97.5 93.9 86.9 83.3 

Contour farming. terraces and wind strip 

Soil and Cotton Cotton-sorghum rotation Cotton-sorghum-whtat rotation 
fertilizer 
impacts Conv. till Cons. till Conv. till Cons. till 

- - - - - - - - - - - 0/ . . . . . . . . . . . . . . . . . . . . .
 

Amarillo 
,Applied N 125.8 125.7 130.4 130.7
 
N in runoff 131.4 137.9 141.4 147.5
 
Percolated N n/a n/a n/a n/a
 
N in sediment 74.1 66.2 69.3 62.4
 
Subsur. N move. 116.7 116.4 128.7 128.1
 
P Ii, sediment 65.2 58.6 60.7 55.4
 

01',n 
Applied N 129.5 130.6 140.4 141.3
 
N In runoff 132.3 136.9 157.5 161.6
 
Percolated N n/a n/a n/a n/a
 
N in sediment 82.4 75.8 76.5 69.8
 
Subsur. N move. 132.2 135.3 162.8 163.6
 
P in sediment 76.1 71.2 69.6 65.3
 

a Not applicable since there was no percolation of nitrogen with any of the practices. 
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Table 3 Erosion as a percent of erosion on continuous cotton. 

No contour farming, terraces, or wind strip 

Soil/ Cotton Cotton-Sorghum rotation Cotton-Sorghum-Wheat rotation 
erosion type Conv, till Conv. till Cons. till Conv. till Cons. till 

- - - - - - - . - - - - - - - - - - - - - - - - - - - - r - - - - - - - - - - - - - - - - - - - - - - - - - - - 0% 

Amarillo 
Wind 100.0 84.4 71.4 79.1 68.4 
Water 100.0 85.7 80.8 63.7 57.4 
Total 100.0 84.8 74.5 74.1 64.9 

Olton 
Wind 100.0 80.2 67.0 74.8 63.5 
Water 100.0 87.0 82.1 67.1 60.2 
Total 100.0 83.8 74.9 70.8 61.8 

Contour farming, terraces, and wind strip 

Soil/ Cotton-sorghum rotation Cotton-sorghu m-wheat rotation 
erosion type Conv, till Cons. till Conv. till Cons. till 

- - - - - . - - - - - - - - - - - - - %/ - - - - - - - - - - - - - - - - - - - - -

Amarillo 
Wind 52.6 41.8 49.1 40.7
 
Water 43.3 40.8 32.2 28.8
 
Total 49.6 41.5 43.6 36.9
 

Olton 
Wind 69.7 56.7 64.9 54.3
 
Water 43.9 41.3 33.6 30.1
 
Total 56.2 48.7 48.6 41.6
 

Table 4. Percentage of total erosion and percentage of years by annual rate of erosion b) rotation, tillage, and erosion control 
practice for 102 years. 

No contour farming, terraces, or wind strip 

Cotton Cotton-sorghum Rotation Cotton-sorghum-wheat Rotation 
Soil and Cony. till Cony till Cons- till Cony. till o t 
erosion level % Total % of % Total % of % Total % of % Total % of % Total % of 
(Mg/ha) erosion years erosion years erosion years erosion years erosion years 

Amarillo 
0- 11.2 0.0 0.0 0.0 0.0 3.2 5.9 10.1 23.5 13.4 30.4 
11.2-22.4 21.0 28.4 49.9 60.8 65.7 73.5 38.7 41.2 47.4 46.1 
22.4+ 79.0 71.6 50.1 39.2 31.1 20.6 51.2 35.3 39.2 23.5 

Olton 
0- 11.2 0.9 2.0 6.4 11.8 13.1 22.5 13.9 33.3 19.6 43.1 
11.2 -22.4 52.6 68.6 62.1 71.6 58.5 63.7 53.7 52.0 49.9 44.1 
22.4+ 46.5 29.4 31.5 16.7 28.4 13.7 32.4 14.7 30.5 12.7 

Contour farming, terraces, and wind strip 

Cotton-sorghum Rotation Cotton-sorghum-wheat Rotation 
Soil and Conv. till Cons. till Conv. till Cons. till 
erosion level % Total % of % Total %of % Total % of % Total % of 
(Mg/ha) erosion years erosion years erosion years erosion years 

Amarillo 
0.2- 11.2 21.3 29.4 52,9 63.7 21.7 39.2 44.6 62.7 
11.2 -22.4 72.2 67.6 42.3 34.3 71.3 57.8 50.8 35.3 
22.4+ 6.5 2.9 4.8 2.0 7.0 2.9 4.7 2.0 

Olton 
0- 11.2 37.0 49.0 56.9 70.6 38.7 57.8 50.7 70.6 
11.2-22.4 49.9 45.1 35.5 26.5 51.1 38.2 41.4 26.5 
22.4+ 13.1 5.9 7.6 2.9 10.2 3.9 7.9 2.9 
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Introduction 

Currently, the U.S. Department ofAgriculture (USDA) 
is taking a leading role in combining erosion science with 
data bases and computers to develop what should be a 
significant advancement in wind erosion prediction 
technology. A major objective of the work is to develop a 
new Wind Erosion Prediction System (WEPS), which 
operates on personal computers and can be used by the 
USDA, Soil Conservation Service in conservation plan-
ning and national resource inventory work. 

The WEPS will consist of a supervisory program, a 
user-friendly input/output section, and five submodels 
along with their associated data bases (Hagen, 1988). 
The structure is modular, and major submodels deal 
with weather generation, crop growth and residue de-
composition, tillage, soil temporal properties, and wind 
erosion mechanics (Fig. 1). The model will simulate 
those factors that affect field erodibility on a daily tiri.
step basis and then compute erosion subhourly over a 
field scale. This report describes concepts being used in 
development and validation ofthe wind erosion mechan-
ics (EROSION) submodel of WEPS. 

Erosion 

The EROSION submodel will perform several major 
tasks. The first task is to compute the surface threshold 
friction velocities over the simulation region by consid
ering the effects of flat cover, surface roughness, and 
primary temporal soil properties as -,-upplied by the 
appropriate submodel. The second task is to compute 
field surface friction velocities based on wind speed and 
direction supplied by t',e WEATHER submodel and 
considering the effects of hills, barriers, standing cano
pies, and surface roughness. 

During periods when friction velocity exceeds the 
threshold friction velocity, soil loss and deposition will 
be computed over the simulation region at subhourly 
intervals. A computational control volume for bare soil is 
illustrated in Fig. 2a. The erosion process is modeled as 
the time-dependent conservation of mass of two con
stlttients (saltation and creep size aggregates) with two 
sources oferodible material (emissionand abrasion) and 

two sinks (surface 'rapping and suspension). At each 
time step, the lower surface boundary conditions are 
updated in response to the loss or deposition that has 
occurred. 

The source and sink terms represent distinct physi
cal subprocesses that can occur during wind erosion. 
Emission occurs when there is a ret loss of loose, 
saltation/creep-sized aggregates caused by a combina
tion of wind shear and saltation impact forces. This loss 
is tyr. ,.al of the data obtained in wind tunnel tests on soil 
aggregates (Chepil, 1950; Fryrear, 1984). Trapping oc
curs when there is net deposition of saltation/crecp
sized material over a portion of the control volume 
surface such as between ridges or random rou'hness 
projections (Hagen and Armbrust, 1985). Abrasion is 
used here to mean the breakdown of nonerodible-sized 
clods and crust to wind-erodible sizes. This subprocess 
depends on the rate of impaction of saltating aggregates 

WIND EROSION 
PREDICTION SYSTEM 

(WEPS) 

'DATA OA A DATA 

BASE 8ADE BASE 

kAI N 

I N -- IWATHl ER C R0 P TILL AGE 
OPTION GENERATOR 

DATA 
- 0 1 L 8 A3 9 

EROSION 
OUTPUT 8 A6 E 

OPT:ON 

Figure 1. Block diagram of WEPS submodels and 
associated data bases. Hagen, 1988, 
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Figure 2. Schematic of control volume for the 
EROSION submodel with bare soil illustrating: (a) 
driving forces as well as sources and sinks for 
eroding soil and (b) shelter angle ( ), average 
friction velocity (U.), and effective point friction 
velocity (U.o). 

and the stability of the target, as well as on other factors 
(Hagen, 1984). 

Sources of the suspension-sized material include 
direct emission from among the soil aggregates, as well 
as creation of additional material abraded from the 
clods, crusts, and impacting aggregates during erosion 
(Hagen and Lyles, 1985). The magnitude of the suspen-
sion component varies widely among fields (Gillette, 
1977). In the model, the suspended material is regarded 
as lost through the top of the control volume, so its 
deposition is not 'onsidered. because it generally occurs 
over a much larger area than that encompassed Dy the 
simulation region. 

To develop functional relationships describing the 
subprocesses in the control volume, it is iseful to 
introduce the concepts of shelter angle ( -) and surface 
aggregate spacial arrangement. At each point on the 
surface, the - is defined as the largest angle above 

horizontal which will intersect an upwind surface point 
(Fig. 2b). Cumulative frequency distributions of the - are 
sensitive indicators of soil surfaceconfigurations (Potter 
et al., 1988). To specify surface aggregate arrangement, 
it appears reasonable to assume low wind speeds will 
move small, exposed aggregates to sheltered areas, so on 

a typical surface, the largest aggregates occupy the 
highest positions when general erosion begins (Fig. 2b). 
Thus, for each surface point there is both an - and an 
aggregate diameter. By coupling the aggregate diame
ter,-< , and an average friction velocity (U.), one can 

approximate both the areas affected and rates of the 
erosion subprocesses. This is accomplished by using 
wind tunnel measurements, such as those reported by 
Lyles et al.(1974), to compute an effective friction veloc-
Ity (U.,) at each sheltered point, as well as, a threshold

velocity. Thus, one can determine for each 

surface point in the control volume whether it is emitting 
aggregates. trapping aggregates, or has surface aggre
gates too large to emit, but has an - less than about 15 
degrees so it can be abraded. 

Finally, using the surface height measurements, it 
is possible to calculate the volume of saltation/creep 

that could be trapped in areas where the shelter is 
greater than some . Similarly, the effects of soil removal 
by abrasion and emission un - can also be calculated. 
Thus, individual areas of the surface can be updated in 

response to actions of the erosion subprocesses. 
In the EROSION submodel, standing vegetative 

biomass has three major effects on soil movement. First, 
ihe canopy structure gives rise to the aerodynamic 
roughness of the canopy, which determines the friction 

velocity at the top of the canopy for a given wind speed. 
Second, leaves and stems deplete a portion of the friction 
velocity through the canopy and, thus, control velocity 
near the surface. Finally, if the surface friction velocity 
exceeds the threshold, vegetation intercepts some of the 
saltating particles in flight to further reduce soil move
ment. 

Flat residues are treated both as creators of protec

tive surface cover, and as sources of surface roughness. 
Thus, flat residues modify aerodynamic surface rough
ness, protect part of the surface from both abrasion and 
emission, and may enhance surface trapping. 

The EROSION submodel data base will consist ofthe 
descriptors necessary to delineate the simulation and 
accounting region boundaries. It will also include infor
mation on barriers and hills. Most of these inputs will be 
generated by the user. 

Validation 

The EROSION submodel will be validated by instru
menting a series of field-scale sites. The development of 
the equations describing the erosion subprocesses is 
being done in laboratory wind tunnels for individual 
subprocesses so field validation of the complete ERO-
SION submodel is necessary. In the field, the sub
processes are combined and operate over larger scales 
than in the laboratory. An initial field-scale validation 
site is in operation at Big Spring. Texas. Other sites are 
planned near Sidney, Montana; Walsh, Colorado: Alli
ance, Nebraska: and Maiden, Missouri. 
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Introduction 

Texas has approximately 12 to 14 million ha of land 

in crop production annually. Approximately one-half of 

this area has fine sandy loam, loamy fine sand, or fine 

sand-textured soil surfaces. These coarse-textured soils 

are highly productive, but occur in zones within the 381 
to 635 mm isohyet range. High winds, generally in the 
spring and often exceeding 14 m s1, compound the 

problem oflow rainfall (Bomar. 1983). Extensive areas of 
soils in Texas are affected annually by wind erosion and, 
in some years, several hundred thousand hectares of 
crops are seriously damaged or destroyed. Wind erosion 
soil losses have exceeded 89.6 Mg ha in some areas 
(Sheridan, 1981]).The area on which severe wind erosion 
has occurred in Texas in recent years has ranged from 
0.6 to 3.4 million ha annually (USDA-SCS, 1987). 

Typical methods of wind erosion control in Texas 
can be grouped into two major categories: tillage and 
vegetative. Tillage practices are the most common tech-
nique used by producers to control erosion. Deep-
plowing is effective where finer subsoil can be brought to 
the surface to create wind-resistant aggregates. Other 
useful tillage operations are "sand-fighting," bedding 
land, and chiseling, 

Vegetative methods of wind erosion control include 
residue management and conservation tillage, wind-
strips or wind barriers, and windbreaks. Crop residues 
commonly are turned under by primary tillage per
formed from November to February in much of Texas. 
leaving less than 10% surface cover at planting time. A 
few farmers, however, are successfully controlling wind 
erosion by using conservation tillage techniques. New 
conservation requirements are hastening these changes. 

In general, vegetative erosion control methods have not 
been popular with farmers in Texas. Use of cover crops
In most years is an impossibility due to water require-

ments, except on irrigated land. Use of tree windbreaks 
is limited to areas around homesteads and equipmentstorage areas. Use of annual wind barrier crops such as 

grasses or forage sorghums (Sorghum sp.) is not com-

mon. Likely, the major problem for the lack of use of 
vegetative wind erosion control measures is the paucity 
of management skills. 

To encourage adoption and use of appropriate ero-
sion control technologies, the Texas Agricultural Exten-

sior Service initiated a major thrust to demonstrate 
practical erosion control techniques in 1984. Demon

strations were established with financial support pro

vided by the Robert J. Kleberg. Jr. and Helen C. Kleberg 

Foundation. This paper will focus on efforts with vegeta
tive control practices. 

Methods and Materials
 

Demonstration sites were chosen to represent the 
various regions and cropping systems in Texas in which 
wind erosion is a problem. Close-working relationships 
were further developed with the USDA-Soil Conserva
tion Service, the USDA-Agricultural Research Service, 
the Texas State Soil and Water Conservatlon Board and 
Districts, and many individual farmers while conducting 
the demonstrations of wind erosion control practices. 
Counties in which detailed demonstration programs 
have been conducted include Bee. Cochran, Dawson, 
Frio, Howard, Kleberg, Mitchell, Motley, Nueces, and 
Terry (Fig. 1). VegetativL practices were compared to 
conventional, clean-tilled systems to demonstrate their 
value in reducing erosion. Perennial and annual wind
strips, residue management or conservation tillage, and 
saline-sodic soil reclamation were the practices demon
strated in various major land resource areas (MLRA's). 

Counties 
2 


1 ee
 

2 Cochran 10
 

3 Dawson 57
 
4 Frio
 
5 Howard
 

6 Kloberg
 
7 Mitchell 
 4
 
a Motley 
9 Nueces 

10 Terry 

Figure 1. Locations of wind erosion control 
demonstrations in Texas. 



The objectives of the Extension demonstrations were to 
show the benefits of wind erosion control practices. 

Plant growth, crop yields, and soil movement were 
measured in study fields. Dust sampler clusters (Fryrear, 
1986) were used to measure the amount of wind-blown 
soil from the fields under the compared practices. Auto-
mated weather stations provided climatological data. 

Results and Discussion 

Conservation Tillage and Residue 
Management 

The demonstration in Frio County, located in the 
Northern Rio Grande Plain MLRA (Soil Survey Staff, 
1987). and observations of other types of conservation 
tillage practices used in highly erodible areas, demon-
strate that mulch tillage is a viable, economical produc-
tion system for use in wind erosion damage-susceptible 
areas. The mulch tillage treatment had 6.3 times (53.3 
vs 8.5%) more surface cover than the conventional tillage 
treatment. The increased cover significantly reduced soil 
movement by wind. Demonstrations have clearly shown 
that grain sorghum [Sorghum bicolor (L.) Moench] pro-
duction is possible following peanut (Arachishypogaea 
L.) harvest, using conservation tillage techniques (Brandt 
and Harris, 1988). Weed control is a major considera-
tion, however, and careful management is needed. Other 
experiences in the High Plains and Rolling Plains MLRA's 
demonstrate that there is good potential to produce 
cotton (Gossypium hirsutumL.) in a mulch tiliage system 
following grain sorghum or wheat (Triticumaestivum L.). 

Windstrips 

The demonstrations in Mitchell and Motley Coun-
ties, in the Western Rolling Plains MLRA. show that 
permanent lovegrass (Eragrostiscurvula (Shrad.) Nees. 

Date 

, ] With WindstripsE] Without Wlndstrips 

April 3Residue 

167 

40 ,wind 

July 
105 

50 100 150 200 
Soil caught, g 

Figure 2. Effect of windstrips on amount of soil 
movement in Mitchell County, 1987. 
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"Ermelo") strips on tops of terraces are effective in 
reducing erosion to acceptable levels. Minimal problems 
were encountered regarding the grass becoming a weed 
problem and spreading into the fleld. Burning has been 
shown to be an effective practice in reducing excessive 
plant growth within the windstrips. Figure 2 shows the 
effectiveness of the windstrips in reducing wind erosion. 
The dust samplers in the field without windstrips col
lected an average of almost 13 times more soil in April 
than the samplers in the field containing windstrips. The 
windstrips did not accumulate as much sand as ex
pected. The lovegrass indstrips stabilized at a 0.76 to 
1.0 m width in 2 years. Grass stands wider than 1-m 
strips would be more difficult to maintain and have 
greater problems with gaps. Our experiences suggest 
that narrower windstrips with correspondingly nar
rower intervals are better than wider windstrips at wider 
intervals. (For example: I-m wide windstrips set 60 m 
apart instead of 4-m wide windstrips set 150 m apart). 

The use of annual crops as windstrips requires 
careful planning since the windstrip crop must be planted 
in one year and retain adequate height and density to be 
effective during the followlngyear's wind erosion season. 
Annual windstrips of wheat and vetch (Vicia villosa) in 
Nueces County, in the Coast Prairie MLRA, were effective 
in reducing soil movement. 

Sallne-Sodic Soil Reclamation 

Typically, barren saline-sodic spots tend to be major 
problems in wind erosion hazard areas. Demonstration 
results in Kleberg County, in the Coast Prairie MLRA, 
show that oldman satbush (Atriplex nummularia)and 

fourwing saltbuLh (A. canescens)can be successfully 
established in saline-sodic areas. The soil surface elec
trical conductivity was 19.0 ds m 1 and the sodium
adsorption ratio was 18.3. The oldman variety was far 
superior in providing rpid vertical and lateral growth. 
resulting in adequate ground cover protection of the 
barren area. Oldman saltbush produced over seven 
times more dry matter and covered nearly three times as 
much surface area as the fourwing saltbush. 

Conclusions and 
Recommendations 

management should be given a high priority 
by producers in Texas. Maintaining standing stubble as 
long as possible prior to planting is effective in reducing 

erosion damage. Conservation of surface residue 
after planting benefits erosion control. Weed control 
continues to be a major concern in the implementation 
of conservation tillage practices. Windstrips are an 
effective, low cost, wind erosion control practice. 

Oldman saltbush is recommended for reclaiming 
saline-sodic areas of the Texas Coast Prairie and for 

providing wind erosion protection. Dust sampler clus
ters are effective for measuring relative amounts of soil 
movement. 
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Introduction 

The area of Red Earth occupies about 20% of the total 
land, but supports more than 33% of the population of 
China. Most provinces in this area have low or very low 
per capita avaiiability of cultivable land and are receiving 
Increasing pressure on land resources. The achievement 
of more effective utilization of Red Earth is a key for 
developing agriculture in the provinces that lie in the Red 
Earth zone. Hunan Province, one of the major provinces 
in this zone. with a population of 54.6 million, has 3.41 
million ha of arable land. In the 1950s, 1.0 ha of arable 
land was utilized to feed 8.8 persons, but that rate has 
increased to 16.7 at present. With the Red Earth occu-
pying 33% of the total land of the Province, but 80% of 
the wasteland being in Red Earth areas, the problem of 
land shortage will be insurmountable unless the Red 
Earth is completely exploited. 

During the past decades, considerable headway has 
been made on utilization of Red Earth. The living stan
dard of people has improved, but the achievement was 
gained, to a certain degree, at the cost of decreasing the 
fertility of Red Earth on rolling and mountainous re-
gions. From results obtained from the 2nd Soil Survey in 
Hunan (1975-1984), we concluded that irrational use of 
Red Earth during the past decades increased soil ero-
sion, which is a major problem that must be solved. 

Current Situation of Erosion 
in Red Earth Area 

The landform of Red Earth area usually is described 
as: 70% occupied by hills, 20/ by water, and 10% by 
fields (Table 1). The climate is a tropical rain forest: 
abundant annual rainfall with uneven distribution. 
Average annual rainfall in Hunan Province is 1427 mm, 
but about one half of the total occurs in April, May, and 
June. Peak monthly rainfall amounted to 800 mm; days 
of torrential rain (over 50 mm) are 3 to 5 per year. The 
highest daily rainfall can reach 400 mm, making rainfall 
erosion intense, especially on the bareland slopes and on 
land with sparse vegetation (Table 2). 

Red Earth area is one of the areas in China with 
serious erosion problems. In Hunan Province, a major 
part of Red Earth on hillsides is badly degraded, topsoils 

are almost non-existent, and vegetation cover has been 
reduced to 30 to 40%. The area suffering from water 
erosion Is about 44,000 km2, occupying 20.8% of the 
total land area of the Province (Table 3). Every year more 
than 170 million Mg of topsoil are washed away, and 
more than 730,000 ha. of cultivated land have been 
damaged, leading to a poor and shallow cultivated 
horizon. The loss of soil nutrients by erosion is quite 
considerable (Table 4). The area of exposed rocky hills is 
expanding to 3745 km 2 in the province. For example, 
Shaodong County has a limestone exposed area of 487 
km 2 at present, 11 times greater than in the 1950s; 
Xinghua County had 80 km 2 exposed rocky area in the 
1950s. which has increased to 250 km2 at present. The 
sediment delivered into Dongting Lake amounted to 
24,000,000 m3 from the Xiang River, Zi River, Yuan 

Table 1. Land classification of Hunan Province (Source: ABHP, 
1988). 

Classified by landforms Classified by gradient 

Types Area Degrees Area 

_ __ __1b_ ___ _ % 

Plain 27.790 14 0-3 21.180 10 
Hillock 29,380 15 3 - 5 12,710 6 
Hilly land 32,630 16 5 - 15 29,660 14 
Mountains 104,980 53 15 - 25 36,010 17 
Plateau 3,520 2 over 25 112,270 53 

Table 2. Erosion of dryland with different gradient. Shaodong 
County. South of Hunan, Red Earth on Granite, bareland 
(Source: ABHP, 1988). 
Lcation Area Degrees Erosion Erosion 

Rrate intensity 

km2 mm/year Mg km 2 yrI 
Behind 9th 
Mid-school 6.7 x 10: 11 1.5 2250 

Quifengting 
Reservoir 9.3 x 102 18 2.9 4355 

Chibi 
Reservoir 137.2 x 103 25 8.3 12470 
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River, and Li River in 1984. Erosion is serious in Hunan 	 of the total population is deficient in firewood, and 

people of some areas in this Prefecture had to dig rootsProvince. 
of trees and grass for faggot (fuel materials). 

As the province isa major rice (Onriza sp.) production 

area, dryland farming has not received much attention;l-rrational Cultivation and Utilization 
Aggravate Soil Erosion compared with tile rice fields, dryland farming is rather 

In some mountain areas, slash-and-burnextensive. 
cultivation is still used, but the sloping land reclaimed 

with this method usually had to be abandoned becauseThe artificial activities, which are affected by policy, 

may exert a tremendous influence on soil erosion. For- of erosion after 1or 2 years. Anthropic Red soils are often 

expand the cultivated extensively and utilized without fertilizing,merly. because there was and emphasis to 
on steep slopes were thus the crops are sparse, and soil erosion developedarea under cultivation, lands 	 of crops,. Finally.fanned and forests wvere destroyed. InlHuaihua Prefec- rapidly under poor canopy-protec'tion 

orcnp-rtcino rp.Fnly 
ture of West Ilunan, nmore thall 72% of the dryland with 	 rpdyLne 
aturoe of e degreesore than % of the 	 the income fell short of expenditures, and then the land25unan. 2 
a slope of over 25 degrees and more than 84% of the had to be abandoned. That is why 80% of the wasteland 

dryland are erosive soils. The organic matter decreased is in Red Earth areas which occupy 33% of the total land 

by 70%,and the regolithreduced by 40 mm of the dryland of the Province. There is still a vast amount of the waste

with a slope of35 degrees after having been reclaimed for land of the Red Earth area with severe erosion that could 

4 years in Loudi Prefecture of the Province. In Anhua be developed and improved. 

County of lunan, over 53,000 ha of forests were de

stroyed. Due to denudation, the forests of Hunan con

tain 159,000,000 mn of wood, which is 120,000,000 m: Countermeasures for 
less than it was in the 1950s. There were 34 counties of Controlling Erosion and Increasing 
Hunan Province with forest accumulation over 3,000,000 
V in tile 1950s, but that has been reduced to only 16 at Utilization of the Red Earth Areas 

present. Forty percent of the villages and 16 million 

people in Hunan are deficient in firewood resources. For Soil erosion by water has become a main problem on 

utilization of Red Earth, and there is little opportunity forexample, in Hengyang Prefecture of South Hunan, 75% 
expansion of cropping in Hunan Province with the 

exception of Red Earth areas. Summarizing the experi-
Table 3. Erosion area of funan Province (Source: ABHP,1988). 

ences and lessons from the past decades, we should 

attach great importance to controlling and preventing
Item Categories Area 

soil erosion while reclaiming and utilizing the Red Earth. 

km2 % Since 1979, a series of relevant policies, laws, and 

decrees have been published, including family planning 

Erosional erosional gully 41959 95.4 (Regulations of Family Planning, 1978); the Law of 

forms erosional surface 1673 3.8 100 Environmental Conservation (1979): the Regulations of 

collapse 368 1.8 Soil and Water Conservation (1983): the Law of Forest 

the Law of Land AdministrationConservation (1984);9654 15.8Classified farland 
(1986), etc. These provided a policy and legal basis for 

by land use woodland 27313 62.1 100 
making rational use of the Red Earth. The provincial

wasteland 9734 22.1 
government has given high priority to the work of 

47.3 conservation and utilization of Red Earth. The LeadingErodibil y light 20830 
medium 14241 32.4 100 Group ofSoil and Water Conservation of Hunan Province 

effectiveintense 7943 18.1 was set up in 1984 in order to give more 
violent 987 2.2 leadership to the work of conservation. Appropriate 

countermeasures have been taken to protect tile Red 

Earth area against soil erosion. The most effective counter-

Table 4. The loss of organic matter and N. P. and Kby erosion. measures can be summed up as follows: 
(Source: ABHP, 19881. 

1. The cardinal principal is to set up a triphibious 

Item Content of topsoil Loss by erosion agriculture of all-round development of grain pro

duction, forestry, and animal husbandry in order to 
10 Mg yr 

g kg 	 end the destruction of tile environment. Regulation 

14.6 248.2 of rational distribution of agriculture and use of 
Organic matter 

0.6 	 1.02" unsuitable soils, such as prohibiting the cultivation
Total - N 

of land on steep slopes with a gradient over 20 or 25Total -P 0.5 0,85' 
Total - K 10.0 18.87' degrees facilitates reforestation and puts Intensive 

farming into practice on tile land suitable for crop

't Is equal to 2/5 of the pig muck used in a year. ping. In this way, considerable headway has been 

"'The loss of N+P+K Is equal to 2.4 times the chemical made in recent years. A grand total of 3.9 million ha 

fertilizer used in 1974 the Province. was reforested by tile end of 1986. All barren hills inby' 




Tongxi Village, Anhua County. have been reforested, 
and the village has gained more on less cultivated 
land by regulating the unsuitable use of soils and 
working hard to raise per unit area yield (Table 5). 

2. 	 Pay more attention to soil adequacy. Neglect of soil 
adequacy is an important cause leading to soil ero-
sion. Red Earth is a large soil group in China, under 
varied topography, landform, and on different par-
ent materials. Red Earth in Hunan is divided into 3 
subgroups and 26 groups (Tables 6 and 7). 

Characteristics of red soils on different parent 
materials are quite different. For improving and 
using the soil in a comprehensive way to raise 
economic and ecologic benefits on utilization of Red 
Earth, great attention has been paid to the study of 
soil adequacy, and some progress has been made in 
recent years. 

3. 	 Spread advanced experience of soil conservation 
farming system, soil conservation management 
practice, and soil conserving rotation in an all-
round way. The peasants in the Red Earth area have 
accumulated a wealth of experiences in conserva-

Table 5. Comparison ofintensive and extensive farming. (Source:
ABHP. 1988). 

Location Area Year Patterns of Relative 
(ha) utilization output 

Tongxl Village.Anhua County 10 	 1978 All for farming 100

1982 2.7 ha for farmingb and 123 


7.3 ha closed to 
facilitate 
afforestation' 

With 	extensive farming.bWith 	intensive farming on the terrain which slopes gently. 
'With 	 steeper slope, giving up farming. 

Table 	6. Subdivisions of Red Earth and their equivalent in 
U.S. 	 classification. (Sources: ABHP, 1988: NISS, AS, 1978). 

GegoEiatin Uin 

Red earth Red soil Typic Hapludult
Redllarth-red 	Typic Hapludut
sol
Yellow-red soil 	 HydrLic Hapludult
Young Redsoil LepticHapludult 

Table 7. Subdivisions of Red Soil. (Sources: ABHP. 1988: 
NISS, AS. 1978). 

Subgroup Group 

Red Granite red soil Cultivated granite red soil 
Soil 	 Sandstone red soil Cultivated sandstone red soil 


Quaternary red soil Cultivated quaternary red soil 

Slates/shale red soil Cultivated slates/shale red soil
 
Limestone red soil Cultivated limestone red soil
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tion farming, such as contour farming, contour strip 
cropping, big hole cultivation, terrace farming, and 
mulch farming. The key to spreading these available 
measures lies in policies which must make everyone 
interested in not only one's immediate benefit, but 
also long-term interests. Of course. financial, mate
rial, and technical assistance should be given by the 
Government. Since 198 1. poly-cropping ofdry crops 
by intermingling, instead of single culture, has 
spread in some Red Earth areas. The volume of 
production was increased by 351,000 Mg and the 
output value raised by $308,300 (U.S.) on an area of 
80.000 ha in the crop-stage period from 1985 to 
1986. It is designed to spread to 200,000 ha during 
the period of 7th Five Year Plan. 

4. 	 Comprehensive improvement of small watersheds 
by households has proved to be an effective way to 
build an ecological agriculture system and to control 
erosion. The essential prerequisite for success is to 
organize an extensive cooperation between relative 
departments and between scientists of various dis
ciplines: to distribute farming. forestry, grazing and 
fisheries ecologically; and to formulate and imple
ment policies which can mobilize the enthusiasm of 
the masses, such as to confirm responsibility, legal
rights, and the right of inheritance of those who 
undertake the work. Owing to correct policies,
remarkable progress has been made in recent years. 
For example, the area of improvement was not over 

40 km2 per year during the 29 years before 1981, but 
increased to 140 km 2 per year during the period of
the 6th Five Year Plan. It increased by 1% in 1986 
and 1987 in the years of the 6th Five Year Plan. 
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Introduction 

High Potential Evaporation 

Wind in low humidity environments increases the 

potential evaporation rate and, thus, increases water 

use and plant water stress in a dryland farming envdron-

ment. Aristotle (cited by Penman, 1956) believed that 

wind Is a more important factor than sun for causing 

evaporation. Skidmore et al. (1969) characterized the 

contribution of wind to potential evapotranspiration for 

a climate typical of the Grt-at Plains and found that oi 
the wind-consecutive "nonwindy" and "windy" days, 

dominant term of the model for computing potential 

evaporation contributed 33 and 113%. respectively. 
more than the radiation-dominant term to the total 
calculated potential evaporation. 

Wind Erosion 

the U.S. Great PlainsExtensive soil erosion in 
during the last half ofthe 19th century and in the prairie 

region of western Canada during the 1920s warned of 

impending disaster. In the 1930s. a prolonged dry spell 
culminated in dust storms and soil destruction of disas-
trous proportions in the prairie regions of both western 
Canada and the Great Plains (Anderson, 1975: Svohida. 
1940: Malin. 1946abc: Jo'.;nson, 1947: Hurt. 1981). 

Wind erosion physically removes the most fertile 
portion of the soil from fields and. therefore, lowers 
productivity of the land. Some soil from damaged lands 
enters suspension and becomes part of the atmospheric 
dust load. lagen and Woodruff (1973) estimated that 
eroding lands ofthe Great Plains contributed 244 and 77 
million Mg of dust per year to the atmosphere in the 

1950s and 1960s, respectively. Jaenicke (1979) esti-
mated the source strength of mineral dust from the 

Sahara at 260 million Mg per year. Dust obscures 
visibility and pollutes the air, causes automobile acci-
dents, fouls machinery, and imperils animal and human 
health. Blowing soil also fills road ditches: reduces 
seedling survival and growth: lowers thc marketability of 
vegetable crops like asparagus (Aspuirgts qfiicinaihs). 
green beans (Phaseolusvulgaris). and lettuce (LOcuca 
sativa): increases the susceptibility of plants to certain 
types of stress including diseases: and contributes to 
transmission of some plant pathogens. 

Wind erosion continues as a national pi-oblem. with 
the greatest potential for occurrence centered In the 

Great Plains-80% of susceptible cropland and 42% of 
susceptible rangelanl. The 10 Great Plains states con
tain 71% of the total wheat (Trmticum aestivum L.) area in 
the U.S. About 2 million ha are moderately to severely 

damaged by wind erosion in those states each year. 

Other susceptible areas include the coarse-textured 
soils of the arid West. the muck and sandy soil areas 

around the Great l.akes, the Columbia River Basin. and 

the Gulf and Atlantic seaboards. A recent national 

erosion inventory showed that the potential for wind 

erosion in amounts greater than 11 Mg/ha annually 

exists ol 66 million ha (163 million acres) of land in the 

United States-22.5 million .a of cropland, 43 million 

ha of rangeland, and 0.5 million ha of forest land. 

Reducing Potential Evaporation 

The high potential evaporation induced by wind is 

combated by reducing Wind speed at the evaporating 
surfaces and conserving the soil water. Since four ses

sions of this conference treat water conservation, I shall 
only discuss water conservation as it relates to use of 
wind barriers. 

Barrier reduction of wind speed reduces evapora
tion and is frequently tile main purt)ose of windbreaks 
(Staple, 1961: Skidmore and ltagen, 1970. 1973). A 

characterization of the contribution of wind to potential 
evaporation for a climate typical of the Great Plains 
demonstrated that for high tenperature/low humidity 
environments, a decrease in wvind speed also profoundly 
decreased evaporation from freely evaporating surfaces 
(Skidmore and Ilagen. 1970, 1973: Skidmore et al.. 
1969). Calculations (Skidmore and ttagen. 1973) using 
climatological data (May through September 1960- 1969) 
showed a 31 and 26% average-potential-evaporation 
reduction from 0 to 1011 (barrier height) distances north 
of east-west oriented barriers near Dodge City, Kansas, 
and Bismark, North Dakota. respectively. When the area 

was extended to 3011 distances, the average evaporation 
decrease was 14 and 7% for Dodge City and Bismark, 
respectively. 

Reducing Wind Erosion 

Barriers 

In addiion to reducing evaporation, barriers have 
long been recognized as valuable for controlling wind 
erosion (Bates, 1911). Hagen (1976) and Skidmore and 
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Hagen (1977) developed a model that, when used with were found to reduce wind erosion by 50% (Armbrust et 
local wind data, shows wind barrier effectivenes- In al.. 1964) or more (Fryrear, 1984). A rough. cloddy 
reducing wind erosion forces. Barriers will reduce wind surface resistant to the force of wind can be created on 
forces more than they will wind speed (surface wind many cohesive soils with appropriate "emergency till
shear stress is proportional to wind speed squared). A age." Listers, chisels, cultivators, one-way disks with 
properly oriented barrier, when winds predoninate from two or three disks removed at intervals, and pitting 
a single direction, will decrease wind erosion forces by machines can be used to roughen the surface and bring 
more than 50% from the barrier leeward to 20 times its compact clods to the surface. Emergency tillage is most 
height; and the decrease will be greater for shorter effective when done at right angles to the prevailing wind 
distances from the barrier, direction. Because clods eventually disintegrate (some-

Different combinations of trees, shrubs, tall-grow- times rapidly), emergency tillage offers at best only 
ing crops. and grasses can reduce wind erosion. Besides temporaiy wind erosion control (Woodruff et al., 1957). 
the more conventional tree windbreak, many other 
barrier systems are used to control wind erosion. They Crop residue 
include annual crops like small grains, corn (Zea mayjs 
L.), sorghums (Sorghum sp,. sunflowers 111clianthus Es!ablishing and maintaining sufficient vegetative 
annuus L.). tall wheatgrass (Agropyronsp.), sugarcane cover is referred to as the "cardinal rule" for controlling 
(Saccharurnsp.), and rye (Secalecereale strips on sands wind erosion. Studies to quantify specific properties of 
in Florida. vegetative covers influencing wind erosion led to the 

Most barrier systems for controlling wind erosion, relationship presented by Woodruffand Siddowayf(1965), 
however, occupy space that could othervise be used to showing the influence of an equivalent vegetative cover 
produce crops. Perennial barriers grow slowly and are of small grain and sorghum stubble for various orienta
often established with difficulty. Such barriers also tions. Efforts have continued to evaluate the protective 
compete with the crops for water and plant nutrients. roleofadditlonalcrops(LylesandAlllson. 1981:Armbrust 
Thus, the net effet for many tree-barrier systems is that and Lyles. 19851. range grasses (Lyles and Allison, 
their use may not benefit crop production. Perhaps the 1980). desert shrubs (lagen and Lyles. in press) and 
tree-barrier systems could be designed so that they feedlot manure (Woodruff et al.. 1974). and the protec
become a useful crop. furnishing nuts, fruits, or wood. tive requirements of equivalent residue needed to con

trol wind erosion (Lyles et al., 1973; Skidmore and 

Stabilizers Siddoway. 1978: Skidmore et al., 1979). 

Another method that has been used to control wind 
erosion is use of soil stabilizers. Periodically, symposia Research Needs 
(DeBoodt and Gabriels. 1976: Armbrust and Lyles, 
1975) are held on soil conditioning, including papers on Past research has contributed significantly to under
some aspect of using soil conditioners for controlling standing the mechanics of wind erosion, delineated 
wind erosion. Chepil et al. (1963) found several products those factors having major influence on wind erosion, 
that successfully controlled wind erosion for a short and developed methods for control. One of the major 
time, but were relatively expensive. Armbrust and Lyles accomplishment - was the development of an empirical 
(1975) found five surface-soil stabilizers that met their wind erosion model. This model has been used exten
criteria for successful use, including low cost. However, sively to predict potential wind erosion and determine 
they added that before soil stabilizers can be used on field conditions necessary ,o control erosion. 
agricultural lands, methods must be developed to apply While this past research has been reasonably ac
large volumes rapidly. Also, reliable pre-emergent weed- cepted and implemented, significant gaps exist in our 
control chemicals for use on coarse-textured soils must understanding and technology. We need to improve our 
be developed, as well as films that resist raindrop technology for measuring wind erosion and monitoring 
impact, yet still allow water and plant penetration with- windblown soil transport; better understand the soil 
out adversely affecting the environment. Activating neu. aggregation process as influenced by inherent soil prop
tral sand surfaces with iron sulfate and stabilizing the erties, soil management, cropping sequence, climate. 
surface with ureaformaldehycle has much promise as an and the changes in aggregate status seasonally and 
inexpensive and effective method from controlling wind during a wind erosion event: determine probabilities and 
erosion on sandy soils (11. DeBoodt, personal communi- establish confidence limits for predicting duration and 
cation, Ghent. Belgium). inte ,sity of meteorologic conditions conducive to wind 

erosion: develop a physically based flux equation for 
Clods and ridges predicting wind erosion during individual wind storms; 

and develop soil-, climate-, and crop-specific conserva-
Ridge roughness and soil cloddiness are two princi- tion tillage and residue management systems that are 

pal factors affectingwind erosion (Woodruffand Siddoway, most cost-effective for sustaining agricultural produc
1965). Soil erodibility by wind decreases rapidly as tivity and protecting the environment. Research is in 
fraction of soil aggregates > 0.84 mm increases. Ridges progress to better cope with wind erosion problems in 
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dryland agriculture (Hagen, 1988: Gregory. 1988; Fryrear 

and Stout. 1988). 
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Introduiction 

A land erodibility assessment methodology (LEAM), 
developed primarily for use in developing countries, was 
proposed in an ear.ler paper (Manrique, 1987). LEAM is 
used in this study to assess the potential erosion risk of 
drylands in Hawaii (U.S.A.) and Mali (Africa). This study 
is part of a worldwide effort to test the accuracy of LEAM 
in estimating potential erosion risk from limited and 
often incomplete soils and climatic data. 

The State of Hawaii has large areas of land receiving 
less than 1000 mm rainfall/year. On the Island of 
Hawaii, most drylands are used for cattle grazing. On the 
Island ofMaui, the drylands are used mainly for irrigated 
sugarcane (Saccharumsp.) on nearly level or moderately 
sloping lowlands, and for pineapple (Ananas sativus) 
and pasture on steep lands. 

Mali is located in West Africa between 100 N and 
200 N latitude, and about 60% of the country receives 
less than 400 mm rainfall/year. Sixty percent of the soils 
are sandy soils low in organic matter and plant nutrients 
(TAMS. 1983). 

Materials and Methods 

In this study, land erodibility is defined by three 
major land characteristics: (I)slope hazard, (ii) rainfall 
erosivity risk, and (iii) soil erodibility. Each land charac
teristic is defined by other land characteristics known as 
diagnostic criteria (Table 1). 

The slope factor (LS), as defined in the Universal Soil 
Loss Equation (USLE), is the diagnostic criterion used to 
assess slope hazard. The modified Fournier's index (RI) 
(Arnoldus, 1980) is proposed as the diagnostic criterion 
for rainfall erosivity risk, and is defined as follows: 

RI = X (MR)2 /AR [I] 

where. MR and AR are monthly and annual rainfall in 
millimeters, respectively. 

'This study was partially supported by the Technology for 
Soil Moisture Management (TSMM) Project. S&T/AGAR/ 
RNR, USAID, Washington, D.C. 20523 U.S.A. 

Table 1. Diagnostic criteria and land erodibility classes for slope hazard, rainfall erosivity risk, and soil erodibility. 

Major Land 
Characteristic Diagnostic Criteria 

Slope hazard (S) Slope factor (LSI 

Rainfall erosivity Modified Fournier's 
risk (RR) index (RI) 

Soil erodibility (K) Soil erodibility (K) 

Class Rating 

SI LS < 2 
S2 2-4 
53 4-6 
S4 LS > 6 

RRI RI < 50 
RR2 50-100 
RR3 100-200 
RR4 200-300 
RR5 RI > 300 

Kl K < 0.1 
K2 0.1-0.2 
K3 0.2-0.3 
K4 0.3-0.4 
K5 0.4-0.5 
K6 K > 0.5 
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Table 2. Framework of the Land Erodibility Assessment Methodology (LEAM). 

Erodibility Potential 
Class Erosion Risk 

El Low 

E2 Moderate 

E3 High 

E4 Very high 

E5 Extremely high 

Subclass 

SIRRI-RR3.KI-K3 

SIRR4-RR5.KI-K3; 
SIRRI-RR3,K4-K6: 
S2,RRI-RR3.KI-K3 

SI.RR4-RR5.K4-K6; 
S2,RR4-RR5,KI-K3; 
S2,RRI-RR3.K4-K6; 
S3,RRI-RR3.KI-K3 

S2,RR4-RR5,K4-K6; 
S3.RR4-RR5.KI-K3; 
S3.RRI-RR3,K4-K6; 
$4. RR l- RR3.K I -K3; 

S3,RR4-RR5.K4-K6: 
S4. RR4-RR5.K 1-K6 

Each major land characteristic in Table l is rated 
Independently into classes for slope hazard, rainfall 
erosivity risk, and soil erodibility. The framework of the 
LEAM iTable 2) is further arranged into the categories: 
class and subclass. The class reflects the degree of 
potential erosion risk, whereas the subclass reflects the 
kind of limitations within each class. The symbol E2-
S1RR4KI, for example, indicates a soil has been placed 
in erodibility class E2 and has a moderate potential 

erosion risk. Placement of a soil in class E2 results from 
the combination of slope hazard, rainfall erosivity risk, 
and soil erodibility classes (Table 1). 

Soil survey data (Foote et al., 1972: Sato et al., 1973: 
TAMS, 19831 of soils in low rainfall areas (<1000 mm/ 
year) on Hawaii and Maui islands, and soils from Mali 
were used to test the LEAM. Rainfall data were obtained 
from weather stations located near each representative 
soil pedon. The K values for Hawaii and Maui soils were 
obtained from USDA-SCS (198 1): and K values for Mali 
soils were estimated from soil texture and organic matter 
properties using a procedure developed by USDA-ARS 

We developed a computer program to match soil 
survey and rainfall data with the diagnostic criteria 

developed for slope hazard, rainfall erosivity risk, and 

soil erodibility (Table 1). Results from these matchings 
are used to place each soil into the LEAM framework 
(Table 2). Erodibility assessments were compared with 
the USLE soil loss values. To compute soil loss, rainfall 
erosivity (R) values for weather stations located near 
each soil pedon were obtained from Giambelluca et al. 

(1986) and Roose (1980). Also, values used for crop 
conservation practice (P) in the 

management (C) and 


USLE were 0. 1 and 1.0, respectively. 


Description 

Lands highly suitable for 
food crop production with minimum 
conservation practices. 

Lands suitable for food 
crop production with 
conventional conservational practices. 

Lands suitable for food 
crop production with 
special soil erosion 
control practices. 

Lands unsuitable for food 
production. Agriculture 
use should be limited to 
permanent pasture production. 

Lands unsuitable for any 
kind of conventional type 
of agricultural production. 

5* 

4 
y =1.0549 +0.051 8x R^2 = 0.856 

a 

a3a 

:2 2 a3 Oxisols 

WU M 

0* 
0 20 40 
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3 

: 
0 
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I 
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60 80 

Figure 1. Erodibility class in relation to ULL soil 

loss for (A) Oxisols and (B) Inceptisols of Hawaii. 



ErodibilityofTropical Drylands 109 

Table 3. Erodtbility assessment of selected soils from the Islands of Hawaii and Maui (Hawaii. U.S.A.) arid Mali (Africa). 

Slope Soil Erodibility Potential
 
Soil Steepness Erodibility Assessment Erosion Risk
 

% K Class Subclass 

Island of Hawaii 
Apakuie. Inceptisols 16 0.17 E2 S2RR3K2 Moderate
 
Hanipoe. Inceptisols 16 0.17 E2 S2RR3K2 Moderate
 
Hawl, Inceptisols 3 0.17 El SIRR3K2 Low
 
Kawaihae, Aridisols 9 0.28 El S1RR1K3 Low
 
Kilohana. Inceptisols 16 0.10 E2 S2RR2K2 Moderate
 
Pakini. Inceptisols 4 0.43 E2 SIRR2K5 Moderate
 
Naalehu, lnc. ptisols 22 0.17 E4 S4RR3K2 Very High
 
Puu pa, Inceptisols 85 0.17 E4 S4RRIK2 Very High
 
Waimea, Inceptisols 16 0.17 E2 S2RR2K2 Moderate
 

Island of Maui 
-alinaii. Oxisols 5 0.17 El SIRR3K2 Low
 

lao. Oxisols 5 0.17 El SlRR2K2 Low
 
Kahana. Oxlsols 5 0.17 El SIRR3K2 Low
 
Keahua, Oxisols 5 0.17 El SIRR3K2 Low
 
Kula. Inceptisols 16 0.17 E2 S2RR2K2 Moderate
 
Kula. Inceptisols 26 0.17 E4 S4RR2K2 Very high
 
Lahaina, Oxisols 2 0.17 El SIRR2K2 Low
 
Makena, Oxlsols 9 0.17 El SIRR2K2 Low
 
Paia, Mollisols 5 0.17 El S IRR3K2 Low
 
Wahikuli, Oxisols 5 0.17 El S IRR2K2 Low
 

Couitry of Mali
 
D2, Entisols 4 0.05 El SIRR2Kl Low
 
D5. Aridisols 4 0.05 El SIRR3Kl Low
 
DA2, Aridisols 4 0.05 El SIRR2KI Low
 
DA4, Aridisols 4 0.12 El S IRR3K2 Low
 
PL6, Alflsols 1 0.05 El SiRR3KI Low
 
PL 1. Alfisols 1 0.27 E2 SlIRR4K3 Moderate
 
TC4, Alflsols 1 0.38 E3 SIRR4K4 High
 
PL10, Alflsols 1 0.48 E3 SIRR4K5 High
 
PL l1, Ultisols 1 0.12 El SIRR3K2 Low
 
PL13, Ultisols 1 0.27 El SIRR3K3 Low
 

Results and Discussion higher potential erosion risks. These soils are found in 
natural or improved pasture and probably would not 

Erodibility Assessments experience severe erosion under the prevailing land use. 
However, a high potential erosion risk exists if the pres-

On Hawaii and Maui islands, slope steepness is the ent land use is changed to one that could expose the soil 
main factor determining placement of drylands into surface to direct raindrop impact. Overall, the erodibility 
different erodibility classes (Table 3). Except for extreme ratings of Oxisols and Inceptisols are consistent with 
cases, such as (he Kawaihae and Pakini soils, K values studies that indicate younger soils are more susceptible 
are relatively uniform among soils: hence, their contri- to erosion than older and highly weathered soils (El
bution to the overall erodibility assessment is virtually Swaify and Dangler. 1982). 
constant. By limiting the erodibility assessment to soils Mali's Entisols and Aridisols are placed in class El 
receiving less than 1000 mm/year, the drylands of and possess low potential erosion risk (Table 3). These 
Hawaii possess low potential erosion risk due to rainfall, soils are found on nearly level, sandy plains and stabi
as was expected. lized sand dunes in the northern and driest area of the 

Maui's Oxisols are placed in erodibility classes El country. Ultisols and Alflsols are placed in class E2 or 
and E2, and possess low to moderate potential erosion higher. Such placement is the result of high rainfall 
risk (Table 3). These soils have been cropped with sugar- erosivity risk and/or high soil crodibility. These soils are 
cane for several decades using furrow irrigation. Soil loss found on subhumid, nearly level plains which character
occurring in these soils can be attributed to improper istically have plinthite in their lower horizons. In sum
water management rather than rainfall erosivity. mary, slope steepness is not a major contributing factor 

Inceptisols on both Hawaii and Maui islands are to erosion of the Mali soils. The degree to which the soils 
placed in class E2 or higher and exhibit moderate to could undergo severe erosion depends primarily upon 
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their intrinsic ability to resist the potential erosivity of 
the erratic and short-lived, but highly intensive rainfalls 
of West Africa. 

Erdibiity Claso vs. Soil Loss 

Erodibility classes and the estimated soil loss values 
for Oxisols and Inceptisols on Maui island were compared 
(Figure IA,B). Erodibility classes were highly correlated 
with soil loss values for both Oxisols and Inceptisols, 
thus ilhistrating the accuracy with which the LEAM 

assessed potential erosion risk in this study. 

Conclusion 

of tropical drylands corre-Erodiblllty assessment 

sponded closely to the estimated USLE soil loss values, 
indicating that LEAM adequately rates potential erosion 
ris.k in quantitative and operational terms. The close 
agreement between erodibility classes and soil loss 
values also indicates that reliable estimates of potential 
erosion risk can be obtained by using the LEAM. We 

point out, hawever, that LEAM's eiodibility assessments 

should be regarded as a guide to be eventually comple-

m ented by more refined, predictive techniques of erosion 

assessment and control. 
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in the Yellow River Basin, China 

Mou Jin-ze 
Yellow River Conservancy Commission. Zhengzhou, China 

Introduction 

The Yellow River, which runs through the loess 

plateau, carries more sediment than any other river in 

the world. Its drainage area is 750,000 km 2. Annual 

precipitation in the plateau is 200 to 600 mm, and 

decreases from southeast to northwest. The plateau is 
classified into three regions: semi-humid, semi-arid, 
and arid. Most of the area of the middle Yellow River 
basin is covered by loess. Usually, the loess thickness is 
50 to 100m, but Its thickness is 200 m or more in places. 
Owing to the loose soil, broken topography, sparse 
vegetation, and frequent rainstorms of the loess plateau. 
soil and water loss are extremely severe. Annual soil 
erosion is 5,000 to 10.000 Mg/km2 and the average 
annual sediment transportation 1.6 billion Mg. The 
serious soil erosion and frequent droughts result in 
many catastrophes, including low yields, diminishing 
soil fertility, and decreasing production capability of the 
land. The river has become the most difficult river to 
harness and develop in the world. 

Characteristics 
of Soil Erosion 

Soil erosion of the Yellow River valley mainly occurs 
in the loess plateau area of the middle reaches. The 
characteristics ofsoil erosion are described in the follow-
ing sections. 

The Concentrated Erosion 

And Sediment Source Region 

The area of the loess plateau on the middle reaches 
of the Yellow River is 640,000 km 2, among which 430,000 
km 2are subject to soil and water losses. The main types 
of erosion are water, gravity, and wind. According to the 
intensity of soil erosion and conditions of natural geog-
raphy, the loess plateau can be classified into nine 
regions as follows: gullied hilly loess region (in which five 
sub-regions may be subdivided), gullied loess plateau, 
loess terrace, wind drifted sandy region, arid grassland 
region, rocky mountains, high grassland, alluvial plain, 
and forest region (Fig. 1). The most serious erosion 
occurs in the gullied hilly loess region and gullied loess 
plateau region. In the gullied hilly loess region, which 
covers 100,000 to 110.000 km 2 from Hekouzhen to 

Tongguan, about 0.75 to 1.6 billion Mg of sediment and 

730 million Mg of coarse silt (partical diameter > 0.05 

mm) have been concentrated by the Yellow River. Half of 

this has come from the 40,000 to 50.000 km2area where 

erosion and sediment yield to the Yellow River is most 
prevalent. 

Uneven Distribution Of Erosion Time 

Soil erosion within a year and between years is 
distributed unevenly. During a year. about 85% of the 
erosion occurs mainly in the flood season of July to 
October and usually in a few rainstorms. According to 
the observed data for Jiuyuangou. north Shaan'x, the 
amount of soil erosion caused by one rainstorm can be 
40 to 80% of the annual total; in thewetyearof 1958, soil 
erosion reached 39,600 Mg/km2. while in the dry year of 
1955, erosion was only 637 Mg/km2. a 62 -fold difference 
between the wet and dry year. 

Quantity of Erosion in Gullied Land 

The two main kinds of soil erosion on the loess 

plateau are surface erosion and gully erosion. Surface 

erosion mainly occurs on ridge land and gully erosion on 
gullied land. According to observed data for small water
sheds in the gullied hilly loess region, the area of gullied 
land only makes up 26 to 55% of the total area of small 
watersheds, but erosion from that area accounts for 38 
to 57% of the total erosion. Gravity erosion in the valleys 
of the Nanxlaohegou watershed on the gullied loess 

plateau region was so severe that it represented 86% of 

the total average erosion for a period of 20 years. 

Eyper-Concentration of Sediment 

As for soil erosion on the loess area, soil is eroded by 
splashing or watering. and the concentration of sedi
ment in water can be very high. According to the analysis 
of observed data for the Zizhou Runoff Station, north 
Shaanxi, the maximum concentration caused by splash 
erosion can reach about 600 kg/M 3 ; that caused by 
overland flow through rill erosion on ridged land about 
900 kg/m 3. The silt content increased 30% when com
pared with that of splash erosion; after flowing through 
gullied land, the silt content would be supplied again 
from water and gravity erosion, arid the maximum 
concentration of sediment can reach about 1000 kg/m 3. 



112 Controlof Soil Erosion 

Great Sediment 	Delivery Ratio 

In the gullied hilly loess region, the sediment eroded 
from the slope is delivered by water via ravines, branch 
gullies, and brooks toward tributaries and the main 
river. There is no distinct deposition along the river 
course during the process oi delivery. Meanwhile, in the 
same classification of erosion region in north Shaanxi, 
average annual sediment transport in the larger area for 
each tributary is basically the same as that in small 
watersheds. The sediment delivery ratio is close to 1.0. 
The characteristics of erosion and sediment transport 
caused by storm floods with hyperconcentrations of 
sediment are the reasons for these similar sediment 
delivery ratios. 

Soil Erosion Prediction 

In order to study quantitatively the effects ofvarious 
factors of soil and water loss on soil erosion, Tianshui 
Soil and Water Conservation Station of Y.R.C.C. started 
testing on runoff plots in 1944. There were 19 plots that 
were 20 m long and 5 m wide (0.01 ha in area). The effects 
on soil erosion of different slopes. tillage methods, and 
rotation systems were studied. At present, there are 
more than 30 soil and water conservation institutes or 
stations in the valley that have accumulated a wealth of 
observed data on soil and water loss in the laboratory 
and field, and have gained research and test results for 
prediction of soil erosion caused by natural and simu-
lated rainfall, 

Quantitative Research On Factors 

Of Soil Erosion 

The relation between rainfall and soil loss mainly 
shows the effects of rainfall erosivity index on soil 

erosion. This can be divided in a detailed way Into: a 
relationship between rainfall intensity and soil erosion, 
a relationship between the rainfall kinetic energy and 
the amount of soil erosion, and a relationship between 
the combined factor of rainfall kinetic energy with rain
fall intensity and the amount of soil erosion. 

Based on the characteristics of rainstorms in the 
loess region, the maximum rainfall intensity of each 
interval within 60 minutes as a parameter of rainfall 
intensity (I,),the maximum rainfall kinetic energy of 
each interval within 60 minutes and the total kinetic 
energy of a rainfall as parameters of rainfall kinetic 
energy (E, and 2 E), and were used to develop a regres
sion equation with the amount of soil erosion (M)to gain 
the best relationship between maximum rainfall inten
sity of 15 minutes (11) and maximum rainfall kinetic 
energy of 15 minutes (E,5) and the amount of soil 
erosion. The correlation coefficients, r, are 0.914 and 
0.907. respectively (Table 1). 

As for the relationship between rainfall erosivity 
index R = El and the amount of soil erosion, the best 
relationship between product of the total energy of one 
rain or 60 minutes rainfall energy and the max-imum 
rainfall intensity of 10 minutes (E.I I0 or E,;, *I ,)and the 
amount of soil loss, the correlation coefficients are 0.911 
and 0.938. respectively. The cause of such phenomenon 
is related to the features ofa rainstorni of short duration, 
which cause soil erosion in the loess area. 

Due to the flow, energy increases with increasing 
slope gradient, and the stability of material on the slope 
decreases with the increasing slope gradient: therefore, 
within a certain slope steepness range, erosion in
creases with increasing slope gradient. The relationship 
between soil loss (Al and slope gradient (S)is: 

A = 3.15 + 0.733S + 0.0018S 2.	 [II 

If slope steepness exceeded a certain range, erosion 
decreased with increasing slope gradient. This critical 

Table 1. Results of regressive analysis on single factor of rainfall erosivity parameter with amount of soil erosion at No. 3 Runoff Plot 
of Tuanshangou.
 

Parameter Regression equation 

I,) 

M= 120.915 - 4957.6 

1 M=158.7110 - 5095.0 

115 M=192.91, - 5303.6 

120 	 M=211.61,.-4734.4 

I. 	 M=257. I 1,,- 4025.1 

145 	 M=325.31, - 3451.1 

M=392.lI,,,- 3169.0 

2 )M - amount of soil loss (t/kin

Correlation Parameter Regression equation Correlation 
coef. (r) (E,Y E) coef.(r) 

0.824 E. M=45.2E, - 3962,8 0.828 

0.893 Elf M=30.4E1, - 4107.3 0.895 

0.914 EI. M=23.7E, -3912.9 0.907 

0.896 E20 M=21.2E~o - 3932.0 0.906 

0.868 	 E, M= 17.8E:,, - 3374.0 0.889 

0.831 	 E45 M= 15.7E4. - 3012.8 0.864 

0.813 	 EfR M= 14.7E,, -2903.0 0.852 

Y E M=9.1 I E - 1252.2 0.700 

http:M=392.lI
http:M=325.31
http:M=211.61
http:M=192.91
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slope gradient usually is about 25 degrees according to M = modulus of total volume of runoff during one flood: 
tests and observed data from the laboratory and fields in qP = modulus of flood peak discharge: J,= the mean 
China. 	 gradient of main gully: and L = length of watershed. 

When design qpdata are lacking, the following empirical 
relation is recommended for the loess area of China:Predicting Upland Soil Erosion 

= 

The relationship between soil erosion (A) on upland q , CJ, "AO 1 /L 171 

by one event of rainstorm and surface slope (J) and where C = parameters of reflecting the effects of rain
compound index of the rainfall energy (Ed is: storm intensity, related to the recurrence period: and A. 

A = 3.27 x 10 5 (El:1 o)1,57 	 [21 = drainage area. 

Multivariated regressive analysis on relationship Model of predicting annual sediment yield 
between amount of soil erosion (A) and three factors of 
rainfall energy (X,),surface slope (X2),and vegetal cover The following equation of annual sediment yield has 
(X,). gave the following regression equation: been obtained ihrough correlation analysis: 

2A = 0.214 + 5.099X] + 0.054X2 - 0.027X, [3] 	 Ms,= 0.095 M 2 "J," 2 L"L [81O 5 

The equation for predicting erosion on upland in a where Ms, = modulus of annual sediment yield: M = 
rainstorm is: modulus of annual runoff: J, and L = the mean gradient 

of main gully and length of watershed, respectively. 
A = 5 1.1l 211_1Jo26PaO 48C 

0 15  [41 The following model for predicting annual sediment 
yield of small watersheds was obtained by selecting an 

where A = erosion modulus in a rainstorm; P = amount exponent function pattern through regressive analysis: 
of one rain event: I = the mean rainfall intensity of a 
rainstorm; J = slope of surface: Pa = soil water content Ms = 6.496R' 7 K 2 

35j 1 :128CI1p4115 [91 
before rainfall, and C = vegetal cover. 

In addition, soil loss on upland can be divided into where Ms = annua sediment yield of small watershed; R 
splash erosion (qj.bed load material transport (g,), and = erosion factor affected by rain: K = soil erodibility index: 
suspended load sediment transport (gj, and the follow- J = the mean slope of the watershed: C = coefficient of 
ing model estimating total sediment transport concen- erosion affected by vegetation, and P = coefficient of 
tration at the outlets ofplots by using artificial rainfall at eiosion affected by engineering measures. 
the plots of Xifeng Soil and Water Conservation Station 
can be used: Soil Erosion Control 

Qs = g, + g, + qQ [5] 	 The works of soil erosion control of the Yellow River 

where Qs = the total sediment transport concentration 	 valley mainly include setting up soil conservation meas
ures, controlling the valley comprehensively, and adopton upland: and Q = discharge on upland. 	 ing different treatments for different kinds of soil erosion 

region. 

Predicting Sediment Yield 
in Small Watersheds 	 Soil and Water Conservation Measures 

The following comprehensive model can be used for Cultivation practices 
predicting sediment yield during one rainstorm and 
annual sedimentyield in uncontrolled small watersheds These practices include deep plowing, contour till
through use ofcorrelation anal'sis involving factors that age, furrow cultivation, strip planting, crop rotation, and 
influence sediment yield based on the observed runoff so on. If we use furrow cultivation, usually 40 to 60% of 
and sediment data of small watersheds of gullied hilly surface runoff and 70 to 80% of soil erosion can be 
loess region. reduced and crop output will be increased 20 to 50%. 

Model predicting sediment yield Vegetation measures 
dzring floods 

There are manny species suitable for conservation 
This model is: work on the loess plateau such as sweet clover (Melitotus 

sp.). alfalfa (Medicago sativa), astragulus (Fabaceae 
0 7J, 0 2 L° 4  Ms = 0.25 (M+q,),I . [61 family). Caraganakorshinskii, common seabuckthom 

(Hippphae rhamnoides), false indigo (Arnorpha sp.), 
where Ms = modulus of sediment yield during one flood: Hedysarumscoprium as well as locust (Robiniasp.) and 
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poplar (Populussp.). 

'Engineeringmeasures 

Slope control engineering is mainly to build level 
terraces and narrow or broad base terraces on sloping 
cropland. In large areas with low population and slopes 
of about 15 degrees, conservation bench terraces can be 
built. 

Gully control engineering involves mainly the erec-
tion of check dams and silt arresters. The function of 
check dams is to strengthen erosion points, thus pre-
venting vertical erosion. There are earth check dams, 
rock check dams. and check dams with willow bases 
constructed of various materials. The function of silt 
arresters is to retain floods and sediment coming from 
up-stream so as to form farmland behind the silt ar-
resters and change the wasted slope into fertile farm-
lands, thus retaining sediment and increasing output. 
In some small watersheds where reservoirs are alter-
nated with silt arresters, this is not only beneficial to 
flood prevention and ensuring output of crops, but it can 
also stop silt and keep the capacity of reservoir for 
irrigation, 

Small-sized water conservancy projects 
of mountainous area 

These are mainly small-sized-water retaining proj-
ects, but also flood water and sediment utilizing projects 
as well. The small-sized water retaining projects include 
water cellars and ponds. In the droughty upper and 
middle reaches of the Yellow River, they can stop surface 
runoff. Not only do they provide the drinking water for 
people and domestic animals, but they also reduce 
damage caused by soil erosion. The projects for utilizing 
flood water and sediment, such as warping by diversion 
of flood water and diverting flood water from barren hills, 
villages, roads, and gullies into the fields or wasted flood 
lands for creating new or better farmlands, ensures high 
output and increases the grain production base. 

Comprehensive Improvement 
on Small Watersheds 

By selecting a small watershed for integrated plan-
ning, comprehensive, concentrated, and continuous 
management proved to be successful for speeding up soil 
erosion control and consolidating the results of manage-
ment. The management of small watersheds of the 
Yellow River valley started at the beginning of the 1950s, 
became popular in the 1960s, and progressed to a new 

developing period in recent years. The key management 
area has grown from the Jiuyuangou and Nanxiaohegou 
watersheds in the early 1950s to almost 2.000 small 
watersheds at present. 

On the basis of small watershed management, a 
pilot tributary program has been implemented. Since 
1983, the state allocated special funds to support the 
comprehensive improvement of the three pilot tributar
ies, i.e., Wuding River, Sanchuan River. and Huangpu 
River. The annual preliminary rate of control is 3 to 4%. 

Disposition Of Treatment 

Gullied hilly loess region 

The controlling principle of "comprehensive im
provement on mound, slope, and gully" is adopted. 
Disposition of treatments is to build the protective forest 
belts on top of mounds: build level terraces on gentle 
slopes: construct protective belts, combining engineer
ing and vegetative measures, around gullies: plant pro
tective belts combining grass with scrub and arbor on 
steep slopes: and building an engineering system of 
dams and reservoirs in gullies. 

Gullied loess plateau region 
and loess terrace region 

The principle of managing is to protect flat ridges 
and fix gullies. Disposition of treatments is to build 
narrow or broad base terraces, ponds, gully head protec
tion, and set up a grain base on flat ridges: build level 
terraces, orchard, protective forest, artificial pasture on 
slopes; develop a commodity base of diversified economy 
of forestry and animal husbandry: build check dams 
with willow on ravines for protecting forests in the gully 
bed and reservoirs on main gullies, and providing pump 
water for irrigation, thus building a system of compre
hensive protection with defense lines for flat ridges, 
slopes, and gullies. 

Wind drift sandy region and 
arid grassland region 

The principle ofcontrol is to prevent wind erosion, fix 
dunes, and adopt grass, shrubs, and trees in combina
tion. Disposition of treatment is to perfect the construe
tion ofa pasture and artificial forage-grass base: develop 
animal husbandry; plant wind and sand breaks and 
shelter forest on farmland and pasture: create arable 
land through transportation of sand by water: strengthen 
farmland construction on plains: and try to become self
sufficient in grain production. 
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Past research has contributed significantly to un-
derstanding the mechanics of wind and water erosion. 
delineated those factors having major influence on ero-
sion, and developed methods for control. Major accom-
plishments were the development of empirical wind and 
water erosion models. These models have been used ex-
tensively to predict soil loss, to determine field condi-
tions necessary to control erosion, and for natural 
resource inventory, 

Strong winds, which occur in most dryland agricul-
tural regions, constrain crop production by eroding soil. 
Prolonged dry spells often culminate in dust storms and 
soil destruction of disastrous proportions. Dust ob-
scures visibility for road and air traffic, pollutes the air, 
fouls machinery, and imperils animal and human health. 
Blowing soil blocks roads, railroads, and water supply 
channels: reduces seedling survival and growth; and 
lowers the marketability of vegetable crops. 

Although precipitation is often insufficient to meet 
crop demands in most dryland agricultural regions, soil 
is eroded by water too. Water erosion causes sedimenta-
tion problems, pollutes streams, loses valuable water, 
and lowers human values. Wind and water erosion 
physically remove from crop land the most fertile portion 
of the soil and. therefore, lower productivity of the land. 
Low residue producing crops and competitive use of 
residues for livestock feed and fuel restrict the use of 
some control measures for both wind and water erosion. 

Constraints can be par-tially alleviated by reducing 
wind erosion with appropriate tillage, residue manage-
ment, barrier systems, and strip cropping. Tillage with 
listers, chisels, cultivators, one-way disks with two or 
three disks removed at intervals, and pitters can be used 
to ridge, roughen, and bring clods to the surface on many 
cohesive soils. Besides the conventional tree windbreak, 
which has long been recognized as valuable for control-
ling wind erosion, other barrier systems are coming into 
use. They include interplanting of crops like small 
grains, corn, sorghum, sudan grass, tall wheatgrass, 
sugarcane, and rye strips. Establishingand maintaining 
vegetative cover has been the cardinal rule for wind 
erosion crntrol. Trash retention farming or stubble 
mulch tillage where applicable are effective erosion 
control measures for both wind and water crosion. 

Although much research has been conducted and 
suitable erosion control practices have been developed, 
the practices often are not applied to the land in many 
cases. To Improve adoption, the following policies and/ 
or programs for technology transfer should be imple-

I. Replace "top-down" conservation approach with a 
"bottom-up" approach that is compatible with the 
farmers' resources and convictions. 

2. 	Propose only conservation strategies that are tech
nically and economically feasible and socially ac
ceptable. 

3. 	Relieve shortage of agriculture extension personnel 
who are knowledgeable in both water and wind 
erosion. 

4. 	Through interviews, identify innovative farmers and 
early adapters who are willing to change. 

5. 	Promote community awareness and education 
through TV appearances of extension officers, field 
days, local press articles, and high quality bro
chures, and by involving local machinery dealers. 

6. 	Develop a machinery loan scheme. 
7. 	Develop simple methods to evaluate field parame

ters like photo illustrations of fractional cover. 
8. 	Use expert systems and simulation models to evalu

ate management strategies for soil-, climate-, and 
crop-specific conservation tillage and residue man
agement systems that are most cost-effective for 
sustaining agricultural productivity and protecting 
the environment. 
While past research has been reasonably accepted 

and implemented, significant gaps exist in our under
standing and technology. We need to improve our tech
nology for measuring erosion and monitoring soil trans
port: replace empirical annual soil-loss models with 
process-based event models improve our technology for 
controlling weeds in conservation tillage systems: better 
understand the soil aggregation process as influenced 
by inherent soil properties, soil management, cropping 
sequence, climate, and the changes in aggregate status 
seasonally and during an erosion event: determine proba
bilities and establish confidence limits for predicting 
duration and intensity of meteorologic conditions con
ducive to erosion; develop erosion prediction systems 
which operate on personal computers and can be used 
for conservation planning and resource inventory. In 
addition, we must develop integrated conservation prac
tices which provide protection against both wind and 
water erosion and control practices for regions where 
use of crop residues for food, fuel, and manufacturing 
has a higher priority than for erosion control. A new, 
promising approach to solving the erosion problem is the 
conduct of adaptive research aimed at specific climate, 
soil, and physiographic sites with reciprocal feedback 
loops to on-station research, on-farm trials, and exten

mented: 	 sion activities. 
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Introduction 

Water is the major factor limiting crop production in 
most dryland areas. Seldom is precipitation sufficient 
and adequately distributed to enable crops to achieve 
full yield potential. Water conservation practices have 
long been used in many areas to compensate for nonuni-
formities and inadequacies in amount and distribution 
of rainfall, and to reduce risk of crop failure and stabilize 
crop yields at economic levels. The Great Plains region in 
the western U.S. was once called the "great American 
desert" because of high risk of crop failure from drought. 
However, conservation technology developed through 
research starting as far back as 1915, combined with 
information dissemination and practical experience of 
perceptive farmers, has turned the region into the "Great 
American Granary" (Carlson, 1987). Much of the credit 
for increasing the agricultural productivity of the region 
is due to farmer application of effective water conserva-
tion practices. 

Crop Production and Water Use 

An important objective of water conservation in 
dryland farming is to increase the harvestable plant 
biomass. The relationship between harvestable yield 
and available water can be quantified through funda
mental relationships between plant transpiration and 
dry matter production, and relating this to the water 
budget of a field. Research shows a strong relationship 
between crop transpiration and dry matter production. 
This arises from the fact that diffusion of water vapor out 
of the stomates accompanies diffusion of CO 2 into the 
stomates. Wong et al. (1979) have shown that plant 
leaves maintain a relatively constant internal CO 2 con-
centration, so the ratio of photosynthesis to transpira-
tion is a constant divided by the vapor pressure differ-
ence between the leaf and the surrounding air. Bier-
huizen and Slatyer '1965) were the first to derive this 
relationship. 

Tanner and Sinclair (1983) extended the analysis by 

Bierhuizen and Slatyer ( 965), including effects ofrespi

ration, canopy structure, and variation in vapor pres
sure over the course of the day. Their equation is:
 

= k T/Ae 	 [1] 

whe;e Yt isthe total dry matter production of the crop 
(kg/ha); Tc is the 	crop transpiration (kg/ha; k is a 
constant combining the effects of respiration, canopy 
structure, plant composition, an a iveraging (mbar), and 
Ae is the average vapor deficit of the air during daylight 
hours (mbar). 

For many crops, grain production is of most impor
tance. Therefore, 

Y, = Y,+ Yr +Yg 	 [21 

where the subscripts indicate shoot, root, and grain dry 
matter. Analysis of data from Pacific Northwest farms 
(Ron McClellan, USDA, Soil Conservation Service, per
sonal communication) indicates a linear relationship 
between shoot (straw) and grain yield of the form: 

Y,= aY + b 	 [3] 

where a and b are constants. If the root-shoot ratio rrsis 
reasonably predictable, a similar relationship is possible 
between Y, and Y,: 

Yr = r Ys = rr,(aYg + b) 	 [4] 

Equations Il]to [4] can now be combined to give a 
relationship between grain yield and crop transpiration: 

Yg= [k T/Ae -b(l 	+ r }]/[(l +a(+ rs)] [5] 

Some of the implications of Eq. [51 become apparent 
through substituting numbers for the various parame
ters. Table 1 gives values for a and b obtained from 
McClellan's data. From Tanner and Sinclair (1983), a 
value of k for a nonleguminous C-3 species, e.g., potato 
(Solanum tuberosum), is 0.06 mbar. If we assume Y/Y 
= 0.3, and an average vapor deficit of the air of 15 mbar, 

• ,' ''C. 
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then the slope in Eq. 151 is 0.0016 kg/kg, or 16 kg grain 
/mm water transpired. The intercept is 4.6 x 10Skg/ha, 
or 46 mm. Leggett (1959) showed from field experiments 
in the Pacific Northwest that 100 mm of water are 
required by winter wheat (Triticum aestivum L.) to grow 
the crop to where grain production starts. Thereafter, an 
average of 16 kg/ha of grain are produced for each mm 
of available water. From this example it appears that Eq. 
[51 does give reasonable field predictions. 

The other entries in Table 1 indicate the variation of 
the slope and intercept for different crops in the Pacific 
Northwest. The variation in intercept is perhaps not 
significant, but the variation in slope indicates the 
importance of a high harvest index for obtaining high 
grain production. 

In many dryland regions, the production of straw is 
as important as the grain. For total above-ground pro-
duction, Eq. [51 becomes: 

Y+ Y = [(a + 1) k T,./e - b rr/I(1 + a(l + rr [61 

Note neither Eq. [51 nor [6] is valid when yield is negative, 
Substituting the same values into Eq. [61 as were used lil 
Eq. [51 for winter wheat gives a slope of 32 kg Iry matter 
/ha for each mm of water transpired. Using the values 
for spring barley (Hordeumvulgare)inlTable I which has 
the highest harvest index of the crops shown, gives 
essentially the same value, indicating that harvest index 
has little to do with total production of above-grot .1d dry 
matter. 

Three important points relative to management 
emerge from Eqs. [51 and [6]. These are that highest 
production is obtained by: (1) maximizing crop transpi-
ration, (2) growing the crop under conditions of mini-
mum vapor deficit, and (3) growing crops with high k 
values. Maximizing transpiration depends heavily on 
water conservation and will be discussed in relation to 
the crop water budget. Growing crops under conditions 
of reduced vapor deficit may be possible through selec-
tion of species or cultivars which can be planted earlier 
when temperatures are cooler in temperate climates, 

Table I Slopes () and intercepts (b for Eq. 131, calculated dry
matter prd pes wter drSocin nintrep Eq. [3, alcnatematter prodtuction per nmm of transpired water, and mm of water 

required for zero grain yield (Eq. 151) for Pacific Northwest crops 

(based on datafrom McClellan. USDASoilConservation Se,ce. 
personal communication), 

Grain yield Water required 
per mm for zero 

Crop a b water grain production 

kg/ha kg/ha nm 

Winter wheat 1.13 1400 16.2 45.5 
Spring wheat 0.69 2500 21.1 81.3 
Winter barley 0.77 1700 20.0 55.3 
Spring barley 0.51 2400 24.1 78.0 
Lentils 

[Lens sp.) 0.58 1100 22.8 35.8 
Peas 

Psum sp.) 0.61 1300 22.3 42.3 

and through technology which allows production during 
the rainy season in the tropics. 

The analysis resulting in Eqs. 151 and 161 is incom
plete in that both equations predict maximum produc
tion when the root-shoot ratio is zero. Since part of the 
plant's resources go into producing roots that are not 
harvested, minimizing this expense is obviously an 
advantage. However, tie roots are necessary for produc
ing the dry matter. An optimumn must therefore exist for 
r,.This optimum would depend on water-holding capac
ity of the soil, frequency of rain. plant transpiration 
rates, and other factors and would be difficult to specify 
for the type of analysis conducted here. 

The Crop Water Budget 

Equations [51 and 161 describe production in terms 
of water transpired by the crop. Ilowever. crop transpi

ration is a dependent variable which is subject to man
agement and control. The independent variable, in tile 

case of dryland agriculture, is the precipitation. The 
relationship between precipitation and crop transpira
tion can be expressed using the field water budget: 

P - R - E - ''l - T - S = 0 [71 

where P is the precipitation. R is loss by runoff. E is loss 
by evaporation, "f and Tare transpiration by weeds and 
crops, respectively, and S is the change in stored water 
in the soil, all in nun. Each of these quantities is 
considered to be a summation over a cropping cycle. 
Generally S is zero when averaged over a cropping cycle. 
Deep drainage and interception losses are ignored here 
because these are least important in many dryland 
situations. Cooper et al. (1988) indicate that, in dry 
climates, loss of intercepted water from vegetative cano
pies or surface crop residues is of little consequence in 
reducing plant water use efficiency. 

Generally. in rainfed agriculture. "I"is the portion of 
the precipitation renaining after transpiration by weeds, 
evaporation, and runoff. It is through control of T, E, 

and R that management has its greatest effect on dry

land crop production. The message from the previous 
calculations becomes clear at this point. For each mm ofwtrcnevdb ell'ino rR'nadtoa 

16 kg/ha of wheat grain or 32 kg/ha of dry matter can 
be produced. It is, therefore, important to understand 
the principles which control these modes of water loss 
and their application to maximize 1". 

Water Loss 

Runoff 

When the rainfall intensity [or rate of snowmelt) 
exceeds the infiltration rate of the soil, the excess water 
is either ponded temporarily in depressions or runs off. 
Ifthe soil is relatively dry, the infiltration rate is generally 
highest at the beginning of a rainfall event and tends to 
decrease with time as it approaches the average hydrau
lie conductivity of the soil profile. The amount of runoff 
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is determined by characteristics of the storm, slope, the next year's crop. 
vegetation, and the soil. It can be predicted empirically In some dryland regions, weeds are used for animal 
from measurements of total daily rainfall and runoff forage and, hence. thewater is not entirelywasted where 
(Stewart et al.. 1976). crop aftermath is grazed. However, often the nutritive 

According to Cooper et al. (1988). runoff from cuti- value of tile weed growth is low and the water is used 
vated lands is likely to be quite small even with poor soil inefficiently. 
conditions unless the rain in a given storm is exception- Traditionally, tillage has been the main method of 
ally large (e.g.. > 80-100 mam). Under most conditions. weed control in dryfarming systems. Tillage controls 
runoff amounts will probably never exceed 20% of the weeds with varying success. Even if weeds are corn
precipitation and will usually be considerably less. pletely killed, each disturbance of moist soil can cause 
Nevertheless. runoff control in dryland agriculture is an 5 to 8 mm of evaporative water loss (Good and Smika, 
important aspect of water conservation. 	 1978). More recently, herbicides have made it practical 

for some dryland farmers to eliminate or minimize water 

Evaporation 	 losses by not using tillage to control weeds. 

Evaporation generally accounts for the largest water
 
loss in dryland areas and may amount to 50 to 70%of the Constraints to Water Conservation
 
annual precipitation. It is the loss source that is most
 
difficult to measure and control. The evaporation proc- Physical
 
ess requires large amounts of heat. Thus, any treatment 
that reduces the amount of enerk reaching the zone of In addition to low and highly variable precipitation. 
evaporation in the soil will lower the evaporation rate. large areas ofdrylands are subject to high temperatures 
When the soil surface is wet, evaporation occurs at tile and winds which can adversely affect the watereconomy 
potential rate which is controlled by the atmospheric of plants and cause large evaporation losses. Many of the 
demand and soil surface conditions. This is termed "first dryiand soils have major soil problems which are detri
stage" or "constant rate stage" evaporation. Durii;g this mental to water conservation and use ef'iciency (Dregne. 
stage, water moves to the surface by liquid flow and the 1982). These include crusting and compaction, restricted 
physical properties of the shallow soil layers have no drainage, sandy or gravelly soils. sliallow soils, low 
influence on the loss rate. The first stage ends and the organic matter content, and severe wind and water 
second stage begins when the surface becomes dry. The erosion. Several of these contribute to low water-holding 
transition to the second stage (sometimes called "falling capacity which adds to the difficulty of storage and 
rate stage") is characterized by an abrupt decline in the retention of the erratic and limited precipitation. Hard 
water loss rate which is controlled by the soil hydraulic surfaces and crusting are very common in dryland soils. 
conductivity of the surface layers. and tillage is often required for increasing water infiltra-

Both the first and second stages of drying are tion. However. tiflage, if not properly managed, can 
influenced by the water flow properties of the soil: the accelerate loss ofsoil organic matter and deterioration of 
first stage for its duration and the second stage for its soil structure. As this continues, the soil strength in
rate. For this reason, texture and physical manipulation creases, the potential for crusting and erosion increases. 
of the soil can markedly influence evaporation loss. For and the soil must be tilled more often with increasing 
example, coarse-textured soils tend to "selfmulch." that energy to maintain or increase infiltration. 

is.form a loose layer that dries at the surface nmuch more 
readily than fine-textured soils. Thus, evaporative loss Power 
from sandy soils can be much less than from clays 
because the clay maintains higher water contents and The lack of adequate animal or mechanical power 
higher unsaturated conductivities over longer periods of may limit water conservation in many dryland regions. 
time. Clays also may form cracks which enhances drying Without power, timely tillage to prevent runoff and slow 
from deep depths. Cultivation decreases capillary water evaporation is often not possiblc. Large areas ofVertisols 
flow to the surface and, therefore, can reduce evapora- exist in India, Sudan, Chad. and Australia. These soils 
tive loss by hastening second stage drying. have large water-holding capacities, but require consid

erable ener%' for tillage and can only be tilled over a 
Weed Transpiration narrow range of water contents. With today's technolo

gies. mechanization and power are essential to the 

Wcds are prime users ofsoil water and their growth management of these soils for successful water conser
at any time may transpire large quantities of water that vation. 

could otherwise be available for crop production. Greb 
(1983) cites research in the central Great Plains. U.S.A.. Lack of Crop Residues 
a summer rainfall area, which showed that uncontrolled 
weed growth produced 800 to 2700 kg/ha of dry matter Considerable research shows the benefits of crop 
after wheat harvest. Based on these studies, the weed residues for soil and water conservation. However. low 
growth can cost 500 to 1600 kg/ha of wheat grain and residue production by dryland crops and competition for 
1000 to 3200 kg/ha of straw, which is charged against other uses (e.g., grazing, fuel, building materials) se
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verely limits availability of this resource for conserva-
tion. This is especially true in a number of developing 
countries where crop aftermath Is an Important source 
of animal feed and none is left for return to the soil. 

Application of Technology 

Application of successful water conservation prac-

tices is often not limited by lack of scientific knowledge. 
There are many situations where modern science and 
the t tadditionalla tes t tec h n o lo gy f or w a ter co nserva tion h ave not 

reached the farmers, or cannot be adapted to the local 
environment because of various social, economic, or 
institutional constraints. Through trial and error and 
astute observations, the farmers have learned to use 
practices that minimize the risk of crop failure from 
drought. However, these often are not conservation 
efficient and insure no more than a subsistence crop 
yield in most years. 

Methods to Reduce Water Loss 

Technologies to conserve precipitation on range and 

cultivated drvlands are directed primarily at controlling 
runoff, evaporation, and weed transpiration.Thesegoals 
can be achieved in a number of ways including soil 

surface modification. tillage, surface cover, and me-

chanical and chemical methods of weed control. 

Reducing Within-Field Runoff 

Methods to minimize runoffinclude tillage and 
surface cover to increase the infiltration rate, and soil 
surface or land-shaping practices or structures to pond 
water on the surface and facilitate infiltration, 

Contour Furrowing and Furrow Dams 

Contour furrowing has been used successfully as a 
water conservation practice on rangeland sites in the 
U.S. where the potential for runoff is moderate to high 
(Branson et al., 1966). Increases in soil water were the 
result of retention of rainfall, snow catch, and improved 
infiltration. 

Furrow diking or tied ridging is a practice where 
small earthen dams are constructed at 3- to 5-m inter-
vals across listed furrows, effectively tying the ridges 
together (Stewart and Musick. 19821. The dams are 
usually constructed after the crop is planted and left 
intact as microcatchment basins to hold precipitation 
and runoff' water. Furrow damming is a proven and 
accepted conservation practice and is used by many 
farmers in the Great Plains, U.S.A., for row crops. It was 
applied to about 800,000 ha (2 million acres) in the High 
Plains in early 1980s. Equipment is commercially avail-
able, or can be hand made and used with animal power 
as has been done in a number of developing countries in 
the semiarid tropics. 

Conservation Bench Terrace 

A form of land leveling practiced in some dryland 
areas is bench terracing (Jones, 198 1). The conservation 
bench terrace consists of a sloping watershed or contrib
uting area above, and a level contour bench below, which 
serves as the catchment area for watershed runoff. In 

U.S. systems, the watershed area is usually twice the 

area of the leveled bench. The terrace ridge and dikes 

across the ends keep runoff water impounded. The 
water stored in the level bench allows annualc o p n . w i e t e c n r b t n r a m y b n a 

cropping. while the contributing area may be in an 

Deep Tillage 

Subsoiling. chiseling, and other forms of deep tillage 
are used to disrupt hard subsurface layers and mix the 
different soil textures. These methods are site-specific 
and generally have limited application In improving soil
water conditions with natural rainfall in semiarid envi
ronments. Sweep tillage which undercuts but does not 
turn the soil and leaves crop residues on the surface will 

generally improve Infiltration and increase water storage 

compared with inversion tillage. The value of deep or 

moderately deep tillage may be more from enabling 
plants to root deeper and access greater water reserves 
than from increased Infiltration. Willcocks (1981) showed 
that in a very dry year in Botswana. maize (Zvo mays L.) 
grain yields from plots tilled 0. 1 m deep were disas
trously low at 70 kg/ha whereas yields were 790 kg/ha 
where plots were tilled 0.3 m deep. Plant roots pene
trated only to the depth of tillage in this dense clod
forming Luvisol. Treatment differences were less obvi
ous in a wet year when the soil strength was lower, or 
when maize followed a cowpea (Vigna sinensis) crop 
which disturbs the subsoil by its deep rooting system. 

Slot Mulch 

A modified form of vertical mulching termed 'slot 
mulch" is being tested in the Pacific Northwest, U.S.A., 
to control runoff on steeply sloping lands (Saxton et al., 
1981). The approach Is to compact loose residues and 
chaff of a grain crop into a narrow continuous slot 

approximately 7 to 13 cm wide and 20 cm or more deep 
formed on the hillside contour. The practical distance 
between slots is the combine harvest width. The straw 
packed in the slot is left well exposed at the soil surface. 
The mulch maintains macroporosity for intercepting 
runoff and insulates the bottom of the slot so that it does 
not freeze during cold weather. The slot mulch is highly 
effective in increasingwater infiltration in soil, especially 
when there are restrictions such as a frozen surface. 

Evaporation Suppression 
Surface mulches of crop residues, brush debris, or 

gra cer wills re sion most during or 
gravel layers will reduce evaporation most during the 



rainy season when the soil surface is wet and in first-
stage drying much of the time. When rains cease, 
cumulative water loss from a mulched soil can exceed 
that from a bare soil. This is because the mulch prolongs 
the first stage of drying while the bare soil will dry at the 
surface and go into second-stage drying more quickly. 

When extended drying occurs, water loss from both 
mulched and bare soil can be slowed by tillage. The 
tillage disrupts capillary continuity with the subsurface 
layers and speeds the formation of a dry surface layer 
which limits liquid flow to the surface. Thus, proper 
tillage in combination with surface management can 
optimize water conservation with various mulch treat-
rients. 

Table 2 shows soil water gains during fallow for 
different rates of surface mulches of cereal residues at 
several locations in the Great Plains. The increases in 
soil water are proportional to the amounts of surface 
residue used and probably are mainly the result of 
reduced loss by evaporation. Storage efficiency appears 
to be slightly higher in the colder more northern loca-
tlions (Montana, Nebraska, Colorado). where winter snow 
catch is more important, than at the southernmost site 
In Texas where temperatures are higher and water from 
snow is less important. 

A tillage (dust) mulch can suppress evaporation 
from subsurface layers and maintain higher seed zone 
water contents than untilled soil during extended peri
ods ofwarm or hot, dry weather (Papendlck etal.. 1973). 
A tillage mulch has not been very effective for water 
conservation in the Great Plains. where there is consid-
erable summer rainfall. Studies have shown that in this 
case water conservation varies inversely with the depth 
of dry surface soil when rainfall occurs (Staple. 1964). 
From the standpoint of reducing evaporation losses, this 
indicates an advantage for shallow tillage or no-till 
provided runoff is controlled. 

There are complex interactions between surface 
cover, tillage, soil texture, rainfall patterns, and evapo-
ration losses. These are best studied using simulation 
models based on energv flows and physical characteris-
tics ofthe system. Models developed for this purpose use 
a network analysis approach to describe heat and water 
transfer in a residue-soil system (Bristow et al., 1986: 

Table 2. Soil water gained additional to that from bare fallow 
caused by straw mulch rates at four Great Plains. U.S.A.. 
locations for one complete fallow season (from Greb. 1983). 

Mulch rate (Mg/ha)40 

Location 2.2 4.4 6.6 

mm 
Sidney, Montana 16 41 49 
North Platte. Nebraska 28 51 69 
Akron, Colorado 16 31 51 
Bushland. Texas 28 28 36 

Average 22 38 51 

Efficiency. mm/Mg/ha 10.0 8.6 7.7 
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Flerchinger. 1987). Asimulation comiaring evaporatlion 
from a bare surface versus a residue-covered surface of 
a deep loam was made for the period I September 1981 
to 31 August 1982 using daily inputs of air temlpera
tures, windspeed, precipitation, and solar radiation 
measured at Pullman, WA, (latitude 47"46'N. longitude 
117" 12'W) (Bristow et al.. 1986). Monthly precipitation 
and simulated evaporation accumulated from the daily 
values for the bare surface and soil covered wvith 3 Mg/ 
ha of residues are shown in Figure 1. From late fall until 
early spring when most of the precipitation occurs. the 
soil surface is vet almost continuously. )uring this 
time, the residues reduce the evaporation rale. Alter 
rains decrease in May aid oIOward Ihirouhiitliesillumer, 
simulated evaporation front the residue covered soil 
exceeded that froni the bare soil. This is becalse the 
duration offirst-stage drying Is longer and tile transition 
to second-stage drying is slower for the residue-covered 
soil than for the bare surface. For the year simulated, 
evaporation for the residue-covered soil was 36% less 
than from the bare soil. 

Modeling has been used to study other condlitions 
such as clays vs. sand and tilled vs. untilled soil, with 
and without residues. It is also being used to study tile 
effect of soil freezing and thawing on water conservation. 

Weed Control 

Control of weeds is one of the most dependable 
methods to conserve water for crop use. inmany areas. 
it is probably the method that will be most readily 
adopted by farmers. In developed countries, mechanical 
or chemical control methods are cost effective and can be 
applied to large areas in a timely manner. ltowever, in 
many developing countries, hand pulling has been fa
vored because this permits feeding the weeds to live-
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Figure 1. Monthly rainfall and simulated 
evaporation for a bare and residue-covered soil for 
the period 1 September 1981 to 31 August 1982. 
Pullman, WA., U.S.A., (from Bristow et al., 1986.) 
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stock. The main problem with hand pulling is that the 

weeds are usually allowed to grow to nearly mature size 

to maximize the amount of feed. By then, the weeds 1, ve 

used much water and cause a yield loss of the current or 

subsequent crop. The most efficient weed control prac-

tice for water conservation is to use chemicals or tillage 
to kill weeds at the earliest stage possible. Herbicides are 

becoming more economical and technology has been 
developed for their use even on small farms. Moreover, 
cost-effective herbicides are becoming available for eradi

cating a variety of deep-rooted perennials without ster-

ilizing the soil with residual chemicals as occurred in the 

past. 

Water Conservation Systems 

Improved Fallow 

Fallow is widely used in dryland systems to store 
rainfall for the growth of a subsequent crop. It may also 

be used to reduce weed populations and increase the 

supply of available nutrients. Even though the water-

storage efficiency during fallow may be relatively low, it 
is often enough to economically stabilize crop produc-
tion. 

Fallow Efficiency 

Fallow efficiencies in North America have doubled in 
some cases or even tripled with new technologies intro-
duced over the past 2 decadcs since fallowing became an 
established practice in the early 1900s (Greb et al., 
1979). Most ofthe credit is due to improved weed control, 
and surface soil management that minimizes runoff and 
evaporation. Table 3 presents storage efficiencies for 
several different fallow systems in the central Great 
Plains, a summer rainfall area (Greb et al.. 1979). With 
the older moldboard plow-based systems using 7 to 10 
tillage operations, one-fifth or less of the precipitation 
was conserved during the fallow period. Fallow efficiency 
was increased as the number of tillage operations was 
reduced and more stubble was retained on the surface. 
It is highest with no-till and complete weed control with 
herbicides. 

Tillage may be more important for water conserva- 
tion in a winter rainfall climate to slow evaporation 
during long periods of hot dry weather. This is especialiy 
true where it is necessary to depend on carry-over water 
in the seed zone for early fall establishment of cereal 
crops. 

Winter wheat yields in the central Great Plains, 
dryland areas have increased 59% over the past 3 

decades. Improved fallow efficiency accounts for about 
45% of this increase (Greb et al., 1979). 

Most of the dryland areas in the Mediterranean 
region utilize a crop-fallow system in which land during 
the non-crop period is allowed to growweeds which then, 
together with the crop residues, are grazed by livestock. 
This system is often termed "weedy fallow." There is 
considerable controversy over this practice concerning 

Table 3. Effect of different tillage systems on fallow effIciency at 
Akron. Colorado, U.S.A. (Greb et al., 1979. 

Years in Tillage 

Tillage System Use Operations Efficiencya 

No. % 

Maximum tillage - 1915-30 7 to 10 16 to 22 
Plow and harrow 

Conventional bare - 1931-45 5 to 7 20 to 24 
Shallow disk, rodweed 
or harrow 

Modified conventional - 1946-56 4 to 6 24 to 27 
Disk (once), chisel, 
rodweed 

Stubble mulch - 1957-70 4 to 6 27 to 33 

Sweep. rodweed 

Minimum tillage - 1968-77 2 to 3 33 to 38 
Herbicide to replace 
one or more tillages 

No-till - 1975-77 0 45 to 55 
Herbicides only 

aDefined as the percentage of precipitation stored in die soil 

during fallow season. 

the value of the weeds for forage relative to the extra crop 
that would be produced from the water used by the 
weeds. Prior to the 1940s. a similar system of pasturing 
winter wheat stubble and no weed control was used in 
western Nebraska (C. R. Fenster, University of Ne
braska, personal communication). Wheat yields nearly 
tripled and became more secure from drought during the 
1940s after farmers adopted a fallow system that elimi
nated grazing and controlled all plant growth between 
crops with cultivation or herbicides (Fig. 2). Although 
stubble mulch was important in increasing stored water, 
there was undoubtedly a large loss of water in the pre

1940 system from weed transpiration. In reality, the 
Mediterranean and pre- 1940 Nebraska systems ap
proximate annual cropping more than fallow. The ques
tion remains as to how the short- and long-term produc
tivity, and economic and resource efficiency of the 
intensive grazing-crop production system compare with 
alternatives such as controlled grazing or no grazing, 
with or without weed control and retention of crop 
residues. 

Length of Fallow 

Generally the efficiency of fallow decreases with 
increases in length of the fallow period. In the Great 
Plains, where precipitation is distributed throughout the 
year. short (6 months) fallows with continuous wheat 
had an average fallow efficiency of 32%. With the longer 
(18 month) fallow used In the fallow-crop system. the 
efficiency dropped to 19% (USDA, 1974). In th, long 
fallow, 50 to 70% of the water was stored by the end of 
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Figure 2. Annual precipitation and wheat yields for 
western Nebraska, U.S.A. 

winter. Similarly, in the Pacific Northwest. which has a 
wintr.intheimilrly whih hsaciic Nrthest a 

winter precipitation climate, storage efficiencies the first 

winter of fallow range from 50 to 80% (Ramig, 1988). 

Efficiencies the second winter where fall wheat has been 
sowed are about 50%. First winter storage is high 
sowae aheaoutisinitiadrst w ne treti y hareae
because the soil is initially dry, and hence, very receptive 

to water intake, and there is a full complement of crop 

stubble. During the second winter, lower infiltration 
les rside ncraserate anrsultin ruoffandA.rates and less residue result in increased runoff and 

evaporationlection 

Conservation Tillage 

In North America, stubble mulch tillage became an 
important wind erosion control practice for the western 
U.S. during the late 1930s and early 1940s (Unger et al., 
1988). The main limitations of this practice for soil and 
water conservation were the relatively low amounts of 
residue produced by dryland crops and the fact that 
repeated tillage destroys surface residues. In the past 2 
decades, there has been much interest in methods to 
improve the surface management of crop residues. These 
are referred to as conservation tillage systems. Conser-
vation tillage is the management of fallow with limited or 
no cultivation, maintaining crop residues on the sur-
face. 

Modern herbicides have made it possible to elimi-
nate some or all of the tillage operations in the fallow 
system. Less tillage can aid in improving the structure of 
surface layers that have lost organic matter as a result 
of excessive cultivation. Limitations with conservation 
tillage systems are herbicide costs and inadequate 
equipment for planting through crop residues or in soils 
having hard or rough-tilled seedbeds. Moreover, during 
extended hot dry weather, there may be greater water 
loss in the seed zone with chemical fallow than with 
stubble mulch tillage. Because of the need to disrupt 
capillary continuity in the shallow layers during dry 
weather, chemicals probably will not replace tillage 
completely for all soil types. 

Water Harvesting 

Water harvesting is a broad term covering the vari-
ous techniques to collect rainwater from natural terrains 
or modified areas and concentrating it for use on smaller 
sites or cultivated fields to assure economic crop yields. 
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The collected runoff is stored in the soil, behind darns or 
terraces, in gullies, cisterns, or recharged to aquifers

for irrigation. Water harvesting is a centuries-old 
strategy, but was abandoned and forgotten in many 
places when modern irrigation technology became avail
able. High pumping costs, depleted aquifers, recent 
droughts. applicability to small-scale farming, and re

cent research to stabilize dryland production have re
kindled interest in the use of this technology. The main 
current goal in water harvesting is to make crop produc
tion economically feasible in regions where rainfall is 
normally insufficient for cropping, even with the best 
water conservation measures. However, water harvest
ing is used in some semiarid areas to reduce risks of crop
failure where rainfall normally is high enough for crop 
production. 

Theuto bf 

Te tomaiicomrunfsare t at r sre 
system to maximize runoff are the catchmient or source 

and the storage facility or use area. The different 
water harvesting systems have been classitied in the 
following way (ILEIA. 1986): 

A. Sy ith alt nr-
Systems with an external catchment area for colletoofrnforlodwerrmsalwtrhd. 

of runoffor flood water from small watersheds. 
The collection area may be treated by topographical 

modification or chemicals to maximize runofl'.The runoff 
water is held in dams, or in cisterns for later irrigation, 
or diverted onto cultivated fields, or into pockets for tree 
planting. Spreading techniques such as low, permeable 
bunds constructed along the contour are sometimes 
used to facilitate infiltration. These bunds may be made 
of soil, stones, sticks, crop residues, or fences of living 
plants. 

B. Systems for storage and agriculturaluse offlood 
water. 

Seasonal floodwaters from natural watersheds or 
permanent river systems are diverted to agricultural 
lands where the water is impounded by earthen dams 
around the fields. The water infiltrates and is used for 
crop production. 

C. Systems with a "within-field" catchment area. 
Runoff from a portion of a plot or field is captured at 

one side where it infiltrates and increases the available 
water for crop production. Other configurations include 
the use of contour ridges or contour beds to channel and 
hold runoff water in specific areas on which crops are 
grown. The level bench terrace is a form of this water 
harvesting system. 

An additional benefit of some water harvesting sys
tems is improved soil fertility (ILEIA. 1986). Sediment 
and organic materials which contain plant nutrients 
may be carried by the runoff water and deposited in the 
cultivated areas. Theyearly floodingofagricultural fields 
in the delta of the Nile river before the Aswan dam was 
constructed is a classical example of"nutrient harvest

ing." Fertility maintenance on these lands is now a larger 
problem than before the dam existed. 

Technology Transfer 

There is currently a major need for adaptive re
search to make known technologies for water conserva
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tion workable, especially in the drier and lesser devel-
oped semiarid areas of the world. Enough research has 
been conducted to show that, in many such areas, the 
production potential is far in excess of that now realized. 
With proper management of the soil and water re
sources, yields of a number of adapted crops can be 
doubled or even tripled over present levels. 

Many of the dryland areas of the developing coun-
tries experience climatic conditions similar to the Great 
Plains and Pacific Northwest, U.S.A., and portions of 
Australia. There is a vast reservoir of knowledge and 
technology in these countrie. on water conservation 
which can be adapted and applied to improve productiv. 
ity of lesser-developed regions. 

to show that most advances inExperience seems 
water conservation in resource-poor areas are by simple 
improvements in traditional techniques. To be accepted 
by farmers, the methods must be understandable. eco-
nomical, and fit in well with the rest of the farm opera-
tions. Many times, farmers are not willing to implement 
a water conservation practice If it is labor-demanding o. 
requires extra operations over standard farming prac
tices. Moreover, to assure success in the development 
and implementation ofwater conservation practices. the 
farmers must be full participants in all phases of the 
project, i.e., in the planning, testing, installation, and 
operation. Too many projects failed because the local 
population was not involved and therefore could not 
relate to the objectives, nor apply the methods. 

Priorities for Research and 

Development 


There are a number of technical areas where adap-
tive or process-oriented research is needed to improve 
waterconservation technology and application in semiarid 
regions. 

The Relative Value of Crop Residues for 
Animal Feed vs. Water Conservation 

Research is needed to compare the economics, 
yields, and conservation benefits of the grazed, weedy 
fallow system with alternatives such as short or long 
fallow with weed control and conservation tillage. This is 
especially important in areas where crop residues are 
completely grazed such as in the Mediterranean region. 

Water Harvesting Techniques 

More needs to be done to assess the potential for 
developing water harvesting methods as a means to 
stabilize agriculture production in arid regions and drier 
areas of semiarid regions. Especially lacking are im-
proved databases for establishing rainfall amounts and 
probabilities, soil characteristics, and potential crops. 
Studies are needed on design criteria of water harvest
ing systems that will function most effectively for the 

climate, topography, soils, and farming systems for a 
given area. 

Conservation Tillage Systems 

Research is needed on cultivation and sowing meth
ods that promote buildup of surface organic matter. 
Opportunities for surface management of crop residues, 
and minimizing tillage should be pursued. Studies are 
needed on appropriate tillage systems to maximize both 
soil and water conservation for the different soils of 
semiarid regions. 

Sowing Equipment 

No-till and minimum tillage methods are often lim
ited by lack of equipment capable of sowing through 
surface residues and into soils having hard or rough
tilled seedbeds. Research is needed to design equipment 
that is affordable, durable, functional, and adaptable to 
small-scale as well as large-scale farming systems. 

Weed Control 

Research is needed on alternative methods of weed 
control including: (a)herbicides that are effective, afford
able, and adaptable for use on small as well as large 
farms: (b) conservation tillage methods that can be 
integrated with herbicidal control; and (c) crop se
quences in combination with conservation tillage and 

herbicides that break up weed cycles (integrated Pest 

Management). 

Application of Hydrologic Theory to Water 
Conservation 

Development and application of hydrologic and soil 
water theory is needed to account for the large variability 

of field soils and to assess the effectiveness for water 
conservation of residue management, tillage, soil type, 
and timing of surface treatments in relation to weather. 

Technology Transfer 
Much more is needed in the way of getting water 
Mushvo inceedd kn t wo in terconservation science and knowledge to work in the field. 

Often principles are established and published in scien
tific journals and nothing further is done to develop the 

findings into practices that are useful to farmers. More 
effort is needed in adaptive research, i.e., applications or 

research aimed at developing procedures which show 
farmers how to economically apply water conservation 
techniques and what benefits to expect. Adaptive re
search may involve development of "expert systems," 
instruction handbooks, and field demonstrations. 
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Soil Water Management 
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Ludhiana-India 

Introduction 

Reduction of evaporation from soils and carry-over 
of seed-zone soil water are vital for successful dryland 
agriculture. Shallow tillage is known to reduce evapora-
tion (Prihar and Van Doren. 1967: Willis and Bond. 

1971: Gill et al.. 1977: Gill and Prilhar. 1983) by acceler-
ating the formation ofa dry layer at the surface linden.1982). But te dynamics of drying of the tilled layer nis 
a-vis the soil type and evaporativity (E, is not well 
understood. Also, the effect of tillage on seed-zone soil 
water content (Gill et al.. 1977: Papendoick et al.. 1973) 
har ontent uneivlyet.1977estalish etatilledh a s n ot b een u neq u ivocally estab lish ed . 

Previous reports are restricted to the effect on evapo-
ration of a fixed depth of tillage on different soils tinder 
variable E or of variable depth of tillage on a given soil 
under a fixed E .There is no information on the effect of 

depth of tillage on evaporation reduction (ER) and seed-
zone water content as influenced by soil type and E,.We 
studied {i)the dynamics of drying of the tilled layer on 
two soils under two Es and (ii) the effect of two depths 

of tillage on ER and seedzone water content in two soils 
under two E s. 

Materials and Methods 

Ninety-five cm long. 10 cm ID PVC columns fitted 
with perforated metallic lids at the bottom and 5-cm 
detachable collars on top were filled to bulk densities 
1.42 and 1.52 Mg/ni1 . respectively, with silt loam (530 
g/kg sand, 290 g/kg silt. and 180 g/kg clay) and sandy 
loam (710 g/kg sand. 110 g/kg silt, and 180 g/kg clay) 
soils. Twenty-nine and 22 cm of water were added to silt 
loam and sandy loam columns, respectively, to bring 
them to field capacity. Diffusivity was related to volumet-
ric soil water content (0)as 0.7925 exp 20.67 0 in silt 
loam and 0.4726 exp 26.87 0 in sandy loam. Wetted 
columns were placed in a wooden chamber where 
humidity, temperature, and wind speed were controlled 
to achieve different E s (Jalota and Prihar, 1986). Collars 
were removed and soil was cut smooth with the upper 
rim of the colmn. 

Two separate studies were conducted. in the first 
study, four columns of each soil, filled and wetted as 
mentioned earlier, were covered and equilibrated for 8 
days. After equilibrium, two columns were cultivated 5-

en- d-%, atid the 	other- two were kept untilled. All 

columns were placed randomly in the chamber and 

allowed to dry at low (4.6± 1.08 mm/day) and high (15.1 
± 2.60 mm/day) E, . Evaporation was computed from 
loss in weight. Temperature at the interface of the tilled 

and untilled soil was monitored with copper-constantan 
thermocouples. Saturation vapor pressure at a given 
temperature was read irom the standard tables. Vapor 
pressure at the surface was obtained by extrapolating 
the values ofdryand wet bulb thermometer at 480, 240, 
120. 60. and 30 mm height to the soil surface. Using 
these data and respective porosities of the untilled or 

layers of the two soils, vapor fluxes were computedo th c n s of d y m l h r gi g r m I to 5 n m 
foing from 1 tou50imm 
employing Hanks (1958) equation. 

To assess the dynamics of drying. resistance t(j 
evaporation in a given treatment, expressed in terms (f 

thickness of dry layer (TDL), which would allow vapor 
loss equal to observed evaporation, was obtained by 
interpolation into the appropriate vapor flux vs. m'alch 
thickness plots. 

In the second study, the wetted columns of silt loam 
and sandy loam soils were allowed to evaporate under 
low (5.2 +0.60 mm/day) and high (15.6 ± 0.60 mm/day) 
E.. For each soil, four columns were tilled 20 nim deep 

(T-2). two 50 mm deep (T-5). and two kept untilled. In two 
of the four T-2 columns, the tilled layer was sti'red again 
after one clay (T-2R). Thirty days after tillage (lT). water 
distribution in the upper 100-rm layer at 10-mm depth 
intervals in the 0- to 50-nim zone and at 2 5 -flmintervals 
in 50- to 100-mm zone was determined grimetrlcally. 

Results 

TDL computed from the diffusionimquation ofHanks 
(1958) was greater for the tilled th:n for the untilled 
columns Irrespective of soil and E,, .'nd increased line
arly with t1/2 in each case (Table 1).Under high E, the 
TDL increased faster in sandy loa-i than in silt loam 
irrespective of tillage. while the revrse was true under 
low E. Without tillage. TDL at 30 dys was 0.21 cm and 
0.52 cm in the silt loam. and 0.17 itand 0.81 cm in the 
sandy loam under low and high E and tillage increased 
it to 0.38 cm and 0.76 cm in silt lam and 0.34 cm and 
1.20 cm in the sandy loam. respedvely. It appears that 
with slow drying tinder low E, .he unsaturated flux 
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Table 1. Thickness of dry layer - time relationships for untilled and tilled slitloam and sandy loam under E s. 

Soil Tillage High E, (15.1 + 2.66 mnm/day) Low E (4.60 ± 1.08 m/day) 

RWgression 

Silt No TDL'= -0. 148 + 0.123t' 2 

loam Yes TD1. = -0.075 + 0.157t /2 

Sandy No TDL = -0.187 + 0.182t1/1 
loam Yes TDL = 0.020 + 0.227t1/2 

rDL is thickness of dry layer in cm. "t"is time in clays. 

remained lower in the silt lam than that in the sandy 
loam because of lower diffusivity of the former in the wet 
range. With rapid drying under high E. flux was higher 
in the silt loam because of reversed trend in diffusvities 
of the two soils in the dry range. Heince,TDL was higher-
in silt loam than in sandy loam tinder low E,, and vice 
versa Linder high E,. 

Much smaller TDL than the depth (5 cm)of tillage, 
indicates that water in the tilled layer did not move only 
as vapor. Possibly, the liquid flow from lower layers 
continued through or within the tilled layer. Small TDL 
values imply that tii.age shallower than 5 cm could be as 
effective if the drying of the tilled layer were accelerated 
through subsequent stirring. 

Depth of Tillage and Evaporation

Reduction 

The time-trend and extent of ER with tillage variedwith soil type. E,. and depth of tillage (Fig. 1). Under low 

E,,. the ER by tillage continued to increase till 30 DAT and 
there was little difference between T-2 and T-5 on both 
soils. Under high E. the maximum ER in silt loam of 30 
mm in 1-5 and 37.5 mm in T-2 occurred at 30 DAT. In 

the s indy loam. ER peaked to 22 mm in T-5 and 17mm 
in T-2 at 10 DAT and declined to 17.5 mm and 10 mm. 
respectively, by 30th day. Compared with T-2, the T-2R 
further lowered evaporation by 7 mm in silt loam and 2.5 
mm in the sandy loam under low E, and 5 mm on both 
soils under high E,. 

Water Profiles 

The filled soil columns had higher water content in 
the surface layers Irrespective of soil type and E,. T-2 
caused higher wate: content in the 3- to 5-cm soil layer 
than T-5 (Fig. 2) and the advantage was greater with T-
2R. In the silt loam, water content (by weight) at the 3
cm plane at 30 DAT vas 90 g/kg in T-5, 150 g/kg in T-
2, and 180 g/kg in T-2R. The corresponding soil water 
contents in the sandy loam were 30, 80, and 100 g/kg, 
respectively. Under high E,, the soil water content of this 
layer was 40 and 20 g/g higher in T-2 than inT-5 in the 
silt loam and sandy 10-tm, respectively. With additional 
stirring of the 2-cm tilled layer, the difference increased 
further. 

r2 Regression r 2 

0.95 
0.99 

TDL = -0.036 + 0.045t"/2 
TDL = -0.049 + 0.07801 

0.91 
0.96 

0.89 TDL = -0.026 + 0.026t1 2 0.81 
0.99 TI). = 0.039 + 0.055t'2 0.98 
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Figure 1. Cum.ilative evaporation as affected by 
depth of tillage, soil type and Eo. 
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Figure 2. Moisture (water) distribution in 0- to 10

cm layer at 30 days after tillage as affected by 
tillage treatments, soil type and E. 

Discussion and Conclusions
 

Influence of soil and E,, on ER by tillage is strongly 
reflected in these results. Under high E, the ER with 
tillage was less and shorter lived in the sandy loam than 
in the silt loam: but under low E,. these effects contin
ued to build up to 30 DAT on both soils. Similarly, T-2 
was less effective than T-5 on sandy loam under high E," 
and more effective on silt loam under both Es. As stated 
by Papendick et al. (1973), the thickness of dry layer in 



130 Water Conservationand Use 

untilled soil, at any time, is sufficient to reduce the loss 
such that it is balanced by upward unsaturated flow. If 
a layer of higher resistance is created, such as through 
shallow tillage, the evaporation loss decreases. 

Where substantial upward (unsaturated) flow con
tinues for long such as in silt loam under both E,,s and 
sandy loam under low E, rapid creation of a thin dry 

layer by shallower tillage and restirring is more effective 
for ER. Deeper loosening under these conditions is less 
effective because the lower part of the layer remains 
moist for considerable period and sustains upward flow 

albeit at a rate slower than the untilled soil. After a 

certain length of time which is shorter for coarse tex-

tured soils and for high E,. the upward flow gets reduced 
and conductance of the dry layer created by shallow 

tillage equals or exceeds the flow. A thicker layer of 
higher resistance becomes necessary to achieve ER in 

such cases. 
As for water distribution in the upper soil layers at 

30 DAT, largest differenes between untilled and tilled 

columns occurred at the base of the tilled layers. Also. 

the coarser the soil and higher the E,. the smaller was the 

difference on account of depths of tillage. It is expected 

that with time the differences in water contents of 3- to 

T-2 aid T-5 would decrease.5-cm layer between 

Papendick et al. (1973) reported that a long time (6 
months) after tillage, water in a 11 - to 15-cm layer of a 

fine sandy loam soil was higher with 11-cm deep than 

with 6-cm deep tillage. Thus, the appropriate depth of 

tillage for ER and carry-over of seed-zone water depends 

upon the soil type. E. and the nature and duration of the 

a shallow tillage. a few cmintended effect. In general. 

deep, is quite effective on more retentive fine-textured 
for shorter periods, and for shallowsoils and for low E. 

seed-zones. For ER on coarse-textured soils over longer 
periods and for deeper seed-zones, relatively deeper 
tillage would be more desirable. 
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Introduction 

The most important ecological property of Central 
Anatolia is the insufficiency of annual rainfall and its 
irregular distribution. Depending upon the year and the 
region, annual rainfall varies between 250 to 400 mm. 
Most of the rain falls in winter (35%) and spring (34%). 
Generally, hot and dry weather prevails in summer. 

The ecological conditions of the region make it 
necessary to apply a fallow-cereal rotation system in 
most of the areas. 

Two major tillage systems are being practiced in 
different parts of the world depending on the ecological 
conditions. They are either soil (dust)or stubble mulch 
systems. In the soil mulch system, soil is turned over at 
the beginning of spring with a moldboard plow and the 
following tillage practices are performed with imple-
ments that till the subsurface of the soil with minimum 
soil surface disturbance. In the stubble mulch system, 
all the tillage practices are being done with the subsur-
face tillers. The main objective of this study was to find 
the optimum fallow tillage system for the cereal growing 
areas of the plateau. 

Karaca (1980) reported that in Central Anatolia a 
soil mulch system was more effective than a stubble 
mulch system in increasing the random roughness, 
infiltration rate, and total porosity. 

Unver (1978) found the maximum conservation of 
soil water was by moldboard plow applic" ton compared
with sweep and reduced moldboard plow under the 
conditions of Central Anatolia. 

Army et aL. (1961) and Papendick and Campbell 
(1974) stated that stubble mulch was found effective In 
lessening the e, aporatlon losses at the initial stage of 
evaporation. but for the long dry periods, it was not 
effective because Inuge amounts of stubble were needed, 

Many researclers noted that subsurface tillage 
systems were the m st successful systems in preventing 
wind and water eroslon in the U.S. Great Plains (Duley 
and Russell, 1948; bluley and Fenster, 1961). 

Davidson and Santelmann (1973) and Durutan 
(1982) reported molc board plow as the most effective 
implement to control Bromus tectorum (cheatgrass). 

Fenster and McCalla (1970) reported that in the U.S. 
Great Plains, a stubbe mulch system was effective in 
water conservation a 1nd preventing water and wind 
erosion, but not effectile in controlling weeds, e.pecially 
Bromus tectorum. 

Materials and Methods 

The experiment was conducted on the Haymana 
TARM Research and Production Farm located 45 km 
southwest ofAnkara with an altitude of 1055 m. The soil 
texture of the experiment area was clayey with a clay 
content of 550 g/kg. 

Four different fallow tillage systems were studied. 
The tillage systems, initial and succeeding tillage imple
ments, and tillage depths are given below: 

I. 	 Stubble mulch system: All the tillage operations 
from spring to seeding time were done by wide 
sweep (noble blade) at a depth of 5 to 8 cm. 

2. 	 Modified stubble mulch system: Initial tillage by 
sweep at a depth of 18 to 20 cm. 

3. 	 Modified soil mulch system: Initial tillage by re
duced surface moldboard plow at a depth of 18 to 
20 cm. 

4. 	 Soil mulch system: Initial tillage with moldboard 
plow at a depth of 18 to 20 cm. 

All 	 the succeeding tillage operations in the last three 
systems were by sweep plus harrow combination at a 
depth of 8 to 10 cm. 

In all the treatments, the initial tillage operations 
were performed in early spring when the soil was in 
proper condition. The suh sequent tillage operations 
continued until seeding time, depending on the in
creases in weed population and/or crust formation of 
soil. 

Experiments were conducted on two adjacent fields 
beginning in 1975 and 1976. Experimental design was 
a randomized block with four replications. Plot sizes 
were 10 x 30 m. The amount ofwater in the soil was de
termined before seeding to a depth of 120 cm. Infiltration 
measurements were taken by using constant-water level 
double ring infiltrometers (Dielman, 1963). Bromus 
tectonimdensitles at the growing period ofwheat (Triticum 
aestivum)were determined in each treatment. 

Results and Discussion 

The Effect of Fallow Tillage Systems on 
Wheat Yields 

The yield results obtained from two adjacent fields 
are shown In Table 1. The experiment was continued for 
6 years in Field I and 4 years in Field If. The results 
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obtained in 1978 and 1979 were the fourth-year yield 

results obtained from the two fields. These results 

indicated that significantly higher yields were obtained 

by the applicai.ton of soil mulch system for two periods, 

Th( results showed that the yields obtained by the 

application ofso!i mulch were significanily greater than 

the vields obtained from tie stubble mulch system. The 

yield results indicated that a soil zmlch system was the 

most appropritte systenm for the conditions of Central 

Anatolia. The results also revealed that negative effects 

occurred with the applications of the other systems. This 

was reflected cumulatively to yield levels by years. 

The Effect of Falow Tihiqge Systems on 

Infiltration 

It was observed that the highest rate of infiltration 

after the initial and first subsurface tillages was ob-

tained by a soil mulch system followed by the modified 

systems. Rate ofinfi!tralionwaslowest in stubble mulch 

system (Fig. 1).The lower infiltration values obtained 

from the stubble 10ulch system 'wasa result of the 

decrease in total porosity and perme-,*!lity in soil be-

cause of the shallow tillage and tile implClent used. As 

a result, it can be said that. since the main aim of initial 

tillage was to facilitate the penetration ofrainfall into the 

soil, tile soil Much system was found more appropriate 

for this purpose compared to the other systems. 

The Effect of F11ow Tillage Systems on Water 

Conservation 

The amounts ofgravimetric soil water at the time of 

shown in Table 2. The soil mulchseeding by years a;.' 


system provided the highest amount of soil water in all 


layers and stubble muCh the lCWecst. 

The effect of fal',ow tillage systems on the distribu-

tion ofwater into the soil layers is shown in Figure 2. The 

4-year average of water values indicated that there were 

differences anouig the fallow tillage systems when the 

depths of soil water above PWP (permanent wilting point) 

Table 1. The effect of fallow tillage systems on wheat yields. 

Field I 

Systems 	 1976 1978 

Stubble mulch 1.85 2.01 c" 
Mod. stubble mulch 1.73 2.35 be 
Mod. soil mulch 1.90 2.66 ab 
Soil mulch 1.83 3.03 a 

LSD (5%) 	 NS, 0.49 
CV % 	 5 10 

was considered. The depth at which soil water was above 

PWP was approximately below 5 cm of soil in soil mulch. 

12 cm in modified soil mulch. 17 cm in modified stubble 

mulch, and 23 cm in the stubble mulch system. 

The fallow efficiencies calculated for different sys

tens by years showed that the highest fallow efficiency 

values were obtained from soil mulch applications. The 

mean values were 31, 27, 26, and 23% for soil mulch, 

modified soil mulch. modified stubble mulch, and stubble 

mulch, respectively. 

The Effect of Fallow Tillage System on 

Weed Population 

The effect of fallow tillage systems on grassy weed 

population at growing period is shown in Table 3. As it 

can be seen from Table 3, Brornus tectonim density was 

highest in the plots where stubble mulch system was 

applied in the previous season. This value was lowest in 

the soil mulch system. The number of culms were 

counted at the end of two periods ir 1979 in Field 11,and 

at theend ofthree periods in 1980 in Field l.The increase 

in Bromus tectonimdensity in the stubble mulch system 

in 1980 showed the cumulative effect of that system on 

Brornus teciorurn density. Regression analysis was ap

plied to the results of 1979 and 1980 in order to 

determine the relationship between yield and Bromus 

lectoruni density (Fig. 3). 

Table 2. The effect of fallow tillage systems on soil water content 

at the time of seeding. 

Soil water 
Sytl 1 9 9 8 e 

Average1977_ 1978_1979_1980_Systems_ 

mm/120 cm profile 

Stubble mulch 303 308 310 303 306 
Modified stubble 

mulch 312 325 328 323 322 
Modified soil 

32b 330 328 331 329mulch 

Soil mulch 336 340 335 332 336 

Yield (Mg/ha) 

Field I1 

1980 1977 1979 ' Average 

mg/ha 
1.81 c" 3.47 2.49 oa 2.33 
2.13 be 3.44 2.55 'ab 2.44 
2.55 b 3.65 2.541 ab 2.66 
3.59 a 3.65 3.0E; a 3.04 

0.46 	 NS 0. 38
 
12 7 2
 

'Yields in cohmn fllowed by the same letter are no* significantly different at P < 0.05. 

"Yields in column followed by the same letter are not significantly different at P < 0.01. 
'Not significant. 
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The results revealed that each 100-culm increase in 
Bromus tectorum density resulted in 290 kg/ha yield 
decrease, assuming all other factors kept constant. 

The soil mulch system, by having a porous layer after 
the initial tillage and then having a second layer with less 
porosity by subsoil tillage provides a three-phase system 
in the soil which lessens evaporation by breaking the 
capillary movement and lessening the heat conductivity. 
Slowbutcontinuousevaporativelossesinstubblemulch 
system resulted in more water losses during the long dry 
period. The results and the observations indicated that 
a soil mulch system was the best fallow tillage system for 
the conditions of Central Anatolia in all aspects. 

Mie
Aft" he fit. .b,.,f... till.,. 

I. S.il.,jch 
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Figure 1. The effect of fallow tillage systems on 

the rate of infiltration after the initial and first 

subsurface tillages, Haymana, 1979. 
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Figure 2. The effect of fallow tillage systems on 
average gravimetric moisture conserved up to the 
time of sings.fseeding. 

Table 3. The effect of fidlow tillage systems on Bromus tectorum 
density. 

Culms 

System Field 11 (1979) Field 1(1980) Average 

no./m 2 

Stubble mulch 161 430 296 
Modified stubble 

mulch 135 320 228 
Modified soil mulch 30 57 44 
Soil mulch 15 21 18 

TilageSystems on Wheat 133 
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Figure 3. The relationship between yield (mg/ha) 
and cheatgrass density (clum/In2 ). 
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cally. Oxisols are the most strongly aggregated andIntroduction 
structurally developed and Alfisols are the least, thus 

displaying the highest tendency for sealing, crusting.
The conservation of soil and water is critical for 

et al.. 19841. The potential
sustaining the productivity of any agricultural enter- and compaction (EI-Swaify 
prise. This is particularly so in tropical environments runoff and other non-utilized components of the water 

balance varies among the soils but often exceeds 50% of where the potentials for rainfall erosion and associated 
among the various rainfall (EI-Swaify et al.. 1984, 1985). Erosion potential 

resource degradation are highest 
et al.. 1982). Since accelerated rates inhumid environments can exceed several hundred climatic zones (E1-Swaify 

Mg/ha/yr. Tihe mineralogv is dominated by low-activity
erosion results in excessive losses of both soil and water, 

clays, sesquioxides, and poorly crystallized constitu
rainfed agriculture in tropical regions is more severely 

of clay-size particles, theseents. 

minerals combine to produce favorable structures (Elaffected by such losses than are irrigated regions. Fur- With high contents 

in tle
therniore, traditional rainfed farming systems 

tropics generally provide inadequate protection against 	 Swaify. 1980). Soils have a low capacity for retaining 

basic crop nutrients and. often, excessive affinity fo
erosional lorces and ia'vor perpetual resource degrada-

tion (EI-Svaify et al.. 1985). immobilizing phosphates and certain other anions (Fox, 
The impacts of water loss are well recognized in 1980).Theoverallwaterrelcntioninfine-texturedOxisols 

and Ultisols may appear adequate for supporting crop 
areas with marginal and distinctly seasonal rainfall 

growth. However, these soils are often described as
such as the semiarid and suil)humid tropics. Evidence 

"droughty" because water availability to crops is re
shows, however, that even in the humid tropics. rainfed 

stricted by excessive internal drainage, the inaccesabil
farming may suffer from periods of water stress which 

(El- ity of micropore water within stable aggregates, and the 
are aggravated by excessive runoff and erosion 

rapid decline in hydraulic conductivity with even a small
Swaify et al.. 1988). Significant short- and long-term
benefits, therefore. can be reaped from implementing 	 decrease in water content. Only meager organic matter 
effective conservation beractices in all troical areas, levels prevail in all these soils under conventional crop-

Available information inicates that improved agro- ping. This promotes fertility decline, structural instabil

nomic practices and overcoming soil-based constraints ity. and water availability deficits.
 
receive less emphasis than engineering measures in
 
designing conservation projects in the tropics (EI-Swaify
 
et al.. 
 1988b). This paper discusses the conservation Selected Agronomic Strategies for 
benefits of selected agrononlic measures and presents Conservation-Effective Farming 
evidence for the need for selective soil management in 
designing conservation-eff.ctive farming systems on Use of Legume Covers and Intericrops 
highly weathered soils of the tropics. 

Reduced tillage systems which provide permanently 
protective crop residue and enhance the buildup of a 

The Setting and Soils favorable root-zone for growing crops have received wide 
acceptance in temperate farming systems. Such sys-

Highly weathered soils prevail on well-drained but tems are not directly applicable to many tropical soils, 

frequently rugged landscapes, such as the uplands and particularly those which have already experienced se

highlands of the tropics. Population expansion forces vere erosion and structural degradation. Instead, fast

progressive encroachment on steeper lands and tradi- growing legume cover crops may be included in the 

tional cultivation often begins a vicious cycle of erosion cropping cycle to provide protection against runoff and 
erosion early in the rainy season. reduce nutrient leachand ultimate degradation. Alfisols. Oxisols. and Ultisols 


dominate as "residual" soils while Ancisols (volcanic- ing during rapid infiltration, and enhance soil fertility.
 

ash) and Inceptisols dominate as "depositional" soils. Reduced tillage may be "simulated" by spray-killing the
 

Major characteristics and management requirements of cover crop, lightly incorporating it,and planting the
 

these soils have been assembled byTheng (1980). Physi- main crop within the decomposing residue. Fahrney et
 



Table 1. Effetsofpre-cropplantingof'Tropic Sun"sunn hemp 
on theyield, runoff. and erosional losses forrainyseason grown 
maize subjected to three tillage treatments on Holomua silty
clay loam (Ustollic Camborthid) on Molokai, Hawaii. Source: 
Fahrney et al., 1988. 

Treatment Maize yield Runoff Soil loss 

Mg/ha mm kg/ha 
Chisel plowing 


with cover 4.0 16 33 

without cover 3.7 26 46 


Moldboard plowing 

with cover 3.2 20 48 

without cover 3.1 31 86 


Secondary tillage only 
with cover 3.9 24 51 
without cover 2.5 32 50 

2ontrol runoff plot
 
with cover 75 197
 
without cover 69 422 


LSD 0mates, 

al. (1988) utilized "Tropic Sun" sunn hemp (Crotalaria 
juiicea L.) to apply this concept on an Ustollic Cam-
bo-thid. Corn (Zea mays L.) grain yields and water use 
effliency were significantly higher and runoff and ero-
sion',were lower with this system than without a cover 
crop ind "control" tillage treatments (Table 1). 

Si/nilarly, intercropping, a common practice in the 
tropics'. is a means of limiting the area of bare soil during 
the early stages of crop growth, enhancing nitrogen 
fertility when legumes are used, and enhancing farmer 
income if the main crop can be combined with a compat-
ible Income-generating intercrop. EI-Swaify et al. (1988a) 
applied this concept to the cropping of corn with kalo 
(lotus corniculatus,cv Arvensis) and rose clover (Trifo-
lium hortum) and of cassava (Manihotesculenta) with 
stylo (Stylosaithes hamata, cv Verano), desmodium 
(Desmodiurn tgfolium), and groundnuts (Arachis hy-
pogaea). Corn gi-ain and cassava root and top yields were 
either enhanced or only slightly reduced with intercrop-ping and substantial yield increases were noted in the 
succeeding main crops reflecting a residual value from 
theledguminrcrops (Talect2).aThesridal calosirof 

combined canopies resulted in significant reductions in 
runoff and erosion to an average of 50% of the values 
with the sole-planted main crop. The peanut yields in thecassava-groundnut intercrop (2.1 Mg/ha) are, in asmall-
farmsettig, n dded itecentive.1 or adoptincsera-
farm setting, an addedincentive for adopting conserva-
tion-effective practices. 

Responses of Contrasting Soils to 
PrimaryTillage 

Controversies on the attributes and necessity of 
tillage abound in the tropical soil literature with wide-
ranging evidence for both Impressive benefits and no 
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Table 2. Effects of prior and concurrently planted legume 
intercrops on yields of cassava roots and tops and groundnut 
pods. Source: EI-Swaify et al.. 1988a. 

Yields 
Cassava 

Legume N applied Root Tops Groundnut 

kg/ha mg/ha 
None 0 37.6 c* 9.2 d n.a. 
None 50 56.0 b 14.6 bc n.a. 
None 200 78.5 a 27.9 a n.a. 
Residual 

Stylosanthes 0 75.2 a 16.2 b n.a. 
Residual 

Stylosanthes 0 78.0 18.6 b n.a. 
Groundnut 0 32.7 c 8.3 d n.a. 
Desmodium 0 46.8 be 11.5 cd n.a. 

Means with the same letters are not significantly different 
at 5% level. 

benefits (EI-Swaify et al., 1985). Since the functions and 
consequences of tillage vary with soils, crops, and cli

the necessity of tillage should be determined in 
view of these conditions. In Hawaii, intensive tillage is 
widely practiced on Oxisols with little evidence as to its 
benefits. Figure 1 presents recent data on a Tropeptic 
Eutrustox with three erosinn levels. It would appear that 
primary tillage is an unnecessary management option 
on this soil. Similar data are available for other well
structured soils (e.g., Ultisols) in the tropics. In contrast, 
evidence clearly points to tillage benefits on Alfisols, 
particularly those in marginal rainfall regions (EI-Swaify 
et al.. 1984, 1985). On Alfisols, the intensity and type of 
tillage must be carefully selected: inversion tillage can 
exacerbate sealing, crusting, and runoff problems (El-
Swaify et al., 1985). 

Limits of Agronomic Practices 
for Erosion Control 

The strict dependence on engineering provisions for 
Implementing conservation in major agricultural devel
opment projects in the tropics results in adopting topo
ophic pesin te tr i re sl ope tegraphic design criteria, determined by slope character
istics, without regard to the stability or instability char
acteristics of soils. As a result, a high economic burdenthe legume intercrop (Table 2). The rapid closing ofunnecessarily carried (for construction andmaintenance) and the importance of complementary 
land husbandry practices for sustaining soil productlv

ity may be overlooked. Unfortunately, no systematic 
means have been devised to determine when agronomicmeasures alone can meet conservation goals and, if not, 
when and which engineering designs inay be required. 

EI-Swalfy et al. (1987) showed that the application alone 
of the appropriate type and sufficient quantity of residue 
to well-structured soils (Oxisols) steep landson can 
reduce erosion to nearly the same levels obtained from 
less steep soils (Table3). For such soils, effective conser
vation can be attained with less investment In engineer-
Ing structures than for weakly structured soils. More 
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information is needed to quantify the effectiveness of enterprise. EI-Swaify el al. (1982) argued that, since 

other agronomic management options which provide prevention Is better than cure, the first steps in design
must be the inventory of lands,benefits for improving productivity as well as controlling ing stable systems 

runoff and erosion, assessment of erosion risk, and the matching of both 

with the land use systems which are both productive and 

al. (1984) concluded, based onprotective. EI-Swaify et 
Lonmg-Term Considerations 

available evidence, that including a perennial vegetation 

element in the cropping system (as in agroforestry and 
Although conservation-effectiveness components 

those discussed above impart clear individual agropastoral systems) is necessar. particularly in areas 
such as 

with a seasonally drv climate.T'hei, analysis emphasized
benefits to the farming system, it is critical that they be 

perennial vegetation's advantages, over strictly annual 
integrated in a total coherent land-use system in order 

cropping, for providing year-round biological activity in 
to realize significant synergistic benefits and assure 

the root zone and subsequent long-term enhancements 
long-term stability and sustainability of the farming 

of soil quality. 
The successful implementation of the above and 

other important conservation concepts requires their 

7- incorporation into sound designs, the s-nsitlzation of 

land users and policy-makers to the rationale and 
behind them, and the systematic monitoring of6 -benefits 

"5 - implemented conservation measures to assure achiev

0 -Z ing desired results and the introduction of reiterative 

4- improvements if necessary. 

References 

1 EI-Swaify. S.A. 1980. Physical and mechanical properties, of 

nI I IOxisols. p. In B.K.G. Theng (ed.) Soils variaIeI 303-32. 

EOF2 ElFO ElFi E1F2 E2FO E2F1 E2F2 charge. Wellington: New Zealand Society of Soil SciencQ.
EOFO EOF1 

EI-Swaify. S.A., E.W. Dangler. and C.L. Armstrong. 1982.f Soil 
erosion by water in the tropics. Research Extension ,eries 

24. flawaii Institute of Tropical Agriculture and lumanIZZI Unripped Ripped 
Resources. University of Hawaii. 

Figure 1. Effects of erosion, added fertility and EI-Swalfv. S.A., A. Lo. R. Joy. L. Shinshiro. and R.. Yost. 

on the yield of rainy season maize 1988a. Achieving conservat ion-effectiveness in the tropics
primary tillage 1:1-12 
grown on Wahiawa silty clay (Tropeptic Eutrustox) using legum1e intercrops. Soil Technology 

in central Oahu, Hawaii. Erosion levels EO, El, and El-Swafy, SA.. CL. Garier, and A. ho. 1988b..l1lccent ad
vances in soil and water conservation in steep lands in the 

E2 represent topsoil losses of 0 (control), 10, and humid tropics. In press. In Proceedings ofSTIFI-,PLANDS 87. 

35 cm. Fertility levels FO, F1, and F2 represent Kuala Lumpur: Malaysian Society of Soil Scion('ce. 

nutrient replenishments of 0 (control), EI-Swaify, S.A.. P. Pathak. T.J. Rego. and S. Singh. 1985. Soil 

intermediate, and optimum. Ripping was management for optimized productivity under rainfed con

conducted to a depth of 40 cm just beneath crop ditions in the semi-arid tropics. Advances in Soil Science 

rows. The yield of maize in the severe erosion, no 1:1-64. 

fertilization treatment CE2F0) was zero (original EI-Swaify. S.A., T.S. Walker, and S.M. Virmatli. 1984. Dryland 

management alternatives and research needs for Alfisols in
data). 

the semi-arid tropics. Patancheru: hiternato:ial Crops 
Research Institute for the Semi-Arid Tropics. 

Table 3. Effects of sugarcane bagasse surface residue on total Fahrney. K.S.. S.)%. EI-Swaify. A. Lo. and R.J. Joy. 1988. 
Conservation and fertility consequetnces of tillage systemserosion (splash and nnoffdetachment) from Wahiawa silty clay 

(Tropeptic Eutrustox) at varying slope gradients. Data from two and surface green manuring on a tropical soil. In press. 

an intensity of Proceedings of the Fifth International Conference on Soilconsecutive 1 hour simulated rainstorms with 
94 mm/hr. Conservation. Bangkok: Department of Land Development. 

Fox, R.L. 1980. Soils with variable charge: agronomic and 

Mulch Cover. % fertility aspects. p. 195-224. In 11K.G. Theng (ed.) Soils with 
LSD variable charge. Wellington: New Zealand Society of SoilSlope 

Science.Gradient 0 20 40 80 (0.05) 
Theng. B.K.G. led.) 1980. Soils with variable charge. Welling

% Total erosion (Mg/ha) ton: New Zealand Society of Soil Science. 

10 37.3 27.6 17.2 7.4 1.4 
20 63.9 38.0 21.0 l1.1 1.0 
40 76.6 40.1 21.4 11.3 1.6 
60 58.3 39.2 25.1 11.6 0.9 



35 Strategies for Storing and Conserving 
Soil Water in the Northern Great Plains 

A. L. Black and Armand Bauer 
U.S. Department of Agriculture, Agricultural Research Service, 

Northern Great Plains Research Laboratory 
P. 0. Box 459, Mandan, ND 58554 U.S.A. 

Introduction 

The focal point of water conservation is crop residue 
(stubble) management. The two principles of water 
conservation are (1) to eliminate or reduce evaporation 
and (2) to retain precipitation where it falls. Discussion 

\of water conservation is divided into segments of the 
i-oncrop period for annual cropping and for 14- or 21-
rpionth fallow-cropping systems forwinterwheat (Titicum 
castivum L.) and spring wheat, respectively. ThLje seg-
ments are: August harvest to fall soil freeze-up, overwin-
ter, to spring, spring to fall (summer fallow period), and 
in the case ofspring wheat-fallow, the second overwinter 
of te 2 1-month fallow period. This paper discusses the 
role of crop residue management for enhancing soil 
water storage and conservation in minimum-till or no-
till cropping systems In relation to seasonal segments of 
the non-crop fallow period in the northern Great Plains. 

Harvest to Soil Freeze-up Segment 

Saving 'he precipitation received in August, Sep-
tember, and October is important for production of the 
next crop. Opportunity to store water in the soil profile 
before soil frteze-up is diminished when full-season 
crops are grown. The best opportunity to conserve fall 
precipitation atcrues with crops harvested by early 
August. 

Two decisions made at the time of harvest and 
following harvest affect potential water storage. First, 
the cutting height oithe swathing'or combining platform 
must be adjusted for the stubble height most effective for 
snow trapping. Secord, weeds and volunteer grains 
must be controlled. 

Overwinter to Spring Segment 

Standing stubble of small grains is effective in 
trapping snow. Over a 20-:ear period, standing stubble 
conserved an average of 51 mm of soil water from 
snowmelt compared to 11 Inn on bare fallow (Staple et 
al., 1960). Over a 4-year leriod, Smika and Whitfield 
(1966) found that standingstubble gained 52 mm soil 

water from overwinter precipitation compared to a loss 

of 3 mm where residue was flattened. Similarly over a 4

year period, no-till (0.30-m stubble height) conserved 76 
mm of soil water overwinter whereas fall disking con
served 48 mm (Black and Power, 1965). In a 3-year 
comparison of four fall tillages, overwinter soil water 
increase ranged from 32 to 90 mm in no-fall tillage, and 
from 5 to 54 mm after fall moldboard plowing (Bauer and 
Kucera. 1978). Storage by disking or V-blade tillage was 
intermediate to the other two. 

Stubble height affects the quantity of snow trapped. 
Available soil water to the 1.5-m soil depth in the spring 
was 104-, 114-, 125-, and 145-mm, respectively, in 
stubble heights of 0-, 0.15-, 0.28-, and 0.40-m (Black 
and Siddoway, 1977). Over an 11-year period (Bauer, 
unpublished data), average overwinter gain in soil water 
to 1.5-m depth under short (0.05 m), medium (0.25 m), 
and tall (0.40 m) stubble was 61, 74, and 99 mm, 
respectively. Second-winter bare fallow land gained an 
average of 27 mm. 

Swathing at alternate short and tall stubble heights 
increased overwinter soil water storage 13 to 36 mm, or 
about 30%, over conventional medium-height stubble 
which served as the control treatment (Willis and Frank, 
1975; Nicholaichuk and Read, 1980). 

Spring to Fall-Summer of Fallow 

The summer period of fallow is inefficient in storing 
the precipitation because evaporative demands are high. 
About 60 to 84% of the total water stored during a 21
month fallow period occurs the first overwinter period 
(Staple and Lehane, 1952; Haas and Willis, 1982; Black 
et al.. 1974). Over a 14-year period, Black et al. (1974) 
reported that only 15 mm ofwater was stored during the 
summer fallow period when precipitation averaged 216 
mm. Storage efficiencies ranged from a loss of 11% to an 
increase of 25%, corresponding to a loss of 23 mm to a 
gain of 46 mm of stored soil water, respectively. 

Three criteria must be met before an increase in soil 
water storage can occur during this period. First, the soil 
cannot be at or near the water storage capacity of the soil 
root-zone. Secondly, precipitation must occur in suffi
cient quantity and frequency to effect soil water move
ment deep enough into the soil to limit its availability to 
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evaporative forces. Water must penetrate to a soil depth 
of at least 0. 10 or 0.13 m to be safe from evaporation 
(Staple. 1964). Third, the quantity of crop residue avail-
able to suppress evaporation must be relatively high. 

When the available soil water supply has already 
been replenished in the root zone during the fall and 
overwinter period, summer fallowing is an undesirable 
option, and under such conditions it is the major con-
tributor to the development and expansion of saline 
seeps (Halvorson and Black, 1974). Instead, a flexible 
cropping system should be employed whc_-ever there is 
sufficient soil water in the profile to justify planting a 
crop (Black et al. 198 1). Summer fallow is best consid-
ered when soil water level is less than about 76 mm 
available water (Bauer, 1968). 

For stubble mulching to be effective in storing 
precipitation, rainfall in sufficient quantity must fall 
frequently enough to allow deep penetration (Greb et al., 
1970). Bond and Willis (1970, 1971) showed that wheat 
stubble reduced the first stageI evaporation in the short 
term, but that total evaporation after 20 days, when no 
more water was added, was the same from bare soil as 
with 2240 kg/ha or less of wheat residue (Table 1). With 
significant rainfall, every 10 days or less, net reduction 
in first-stage evaporation rate due to residues can result 
in a net gain in water storage. 

Over a 3-year period, winter wheat residues declined 
from 3590 to 2130 kg/ha with stubble mulch tillage and 
from 3590 to 2800 kg/ha with no-till (Tanaka 1985). 
Spring wheat residues decreased from 2580 to 820 kg/ 
ha with stubble mulch tillage and from 2800 to 1800kg/ 
ha with no-till. Soil water storage to a 1.8 m depth by 
( 'ptember increased only on no-till fallow under winter 
wheat stubble in 1982 when residues exceeded 2800 kg/ 
ha. Tanaka concluded that surface residue may need to 
exceed 2580 kg/ha before significant differences in 
water storage occur between no-till and stubble mulch 

fallow. Winter wheat produces more residue than spring 

wheat and has a shorter fallow period (14 compared to
21 months). Hence, no-till fallow involving winter wheat 
21simonths. Hee no entiallo in sing atrw 
residue has a greater potential for increasing water 
storage than no-till spring wheat fallow. 

For no-till fallow to store more water than stubble-

'First stage ,vaporation rate is governed only by the evaporative 
demand ofthe atmosphere, such as the intensity oftemperature, 
humidity, and wind speed. 

Table 1.Effect of surface wheat straw rates on cumulative soil 
water evaporation with time (adapted from Bond and Willis, 
1970). 

Time for Surface residue level, kg/ha 
evapora-

tion 0 560 1210 2240 4480 8970 

Days Cumulative evaporation, mm 

10 43 41 41 28 18 10 
20 51 51 51 48 30 18 
30 56 56 56 56 48 25 
60 61 61 61 61 58 51 

mulch fallow, frequent precipitation during low evapora
tive periods is necessary, such as usually occur from 
April through June. Therefore, differences in water 
storage between no-till and stubble-mulch fallow are 
more likely to occur before July 1. After July 1, less 
precipitation and higher potential evaporative demands 
reduce the advantage of stubble-covered surfaces. After 
July 1,upward capillary movement of soil water in no-till 
fallow frequently subtracts from the water gained prior 
to July 1, compared to tilled stubble mulch fallow. The 
effect is equivalent water storage for both methods by 
September. 

A practical method to reduce soil water losses in 
chemical (no-till) fallow is to create a soil mulch with 
shallow tillage just prior to periods of high evaporation, 
about July 1 (Willis and Bond, 1971: Hammel et al., 
1981) to reduce upward capillary movements and sub
sequent evaporation losses of soil water during July and 
August. In a 4-year study. Black and Power (1965) 
measured increases in water storage of 14, 30, and 38 
mm, respectively, for no-till, stubble-muich tillage, and 
chemical fallow plus one undercutting tillage performed 
in June. 

Fall to Spring-

Second Overwinter Segment
 

This segment exists in the spring grain-fallow !ys
tem of cropping. Precipitation storage efficiency dturing 
the second overwinter of a 21-month fallow period 
averages about 10%. During an I l-year period, soil 
water storage ranged from a net loss of 20 mm tc, a gain 
of 30 mm (Blackt 1969)aThe gain occurred after a severe 
o3mm (Black, 196.lhegai ocre atergser 
summer drought in 1961. In 4 of 11 years, the vatergainwas 15 mm or more, but likewise in 4 out of 11 years,

stoed 

Soil water storage capacity often is at ir near the 

mai dur this prio te nsadiinal 

was itmr o inr loss of ears 

maximum during this period, therefore no additional 
water can be stored. Also, fallowed soils ,rozen with a 
high water content in the upper 0.6 m vir.ually prevent
nitaino nweto an 

Infiltration of snowmelt or rain. 
The second winter segment Is ofmabhr concern from 

the standpoint of providing sufficient sAl protection for 
wind erosion control. No-till or cherilcal methods of 
fallow have the potential to reduce relp tive wind erodibil
ity about 10-fold (Black and Power, 2965). Whether no

till fallow conserves water during the second winter 
period is of less importance than providing additional 
stubble protection against wind erosion, because the 
average quantity of stubble produced most years be

comes inadequate for the duratbn of a 2 i-month fallow 
period. 
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Introduction 

Corn (Zea mays L.)(400,000 ha) and grain sorghum 

[Sorghumbicolor(L.)Moench] (300,000 ha) are, together 

with rice (Oryza sativa L.), the most important food 

grains produced in Venezuela. They are grown under 

rainfed conditions in semiarid to subhumid areas with 

highly mechanized practices. Yields are generally very 

low (less than 2 Mg/ha), although cultivars of high 

genetic potential are used and the practices of fertiliza-

tion, weed control, and crop protection are good. The 

principal feature of the rainfall is high seasonal and 
highannual variability (Pla et al., 1979). Rainstorms o. 

intensity (60-100 mm/hour) and volumes (>60mm) are 

very frequent (Pla, 1980). At the beginning ofthe growing 

season, rainfall is more variable in amount and very 

irregular in frequency. The characteristics of the rainfall 

and soils generally result in the breaking up of surface 

aggregates of tilled bare soils, followed by sealing of the 

soil and a decrease in water infiltration accompanied by 

runoff and erosion in sloping lands (Pla, 1980). 
during theIrregularities in rainfall distribution 

growing season have to be buffered by water reserves in 
the soil, which depend both on the soil water retention 

the depth of the soil profile tocharacteristics and on 
which roots extend. Soil erosion losses may reduce the 
soil depth. and this is particularly serious when a 
shallow topsoil overlies an argillic horizon. Williams et 
al. (198 1)rcognized the loss of plant available soil water 
capacity as the "first and foremost" mechanism by which 
erosion reduces soil productivity. Tillage operations, 
frequently with heavy equipment and in soil too wet at 

the onset of the rainy season, generally result in soil 
compaction, and in the development of shallow layers 
with high mechanica! resistance to the penetration of 
roots. These layers prevent the utilization of water 
reserves stored in the deeper soil profile, and frequently 
also restrict the downward movement of water. Roth et 
al. (1988) reported that in an Oxisol in Brazil under no 
tillage, higher bulk densities developed in the top 20 cm, 
whereas conventional tillage led to the development of a 
plow pan at the 20- to 30-cm depth. Swan et al. (1987) 
found a significant interaction effect on corn yield be-
tween climate and soil water holding capacity, depend-
ent on soil depth to the impeding layer. 

According to Stewart et al. (1985), the interaction 
between precipitation and evaporation, and the result-

Ing water regime, is undoubtedly the predominant factor 

which affects productivity and management of crops and 

soils in the dryland agricultural environment. This is 
and sorghum producingparticularly true in the corn 
1985, 1987). Therefore,areas of Venezuela (Pla et al.. 


any attempt to control the quantity and availability of
 

soil water to plants must be based on a thoroug.. under

standing and a quantitative knowledge of the dynamic
 

balance of water in the soil. Based on that, the objectives
 

of this study were: (1) to determine the effect of soil
 

surface sealing and effective rooting depth in relation to
 

the amount and distribution of rainfall on the soil water
 

regime during the different crop growth periods of se
assess the amount of rainfalllected seasons: (2) to and toestimate>themamounavailableyfor0cropproduction, 

available for crop production, and to estimate the amount 

of water surplus or water deficit and their duration for 

each growing period of corn and grain sorghum in a 

particular season; and (3) to suggest the best possible 
to inalternatives for management of crops and soils 

crease the amount of rainfall available for crop produc

tion, minimizing the amount and duration of water 

surplus or deficit, in order to increase productivity. 

Materials and Methods 

Two sites in the semiarid (9030'N 660 E-) and subhu
mid (9°N 690E) regions of Venezuela. where most of the 
corn and grain sorghum is grown, were selected for this 
study. The rainfall pattern (Fig. 1)and the soils JTable 1) 
in those sites are representative of the respective re
gions. 

The site of the Chaguaramas soil has a rolling 
topography. and has been mostly cultivated with grain 
sorghum since 1976. The soil shows a moderate degree 
of erosion, and has an effective rocting depth of 20 to 30 
cm on top of an argillic horizon that no roots are able to 
penetrate. Three plots 10 x 5 m2 along the slope, belong
ing to a larger experiment on soil management (Pla et al., 
1985, 1987), were used to monitor the soil water content 
during the growing seasons of 1980 and 198 1. The plots 
had a system to collect and measure runoff water and 
eroded soil at regular intervals. Soil water change was 
followed through measurements in three regularly spaced 
places along the slope in the middle of the plots with 
tensiometers at a 15-cm depth, and soil sampling at the 
same depth when it was topi dry for the tensiometers. 
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Table 1. Physical characteristics of the soils at the experimental sites. 

Soil 

CHAGUARAMAS 

rTypic Haplustalf, 
6%slope) 

FANFURRIA 
(Fluvaquentic 
Ustropept. 
< 1%slope) 

Particle size prm Bulk Water retention 
2 to 50 to 250 to density Suction (MPa) Kbsat. Kseal 

Depth <2 50 250 2000 FC' 0.01 0.15 1.5 

cm g/kg Mg/m 3 Volume fraction M/s m/s 

0-26 200 180 500 120 1.51 0.26 0.24 0.13 0.09 3xlO 5 3xlO 6 

25-53 480 250 200 80 1.50 6x10 7 

0-23 250 580 150 20 1.21 0.34 0.32 0.20 0.15 4x106 7xi0' 

23-38 240 650 60 50 1.52 10.6 

IField capacity 48 hours after saturation, without evaporation. 
b Values determined in undisturbed cylindrical cores (5 cm diameter. 5 cm height) water saturated. 
'Values determined following the method of Pla (1985). 

adapted to the 
area was sown at a density of 300,000 seeds/ha in rows 
50 cm apart, across the slope at the start of the wet 
season. In 1981, with earlier rains, a sorghum ratoon 
could be harvested in the last part of the rainy season. 
Fertilizers and herbicides were applied according to the 
recommendations for the area. Close to the experimental 
plots, measurements of water infiltrability, runoff, and 
soil erosion losses were made on plots 3 x Im2 along the 
slope by using a drop-former type of portable rainfall 
simulator (Pla, 198 1). The surface soil was air-dryed and 
tilled, bare or completely covered by crop residues. 
before the application of a simulated rainfall at 100 mm/ 
hour for 60 minutes. 

The Fanfurria soil is completely flat and has been 
cultivated since 1972, mostly with corn, followed in 
some years by grain sorghum at the end of the rainy 
season. At the 20- to 25-cm depth, the soil in the 
experimental site has a compacted layer 10 to 15 cm 
thick, which impedes deeper root penetration. The soil 
water conditions were followed by daily monitoring in 
three 10 x 5 m2 (subdivided in two) plots belonging to a 
larger experiment on soil management (Pla et al., 1987), 
using direct observations forwater-logging and the same 
kind of measurements of Chaguaramas soil for the other 
water levels. Corn (hybrid Obregon) was sown every 20 
cm in rows spaced 1 m apart, resulting in a population 
of 50,000 plants/ha. Grain sorghum (hybrid Pioneer) 
was sown like in the Chaguaramas site. Fertilization and 
weed control practices followed the stai lards for the 
area. The sowing dates for corn, earlier than in Chaguar-
amas,were at the beginning of the rainy season each 
year. Sorghum did not follow corn immediately because 
of planting difficulties in soils that were too wet or water-
logged. Infiltrability of rainfall water was measured in 
the field, simultaneously in three 1x 1 m 2 plots with the 
same rainfall simulator used in Chaguaramas, on sur-
face air-dry tilled soil, bare or covered by plant residues. 

The data obtained in the laboratory and under field 
conditions close to the experimental sites were used to 
feed a water-budget model to predict the soil water 
regimes under different simulated surface soil condi-

Grain sorghum (hybridChaguaramas Ill) 
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Figure 1. Monthly rainfall (minimum, average, anu 
maximum values) for the period 1960-80 at 
Chaguaramas and Fanfurda sites. 

tions (bare or completely covered by plant residues), 
effective rooting depths (20 and 50 cm), and surface 
drainage (with or without), for the rainfall patterns of 
particular seasons. Evapotranspiration rates, calcu
lated from average pan evaporation data for the rainy 
season, were taken as 5 mm/day for all situations when 
the soil water potential (SWP) in the root zone was higher 
than -1.50 MPa. Days with excessive (ESM), adequate 
(ASM), deficient (DSM), and very deficient (VDSM) soil 
water (moisture) for the crops were considered the ones 
with an average water content in the effective rooting 
depth above field capacity (FC), between FC and a SWP 
of -0.15 MPa, between SWP of -0.15 MPa and - 1.50 MPa, 
and below SWP of- 1.50 MPa, respectively. In the flat and 
not drained Fanfurria site, water-logged days (WL) were 
considered the ones when the relation between rainfall 
amount and intensity, and inflltrability of water in the 
soil results in a surplus of free water standing on the soil 
surface for at least 12 hours. 
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Results and Discussion when erosion decreases the upper soil depth. the de

pendence of the water-supplying capacity of the soil on 

The rainfall amounts and distribution (Fig. 1) show 
their variability from year to year, and a high irregularity 
and concentration during the rainy season. These char-
acteristics of the rainfall pattern are much more marked 
in the Chaguaramas semiarid soil site than in the 
subhumid Fanfurria site. 

There are abrupt changes from the upper soil to the 
shallow argillic (Chaguaramas) or compacted (Fanfur-
ria) layers. and very low hydraulic conductivities (K)of 
these horizons (Table 1). The sealing effect on the soil 
surface gives the very low values of K in the formed seal. 
These effects correspond with the change of infiltration 
rates (IR) of simulated rainfall in bare soils as compared 
to protected ones, under field conditions (Fig. 2). The 
high soil erosion losses in the bare Chaguaramas soil 
follow the decrease in IR due to soil surface sealing. 

The actual soil water regimes on the experimental 
plots compared to the respective rainfall patterns during 
the growing seasons of 1980 and 1981 (Fig. 3) show a 
good correspondence with the grain yields of corn and 
sorghum (Table 2). In the relatively dry growing seasons 
of 1980 and 1981 in Chaguaramas, the yields of grain 

sorghum in the first harvest were limited by the numoer 
of days with water deficits, especial!y during the vegeta-
tive and reproductive periods. The comparatively good 
yield of the sorghum ratoon in the last portion of the 
1981 growing season may be explained by the adequate 
soil water conditions during the whole season. The 
higher yield of 1979 was due to shorter periods of water 
stress (Fig. 4) than in 1980 and 1981. In Fanfurria, the 
yield3 were mostly limited by the days with water-logging 
and excessive soil water, especially when they occurred 
in the vegetative period with shallower roots. This situ
ation led to the almost complete loss of the initial corn 
crop in 1981, and of the complementary sorghum crop 
in 1980. It is shown that even in the relatively wetter 

a few days with soil waterseason of 1980, there were 


deficits due to the very irregular rainfall distribution.
 
From the calculated results (Fig. 4), it is clear that in 

shallow Chaguaramas soils, the soil water conditions 
and, consequently, the crop yields will be highly depend-
ent on rainfall distribution during certain critical grow-
ing periods much more than on deeper soils. Therefore, 

the rainfall amount and distribution will increase. The 
reduction of the high evaporation losses and the preven
tion of sealing by mulches of crop residues (Unger and 
Jones, 1981) or treatments with asphalt emulsions 
(Plaet al., 1987) have proved to increase the efficient use 
of the limited water resources, especially in the initial 
part of the vegetative growing period when the plant 
canopy does not provide a good soil cover. According to 
our results, the benefits of this and other soil conserva
tion practices like furrow diking, bench terraces, strip 
cropping, etc., which are effective for controlling erosion 
by preventing runoff, will only be effective in providing 
additional water for crop production if the soil rooting 
depth is maintained or increased to some minimum 
value, depending on soil characteristics and climate. 
Their contribution to reduce erosion losses would indi-
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Figure 2. Water infiltration rates (IR) and soil 
erosion losses (SEL) under simulated rainfall at 
100 mm. hour-I, in an initially air dry tilled soil, 
bare (B) or completely covered (C) by crop 
residues. (CH: Chaguaramas soil; F: Fanfurria soil). 

Table 2. Crops, grain yields, and soil erosion losses (Chaguaramas) during the growing seasons of 1979 (Chaguaramas), 1980 and 
1981, with no soil protection, and no surface drainage (Fanfurria), in experimental plots 10 x 5 m2 along the slope. 

Soil Year Crop Seedling Yield Crop Seedling Yield Soil 
emergence emergence erosion 

Date Mg/ha Date Mg/ha Mg/ha 
451979 Sorghum June 1 6.3 

Chaguaramas 1980 Sorghum May 3 4.0 - 13 

1981 Sorghum March 13 2.8 Sorghum, July 15 3.3 2 

1980 Corn March 26 3.3 Sorghum Sept. 21 0.6 -Fanfurria 
1981 Corn March 17 0.7 Sorghum Aug. 11 3.5 

'Ratoon. 
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same growing seasons shows that it is possible to get 
[lVDS, LIDS, * mvL fairly good estimates when the correct assumptions areMAEN N 

made, particularly with respect to infiltrability, runoff, 

o 	 surface drainage, and deep percolation of rainfall water. 
7. as well as the effective available soil water storage 

- capacity. These estimates could be very useful to diag
nose for each soil and rainfall pattern the main factors 

Z responsible for the present and future soil water limita
/ 	 tions and the amount and timing ofwater stress strongly 

affecting crop yields. and to preview the effects of differ
ent management practices in order to select the most 
appropiate ones for each case. 

/ 	 It may be concluded that for the rainfed corn and 

ft ... .. . . Su. sorghum producing areas ofVenezuela. and probably for 
........,many,AI..... other similar areas in the semiarid to subhumid
 

71 
] tropics, the management efforts have to be mainly 

'. .directed to maintain or to Increase the effective plant 
available water holding capacity of the soil, by giving the 
conditions for a non restrictive root growth, together 
with providing sufficient protection or stabilization of the 

surface soil to prevent strong reductions in infiltrability 

P, V..It IAT..I 


.... . • ...... +"'by scaling, and to reduce erosion losses. 

Figure 3. Monitored soil water (moisture) 
conditions (WL: Water-logging; ESM: Excessive Soil 
water; ASM: Adequate soil water; DSM: Deficient References 
soil water; VDSM: Very deficient soil water) and 
rainfall distribution during the growing periods (V: Bradford. J.M., and R.W. Blanchar. 1980. The effect of profile 

Vegetative; R: Reproductive; M: Maturity) of corn modification of a Fragiudalf on water extraction and growth 

and grain sorghum during the growing seasons of by grain sorghum. Soil Science Society of America Journal 

1980 and 1981 in experimental plots 10 x 5 M2 44:374-378. 
1980. improvement of surface drainage in heavy

along the slope in Chaguaramas and Fanfurria soil Marcano, F. 
soils for corn production. (Latin American Journal of Agri

sites. cultural Sciencesl. ALCA, Caracas, Venezuela 15(l):23-42. 

Pla .1. 1980. Soil characteristics and erosion risk assessment inrectlv contribute to preserve this depth. To increase it, 


the thorough mixing of the restricting horizon with the some agricultural soils of Venezuela. p. 123-138. In R.P.C.
 
upper soil laver has proved to increase water storage and Morgan (ed.) Soil conservatian, problems and prospects.
 
upe Chichester. U.K.: John Wiley & Sons. 
crop yields in some cases (Bradford and Blanchar. Pla, 1. 1981. Rainfall simulators for the study of soil-water 

19JOl, but the effects may be very different according to relationships under tropical rainfed agriculture. Journal of 

the soils and clriuatic conditions, the Agronomy School. Maracay, Venezuela Xill-2):81-93. 
The calculated soil water regime for Fanfurria soil Pla, L..A. Florentino, and T. Perez. 1979. Relation between soil 

shows that the predicted periods with water-logging and physical properties and problems of soil management and 

excessive soil water would be mostly solved either by the conservation in agricultural soils of Venezuela. p. 184-196. 

provision of surface drainage or by the protection of the In R. Lal (ed.) Soil tillage and crop production. Ibadan, 

surface soil against the sealing effect of raindrops, Nigeria: IITA. 
Pla. I., A. Florentino. and D. Lobo. 1985. Soil and water

togetherwithincreaseoftheeffectiverootingdepthofthe 
soil profile. The provision of surface drainage, throughofsurfce 	 66-78. In S.A. El-Swaiify, W.C. Moldenhauer, and A. Lo (ed.)soilproile.Theproisioraiagethrugh conservation problems in the Central Plains ofVenezuela. p. 

broad or cambered beds. for rapid disposal of all excess 667.ISA.E-wiy C MlehuranA.Lld) 
Soil erosion and conservation. Ankeny, Iowa: Soil Conserva

water accumulating on the soil surface may be very tion Society of America. 

effective to avoid water-logging and excessive soil water Pla, I.,A. Florentino, and D. Lobo. 1987. Soil and water 

in humid years like 1980, and for improving yields conservation in Venezuela through asphalt mulching. p. 
(Marcano, 1980), but in drier years, it may increase the 481-495. In I. Pla led.) Soil conservation and productivity. 

danger of drought during prolonged dry spells in the Caracas. Venezuela: Universidad Central de Venezuela. 

growing season. In some cases, it would be useful to Roth. C.M., B. Meyer, H.G. Frede, and R. Depsch. 1988. Effect 
of mulch rates and tillage systems on Infiltrability and otherbreak the compact layers by chiseling or to turn them 

over by moldboard plowing in order to facilitate soil soil physical properties of an Oxisol in Parana, Brazil. Soil & 

and to help plants to extract greater Tillage Research 11:81-91.
water infiltration 
aosowater ndeheper olath 	 Stewart. B.A.. P.W. Unger, and O.R. Jones. 1985. Soil and waterinfitraion 	 decreag 

amounts of water from deeper soil, thus decreasing conservation in semiarid regions. p. 328-337. In S.A. El

water-logging in humid years and resulting in higher Swaify, W.C. Moldenhauer, and A. Lo (eds.)Soil erosion and 

and more regular grain yields. conservation. Ankeny. Iowa: Soil Conservation Society of 
The correspondence between the measured and America. 

predicted soil water regimes for critical periods of the Swan, J.B., M.J. Shaffer, W.H. Poulson, and A.E. Peterson. 
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Figure 4. Calculated soil water (moisture) conditions (WL: Water-logging; ESM: Excessive soil water; ASM: 
Adequate soil water; DSM: Deficient soil water; VDSM: Very deficient soil water) and rainfall distribution 
during the growing periods CV: Vegetative; R: Reproductive; M: Maturity) of corn and grain sorghum during 
the growing season of 1979 and 1980 for different assumed conditions (20 and 50 cm effective rooting 
depths), with (S)or without (NS) sealing of the soil surface, and with sealing, and surface drainage (SD) for 
the Chaguaramas and Fanfurria soil sites. 
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37 Water Conservation: Fundamental 
to Rainfed Agriculture in Developing Countries 

John C. Greenfield 
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Introduction 

There are two basic types of agriculture, irrigated 
and rainfed. Irrigated agriculture depends on engi-
neered structures and field layouts to make the best 
possible economic and technical use of water that has 
been pumped or stored, usually at considerable cost. 
Rainfed agriculture, the type of farming to which the 
world's rural poor are by-and-large tied, depends on, 
and is virtually a "xictim" of, the whims of the weather. 
It is important that the requirements of each are not 
confused. 


Droughts have been increasingly reported in many 
low-rainfall areas of developing countries in the last 5 
years. In India in 1987, the state of Karnataka reported 
the worst drought in more than 100 years. Yet in one of 
the worst-hit areas of the state, farmers produced the 
best crop yields ever-at no extra cost to themselves, 
How was this done? It was achieved by the simple 
process of plowing and planting on the contour and so 
conserving water in-situ. Without effective water 
conservation in-situ, 60% or more of rainfall in low-
rainfall areas can be lost through runoff. Farmers in 
Karnataka saw they could overcome this on their own 
fields by forming small contour furrows each capable of 
holding 50 mm of rainfall (in which the seed would be 
planted). In normal rains, there is virtually no runoff 
with such furrows; the water that does not evaporate 
soaks into the soil and is available to the crop. 

Effective soil conservation is equally Important as in-
situ water conservation in rainfed areas. Man has tried 
to control erosion on a large scale since the 1930s. The 
Tennessee Valley Authority (TVA)was set up to "stabi-
lize" the dust bowl created by farmers who did not 
understand that their farming practices were ruinous to 
the soil. Soil erosion was treated by the TVA as an 
engineering problem, and so it was given an engineered 
solution-contour banks and diversion banks to inter-
cept the runoff and direct it to a safe disposal area 
(usually a natural stream, drainage line, or man-made 
waterways). In some areas, absorption banks were 
constructed to hold the water until it either soaked into 
the ground or evaporated. The contour concept was 
correct, but the other measures were unnatural, static 
measures designed and constructed to hold or convey 
the runoff water elsewhere, often increasing its volume 
and erosive capacity and reducing effective conservation 
of both soil and water. 

In over 30 years of working in developing countries. 
the author has seen expensive engineered soil conserva
tion fail repeatedly, in the process causing more damage 
than would have been the case if they had not been 
constructed. It was increasingly clear to him that the 
engineered system was not the answer-it was too 
costly, it was temporary, it diverted water from fields, 
and small farmers did not like it,especially as the earth 
banks removed a 5-m strip of land from production. 
Despite such evidence, the engineered soil conservation 
system has been accepted and taught worldwide. It has 
never been seriously questioned. It is the method of soil 
conservation. However, under a World Bank-supported 
project in India (Pilot Project for Watershed Development 
In Rainfed Areas), an alternative system of soil and water 
conservation in-situ that is particularly suited to devel
oping countries (though the principles are applicable to 
any rainfed area) has been developed. This system is 
based on soil stabilization through vegetative contour 
barriers of Vetiver grass (Vetiveriazizanioides,"khus" in 
India). 

The author worked with Vetiver grass in Fiji over 30 
years ago, and has followed its progress since. The idea 
of using Vetiver grass as a vegetative means of soil and 
water conservation originated in the West Indies over 50 
years ago. While it was extremely successful there, it has 
remained largely unrecognized elsewhere as a soil and 
water conservation measure, possibly for the same rea
sons as the author never promoted it-"the Island was 
too small, the soils too specific and the climate too 
special for anything that did well under those conditions 
to be recommended for wider acceptance." 

The author searched over the years for Vetiver grass 
in Africa, Southeast Asia, and South America, finding it 
growing at some research stations as an essential oil 
plant (its roots produce oil of vetiver, a perfume base), 
but never in sufficient quantity or showing a sufficient 
range of adaptability to promote the grass for trial. 
However, in 1985. he was stationed in India where 
Vetiver grass is native. A challenge was to determine if it 
could be grown successfully in semiarid areas of India. 
If so, it could be grown almost anywhere. 

A search was immediately started for Vetiver grass. 
It was not difficult to find. Indeed, it exhibited a wide 
range of adaptability, from over 2,000 m In the Hima
layas where it is covered with snow during winter, to the 
blistering deserts of Rajasthan, the swamps outside 
Delhi, and the wastelands of Andhra Pradesh. Con
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vinced that this was the grass with the greatest potential 
for soil and water conservation, the author returned to 
Fiji to examine Its performance there and talk with 
farmers who had by now over 30 years' experence with 
Vetiver grass. Before recommending it for extensive trial 
in India. it had to be confirmed that Vetiver grass did not 
become a weed in farmers' fields: that it lasted as a 
hedge, filtering soil from runoff: that it did not compete 
with farmers' food crops: and that it was not an interme-
diate host for pests or diseases of economic crops. 
Findings were favorable on each of these concerns. It 
was clear that Vetiver grass is an excellent plant for the 
long-term control of soil erosion and to promote in-situ 
water conservation. 

Since farmers in India generally have had bad 
experience with engineered soil conservation measures 
and are often reluctant to hear about"soil conservation," 
the system is described to them as "waterconservation." 
Farmers' attention was obtained initially by the fact that 
at no extra cost, they could increase their yields by 50% 
if only they plowed and planted on the contour. In the 
first year, results were excellent (see Table 1). In the 
second year, farmers in Karnataka who practiced only 
contour planting produced excellent crops of ground-
nuts (Arachishypogaea)and pidgeon pea (Cajunuscajan 
Mills p.), while their neighbors using the traditional 
sy,,tem of planting with the slope produced nothing at 
all, even a "catch-crop" of late-planted chickpea (Cicer 
arietinum)failed. In fact, the experience suggested that 
the area classified as a severe drought zone was really a 
manmade problem of -not understanding water conser-
vation." 

Water consenation in-situ, however, is not in itself 
sufficient. Fields must be stabilized with vegetative 
(Vetiver grass) barriers. In arid areas, Vetiver hedges 
take three seasons to establish, but once established. 
they are permanent. 

Table 1. Crop cutting trials in 1986. 

An established Vetiver hedge (no suitable alterna
tive plant has yet been identified) will completely stop 
sheet erosion. Rather than concentrating runoff water 
into streams and so becoming more erosive, vegetative 
hedges slow runoff, spread it out, and filter out the silt 
while letting the water ooze through the entire length of 
the hedge, but not letting it concentrate anywhere. Silt 
trapped behind the grass barrier spreads back across 
the field. Vetiver grass grows through the silt in its 
immediate surroundings and, over the years, forms a 
natural terrace. In Fiji. terraces 3 to 4 m high have 
formed behind the grass hedges. This is soil that would 
have been lost to the farmer, and the country, forever. 

Th" Vetiver grass-based water conservation in-situ 
system can be used worldwide. As a result of the work in 
India, the system has already been introduced to Nige
ra, Somalia, Sri Lanka, and Indonesia. The U.S. Depart
ment ofAgriculture sent a representative to New Delhi to 
collect cultivars of the plant for introduction and trial in 
the U.S. The system is as applicable for rainfed treecrops 
as it is for other crops. 

The work underway in lnd'a represents a major 
breakthrough in food production for small farmers 
worldwide, giving them abetterchance for survival in the 
21 st century. The vegetative system is cheap. It costs at 
the very most one-tenth the cost of engineered systems. 
Moreover, it extends the range of cultivation. With 
engineered soil conservation systems, arbitrary limits 
on cultivation are set for the production of food crops; 
12% was the maximum "safe" slope with up to 65% slope 
for forests only. With this system of contour plowing and 
planting between the stabilizing hedges, food crops and 
sugarcane (Saccharumsp.) have been produced safely 
on 100% (45") slopes. Vast areas of land, hitherto 
classified as unstable, can now be safely used for pro
duction. The time has come to widely promote this 
vegetative soil and water conservation system. 

Yield of sorghum 

Treatmenta 	 Lowest Highest Average 

kg/ha 
1. Project recommended contour cultivation 

for in-situ water conservation (use of 
Vertiver grass). 1150 5320 2190 

2. 	 Sown in soil conservation earth banked 
area (bunded) across the slope. 960 2510 1500 

3. Bunded areas sown with the slope. 	 840 1830 1350 

4. 	 Sowing in unbunded areas across the 
slope. 980 1910 1280 

5. 	 Sowing in unbunded areas, traditional 
practices, no attempt at water 
conservation (control fields). 290 730 510 

aPractices 2 and 3 cost the farmer an average of Rs.4,000/ha to establish. Practices 1,4 and 5 are of equal cost to the farmer. 

Practice Ijust requires a change of management to plow on the contour. 
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Introduction 

Dryland farming is the main feature of agriculture in 

northern Iraq which has a semiarid mostly Mediterra-
nean climate. Agricultural land covers about 4 million 
ha. In this area, 70% of the country's total wheat 

(Triticum aestivum L.) and barley (Hordeum vulgare) 
crops are grown. Sheep husbandry is another equally 
important fanning enterprise of this region

Dryland fanning areas with 200 to 500 mm precipi-

tation are restricted to cereals (mainly wheat) and fallow. 

Pulses are rotated with wheat in a limited high rainfall 
zone which probably does not exceed 3% of the total area 
(College of Agriculture and Forestry, 1979). 

Fallow Assumption 
in the Area 

Farmers in this area strongly feel that fallowing is an 
effective practice to assure a good crop in the next year. 
Interval of fallowing is 16 to 18 months. It covers about 
40 to 45% of the total cropland of the zone below 500 mm 
precipitation, and less than that in high rainfall regions. 
Farmers have found from experience that wheat follow
ing broad bean (Vicia faba) and, to a lesser extent, 
following lentils (Lens culinaris),yields better than after 
fallow. Yields of wheat after chickpeas (Cicerarietinum) 
are comparable to wheat yields after fallow, 

Reasons for Fallowing 

Farmers have realized certain benefits of fallowing 
(College of Agriculture and Forestry, 1979). The main 
benefits are: 

1. 	 Fallow restores, at least partially, soil fertility in 
comparison with continuous cropping. 

2. 	 Fallowing practices facilitate better land prepara-
tion through plowing in winter and spring of the 
fallow season when the soil is friable. 

3. 	 Spring cultivation during fallow is an effective 
method of mechanical weed control. 

However, fallow leads to certain disadvantages which 
have to be carefully reviewed. The important disadvan-
tages are: 

I. 	 Omission from cropping each year of almost halfof 
the arable land which, with the heavy demand for 
food, appears unjustifiable. 

2. 	 Exposure of soil through the long period of fallow 
to more harmful erosion effects on topsoil than 
cropped lands. 

3. 	 Deep burial of seeds of many forage legumes in the 
soil through deep cultivation so that tieir seed
lings fail to reach above-ground and grow. This has 
influenced the frequency of such valuable forage 

plants. 

The Possible Fallow Alternatives 

The main problem facing the rotation in dryland 

farming areas below 500 mm is the limited number of 
crops which grow successfully under such conditions. 
They are mainly cereals, forages, and pulses. Few stud

ies have been conducted or are being conducted for the 
purpose of replacing fallow by more valuable systems for 
the country as well as the farmers. The main fallow 
alternatives under consideration are presented below. 

Ley Farming 

Work on ley farming with cereals and annual med!cs 
(Medicagosp.) is underway in Iraq and needs more work 
to make clear conclusions. Certain varieties and strains 
have been grown successfully under low rainfall condi
tions. Some native strains of Medtcago and polymorpha 
subspecies have appeared to be more successful under 
low rainfall and low temperature conditions (Al-liassan, 
1976). 

Preliminary results under 213 mm rainfall with only 
4 mm in April (College ofAgriculture and Forestry, 1987) 
showed an increase of 28% of wheat production when 
wheat followed annual medics in comparison to its 
production after fallow. 

Rotational grazing and fencing system requirements 
are among the main questions to be clarified about ley 
farming effectiveness as an alternative of fallowing in 
north Iraq. In fact, environmental conditions show enough 
similarities with other regions in the Near East and 
Australia in which this system is now largely practiced 
by farmers so that one can expect improved cereal and 
animal production of the area. 



148 WaterConservationand Use 

Forage Mixtures 

Most efforts of this aspect implied the successful 
growth of forage mixture possibilities under local condi-
tions, mainly rainfall and temperature. A study con-
ducted for 2 years and at two locations included barley 
(Hordeundisticum) and oat (Avena sativa) and three 
type ofvetches (V/ciasp.) during which the precipitations 
were 306, 261, 393 and 409 mm. All treatments resulted 
in more than 1.0 Mg/ha of dry matter when cut at late 
dough stage (Lateef, 1982), as is shown below: 

Yield - kg/habForagea 

Barley + woolly pod vetch 4450 
Barley + Narbon vetch 4890 
Barley + chickling vetch 4070 
Oat + woolly pod vetch 4560 
Oat + Narbon vetch 4210 
Oat + chickling vetch 4250 

aThe seeds of mixtures were mixed in the same row. 
bMean for 2 y ars and two locations. 

Later studies (College of Agriculture and Forestry, 
1987) revealed that wheat following a forage mixture of 
barley and vetch yielded more than wheat after fallow 
under 276 mm annual rain with only 8 mm in April. 

Another study in a different area (A-Mayouf, n.d.) 
showed that wheat after a forage mixture yielded more 
than after fallow, regardless of whether fertilized or 
nonfertilized, as is shown below: 

Grain yield In kg/ha 

First Second 
System cycle cycle 

(498 mm) (298 mm) 

Wheat after fallow 
- fertilized 1850 870 
- nonfertillized 1580 960 

Wheat after forage-mixture 
- fertilized 2770 1040 
- nonfertilized 2540 990 

Farmers in the rainfed area still do not realize the 
values and the importance of growing green forages. This 
practice requires an extensive education campaign as a 
means of Integrating crop and animal production. 

Pulses 

Farmers in rainfed zones are aware of the impor-
tance of pulses and the possibility of growing them in 
rotation with cereals. 

In regions of above 500 mm rainfall, the farms 
usually are small. Pulses are grown in small plots as they 
require a lot of manual labor. Some studies indicate 

there Is a possibility of growing pulses in rotation with 
cereals in areas with less than 500 mm precipitation. 

In a study of three cycles (6 years) set up In a low 
rainfed area (AI-Fakhry, 1979), wheat after lentils (Lens 
culinars)out-yielded wheat after fallow in the third cycle 
and produced equal yield with wheat in the second cycle 
and less wheat in the first cycle as it is shown below: 

Cycle/Precipitation 

System First/ Second/ Third/ 
416mm 393mm 352mm 

Wheat after fallow 712 806 679 
Wheat after lentils 623 765 <800 

It is worthwhile to note that lentils gave very lowyield 
in the first cycle when precipitation was 195 mm (43kg/ 
ha). In the second cycle, the precipitation was 306 mm 
and the yield reached 187 kg/ha. In the third cycle when 
the annual rainfall was 239 mm, the yield of lentils was 
better than in the second cycle (244 kg/ha). 

In another study (A-Mayouf, n.d.), wheat after len

tils and chickpeas produced equal or more yield than 
after fallow, as is shown below: 

Wheat grain yield in kg/ha 

Cycle/Precipitation 

System First/ Second/ 
498 mm 298 mm 

After fallow 
- fertilized 1570 960 
- non-fertilized 1850 870 

After lentils 
- fertilized 2360 2160 
- non-fertilized 1890 990 

After chickpeas 
- fertilized 2040 920 
- non-fertilized 1790 1000 

In a different location, under 264 mm annual rain
fall, other work carried out on fallow alternatives (Al-
Juboury and A-Fakhry, in press) showed the superior
ity of wheat production in the first cycle after lentils in 
comparison to that after forage mixture and after barley. 

In a different study (College of Agriculture and 
Forestry, 1987), wheat grown after lentils produced 26% 
more than wheat grown after fallow. 

SUmmary 

Dryland farming is the main featu'e of agriculture In 
northern Iraq which has semiarid, mostly Mediterra
nean weather. Rotation in dryland farming areas is 
restricted to cereal/fallow. Pulscs are rotated with cere
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good crops t hrough better land preparation, effective AI-Hassan, A.M. 1976. Studies on local and introduced strains 
weed control, and improved soil fertility. However, the of annual medics in Northern Iraq. M.Sc. Thesis. University 
fallow system Is a land waste system when almost 40% of Mosul. 
of cropland is left every year without cropping and AI-Fakhry, A.K. 1979. Studies on rotations and effects of tillage 
damage is caused by exposing bare topsoil to erosion on wheat yield under rainfed conditions on Northern Iraq. 

through the 16 to 18 month fallow period. Rainfed Agriculture in northeast and north Africa: 59-65. 

The possible alternatives to replace fallow which are FAO, Rome, 1980. 

under consideration are: (1) ley fanning projects are now AI-Juboury, H.H. and A.AI-Fakhry. Undergoing study on fallow 
underway In the area and need a few years to draw the alternatives under low rainfall conditions of North Iraq.

foae fewars o te University of Mosul, Iraq (in press). 
final conclusion about it; (2) forage mixture which proved AI-Mayouf. M.A. (n.d.). Undergoing study: Rotation under dry-
In a few studies conducted in the area to be an important land farming in North Iraq. Annual Report. Ministry of 
possible rotation with cereals; and (3)pulses which also Agriculture. 
appeared in the few studies conducted in the area to be College of Agriculture and Forestry. 1979. Study on dryland 
a favorable component in the rotation, farming of North Iraq: Its crop production resources, Univer

sity of Mosul (in Arabic). 
College of Agriculture and Forestry. 1987. Report on Dryland 

Farming Development Project. University of Mosul. 
Lateef, A.A. 1982. Effect of planting method on yield and forage 

quality of barley vetch mixture under rainfed conditions of 
North Iraq. M. Sc. Thesis, College of Agriculture and For
estry, University of Mosul (in Arabic). 
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Introduction 

Breaking ofvirgin prairic. sod began around 1870 in 
Nebraska. The pioneer agriculturists were predomi-
nantly northern Europeans who had immigrated to the 
United States and had lived in the humid eastern U.S.A. 
for some years or immigrated directly from Europe. In 
either case, the pioneers, with previous farming experi-
ences in humid regions, attempted to farm and grow 
crops according to the climate from which they came. 
Droughts and limited rainfall soon made them realize 
that other methods and practices were needed if they 
were to succeed. Winter wheat (T'iticum aestivum L.) 
production in the Great Plains is risky because of 
variability in water, weeds, diseases, insects, and hail. 
However, water is the greatest limitation to consistent 
wheat production and a stable agriculture. 

During the first 70 years (1880-1950) of wheat 
production in Nebraska, the average grain yield of wheat 
was 0.94 Mg/ha. During the last 16 years (1969-1985), 
average yield has increased to 2.27 Mg/ha (Nebraska 
Agricultural Statistics). In the panhandle of Nebraska, 
production of wheat began about 1920. Yields of winter 
wheat were relatively low prior to 1940, averaging about 
0.74 Mg/ha. Following adoption of conservation tillage 
systems, yields of winter wheat more than doubled on an 
every-other-year basis and became stable even in years 
of low precipitation (Fig. 1). Prior to 1950, most winter 
wheat land was fenced and pastured during fallow, 
Frequently, fields were shallow-tilled after harvest to 
establish volunteer wheat, which was pastured during 
fall, winter, and into late spring. Tillage for summer 
fallow would begin after June I to control weeds. By this 
time the weeds, Including the volunteer wheat, had 
taken most or all of the water from the soil profile. 

In the middle 1950s, pasturing of fallow land was 
discontinued and emphasis was placed on tillage sys-
tem ? 'hat stored water in the soil profile and retained 
res:-u.L during the fallow period to control soil erosion. 
The .z.rage of additional water in the soil profile, along 
with improved varieties of winter wheat, tripled winter 
wheat yields in winter wheat-fallow systems during the 
late 1960s and 1970s. 

Factors Influencing Wheat Yield 
Improvement 

Winter wheat yields have steadily increased in 
western Nebraska since 1940 (Fig. 1). This increase can 
largely be attributed to development and implementa-
tion of technological practices for a total wheat produc-

tion system. Following is an estimate of the percent 
increase in yield of winter wheat due to ncw and im
proved technology (Fenster 1977): 

Improved varieties 30% 
Improved storage of soil water 35% 
Improved planting techniques 200/ 
Improved harvesting methods 10% 
Fertilizer. especially on sandy soils 5% 

Improvement in Wheat Varieties 

Improvement in wheat varieties has played an 
important role in improving yields of winter wheat. The 
modem varieties of wheat have been developed by using 
genetic stock that reduces straw length, increases tiller-
Ing capacity, ripens earlier to escape heat and hail 
damage, and has more resistance to disease and Insect 
pests. Thus, new varieties have higher yield potential 
and respond to increased management. They also utilize 
water much more efficiently. Disease resistance, espe
cially to rusts, has contributed greatly to increasing the 
yields of winter wheat. Yields ofwinter wheat declined in 
1960 to 1964. Black stem rust (PucciniagramntsPers. 
f. sp. triticiEriks and Henn.), wheat streak mosaic, and 
crown rot (FUsariumsp.) were the main factors. New 
varieties of winter wheat such as Lancer, Gage, and 
Scout, which were resistant to stem rust, were intro
duced. New varieties of winter wheat plus improved 
cultural practices to control wheat streak mosaic and 
crown rot continued the increase in yield of winter 
wheat. Varietial resistance to insects such as the Hes
sian fly (MayetioladestructorSay) also contributed to 
increased yields. 

Soil Water Storage 
Improvement of soil water storage has been a major 

factor in Increasing yields and averting crop failures. 
Emphasis on soil water conservation from harvest to the 
planting of the next crop has stabilized wheat produc
tion. Insufficient soil water at seeding is one cause of 
wheat failure in western Nebraska. As one looks at the 
precipitation patterns over the last 50 years for the 
Panhandle, the total precipitation has been variable but 
fairly consistent, averaging 427 mm/year. The annual 

precipitation for the 1930s averaged 406 mm and the 

yield ofwheat averaged 0.56 Mg/ha. From 1940 to 1970, 
wheat averaged 1.57 Mg/ha and the annual precipita
tion was 440 mm. From 1971 to 1985, wheat yields 
averaged 2.35 Mg/ha and the annual precipitation was 
420 mm. 

The Importance of water conservation cannot be 
overemphasized as the key element in the increase of 
yields in the area. Winter wheatyields more thandoubled 
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and became more secure from drought after 1940 in combine is much faster and more efficient. Most wheat 
western Nebraska, following adoption of a fallow system is cut as soon as the moisture content is low enough for 
which eliminated grazing and controlled all plant growth storage. This results in less loss due to shattering, 
between crops with cultivation and/or herbicides. Prior lodging, and hail storms. 
to 1940. stubble and weed growth werL grazed inten
sive!y after harvest in July until the following May or 
June. This was followed by a short fallow during the Until recently, fertilizer for wheat in western Ne
summer to prepare a seedbed for fall planting. The braska was used primarily on low fertility and sandy 
marked increase in wheat yields resulting from the soils. Most of the soils in western Nebraska were broken 
change in farming methods was due mainly to increased out of native sod in the 1920s and 1930s. Inherent 
available water. In the pre- 1940 system, water was fertility was sufficient to produce a good crop of wheat on 
wasted directly by weeds and indirectly from the loss of an every-other-year basis. Recent data indicate the 
stubble because of reduced snow catch and consequent benefit of fertilizer for wheat production in the wheat
increased evaporation and runoff. Improvement in water fallow rotation. 
conservation has accounted for about 35% of the in
crease in wheat yields that have occurred in western Summary 
Nebraska. Agricultural progress during the last 50 years has 
Improved Planting Techniques 	 been greater than during the previous recorded time. 

Date of planting in western Nebraska is an impor-	 With modern technology, development in the future will 

even be more rapid. Profitable production of crops is notant consideration in conserving water and controlling 

disease and insects. Yield loss results from either plant- longer a matter of preparing a seed bed, planting the 

ing too early or too late. The optimum planting date and crop, and harvesting. Today. it is a complex problem 

emergence gives time for good establishment of the involving proper tillage operations during the fallow 

wheat plant without serious loss of soil water or expo- period, seed bed preparation, placing the seed into the 

sure to disease. Planting too early will produce excessive right environment in the soil for rapid germination and 

top plant growth which utilizes valuable stored fallow seedling development, planting at the optimum time, 

using the right varieties, use of a profitable fertilitywater in unproductive fall growth. Early planted wheat 
program, control of insects and diseases, correct haris much more susceptible to crown and root rot and to 


wheat streak mosaic virus, which is carried by the vesting and storage methods, and proper marketing.
 

microscopic leaf curl mite. 	 Producers now operate in a "high cost business environ

ment." Failure in one phase of crop production mayFor optimum date of er.lergence and plant stands, a 

drill was needed that would plant through a dry soil layer mean the difference between profit and loss. 

and/or crop residue mulch and place the seed into moist 
soil. Prior to 1940, much of the wheat was seeded with References 
a surface disk drill or broadcast and covered with a 
single disk. Hoe drills were developed to place seed into Allen, R.R. and C.R. Fenster. 1986. Stubble-mulch equipment 
moist soil without excessive soil cover. Based on re- for soil and water conservation in the Great Plains. Journal 
search in western Nebraska, farmers in the mid- 1960s Soil Water Conservation 41:11-16. 

became aware of the advantages of proper seed place- Duley. F.L. and J.C. Russel. 1939. Annual research report. U.S. 

ment and timeliness of planting wheat. Improved plant- Department of Agriculture, Lincoln. NE. 
ntechniques along with new improved varieties were Fenster, C.R. 1960. Stubble-mulching with various types of

ing machinery. Soil Science Society of America Proceedirgs
 
contributing factors to the continued increase in wheat 24:518-523.
 
yields (Fig. 1). Fenster, C.R. 1977. Conservation tillage in the Northern Plains.
 

Journal Soil and Water Conservation 32:37-42.Improved Harvesting Techniques 
Fenster, C. R., et al. 1972. Date of planting studies of winter 

Prior to 1925, most of the wheat was harvested by wheat and winter barley in relation to root and crown rot, 
binding, shocking, and threshing. Today, the modern grain yields and equality. Nebraska Agricultural Experiment 

Station Research Bulletin 250. 
30o0 Nebraska Agricultural Statistics Annual Reports. 1880-1985. 

Nebraska Crop and Livestock Reporting Service.2500 -
Russel, J.C. 1976. Some historical aspects of stubble mulch 

2000 tillage. Publication 77. Lincoln, Nebraska: Great Plains Ag
1500 -ricultural Council. 12 pp. 

Stewart, P.H. 1928. Nineteenth Annual Report. The Nebraska 
1000 - Crop Growers Association. pp. 14. 

Stickler, F., and Warren Ten Pas. 1970. Mechanization of 
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Figure 1. Nebraska panhandle average precipitation 
vs. winter wheat yield. 
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Introduction 

Mechanical tillage is widely used in Wyoming to 
control weeds and retain soil water for crop establish-
ment in a wheat (Triticum aestivum L.)-fallow-wheat 
rotation. However, this fallow method removes crop 
residues from the soil surface, thus exposing it to erosion 
from frequent periods of strong winds and to a lesser 
extent water erosion. The problem of excessive soil 
erosion has prompted many winter wheat producers to 
consider conservation farming practices such as stubble 
mulch or -hemical fallow as methods to save their soil 
resource. 

Numerous studies have compared conventional, 
stubble-mulch, and chemical fallow systems with regard 
to water retention in the Great Plains (Black and Power, 
1965; Smika and Wicks, 1968; Tanaka, 1985; Aase and 
Tanaka, 1987). Results have been dependent on local 
soil characteristics, weed control, and climatic condi-
tions such as frequency and distribution of precipita-
tion. Previous research in Wyoming comparing bare 
fallow, stubble-mulch, stubble-mulch with fall tillage, 
and chemical fallow with fall tillage (Dowding et al., 
1967) indicated that removal of crop residue with fall 
tillage on stubble-mulch increased soil water loss from 
exposed soil when compared to the other fallow treat
ments. Alley and Chamberlain (1962) concluded that 
chemical fallow greatly reduced wind and water erosion. 

Advancements in herbicide technology during re-
cent years have allowed increased adaptation of conser-
vation tillage techniques. The objective of this research 
was to evaluate water storage in conventional, stubble-
mulch, and chemical fallow systems in Wyoming. This 
article reports on soil water only. 

Materials and Methods 

Research was initiated in the spring of 1985 at 
Archer and Chugwater, Wyoming, and the spring of 
1986 at Sheridan, Wyoming, to evaluate soil water 
storage under three fallow systems. Soil characteristics 

at the three locations are presented in Table 1. 

The experimental design was a randomized com-
plete block with four replications, and experimental 
units were 5.5 by 15.2 m. Conventional fallow consisted 
of moldboard plowing at Archer and Chugwater or field 
cultivation at Sheridan, followed by sweep tillage in July. 
Chemical and stubble-mulch fallow plots received a 
spring application of cyanazine 12-[[4-chloro-6(ethylam-
no)- 1,3,5-triazin-2-yl]amino]-2-methylpropanenitrile I 

plus metribuzin 14-amlino-6-( I, -dimethylethyl)-3-(meth-

ylthio)- 1,2,4-triazin-5(4H)onel at 2.24 plus 0.56 kg a.i./ 
ha. Chemical fallow plots received a follow-up applica
tion of glyphosate IN-(phosphonomethyl) glycinel plus 
dicamba 13,6-dichloro-2-methoxybenzoic acid) at 0.42 
plus 0.28 kg a.i./ha while stubble-mulch plots received 
a follow-up sweep tillage operation in July. 

Percent soil water data were obtained from 0.3-m 
increments to a 0.9- or 1.2-m depth per plot, depending 
on location, on a monthly (May to October) basis using 
standard gravimetric procedures (Trout et al., 1982). 
Available soil water data were derived from bulk density, 
pressure plate (1.5 MPa), and gravimetric observations. 

Results and Discussion 

Total available soil water in the root zone at seeding 
time was similar with conventional, stubble-mulch, and 
chemical fallowsystems atArcherin 1985 and 1986 (Fig. 
1). However, in 1987, total available water at seeding 
time was influenced by fallow system (Fig. 1). Total 
available water was 102,94, and 68 mm in the chemical, 
stubble-mulch, and conventional fallow systems. These 
results may relate to fallow system weed control since 
weed biomass production was 29 kg/ha for the cheif al 
and stubble-mulch systems and increased to 109 kg/ha 

Table 1. Soil characteristics at the three fallow locations. 

Location 
Parameter Soil depth Archer Chugwater Sheridan 

7.3 7.5 
pH 	 0.3-0.60-0.3 7.9 7.67.67.2 7.77.7 

0.6-0.9 8.0 7.8 7.7 

0.9-1.2 - 7.9 7.8 

texture 0-0.3 sandy clay sandy loam silty clay 
loam 

0.3-0.6 	 sandy clay sandy clay silty clay 
loam loam 

0.9-1.2 	 sandyloam loam silty clay 

O.M. 	(g/kg) 0-0.3 14 9 23 
0.3-0.6 5 9 18 
0.6-0.9 3 6 14 
0.9-1.2 - 3 8 

bulk 0-0.3 1.55 1.46 1.40 
density 0.3-0.6 1.58 1.32 1.34 
,Mg/m3) 0.6-0.9 1.60 1.25 1.44 

0.9-1.2 - 1.30 1.42 
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120- the top 0.3 in of the conventional, stubble-nlch, or 
10. * OOWENTKAL chemical fallow systems in late August. However. over 

E snJUBRE.MULCH 80 nn of precipitation occurred between August 20 and
E EHMCseeding or, September 28 effectively equalizing water 
W storage among fallow systems. In 1987, 78 mm of pre

0.cipitation during May and 116 mm during tile July
0August period apparently recharged the soil profile and 

,,, masked any fallow treatment effect ou total available soil 
water. The stubble-mulch July tillage treatlent was not 

" 20. applied in 1987 due to lack of weed pressure (Fig. 3): 
4 thus, data from this failow system were unavailable. 

In conclusion, available water storage at the three 
8-27-85 9-17-86 9-4-87 locations was similar with chemical, conventional, and 

LS.D( 1'',O , 
stubble-mulch systems provided weed control was ac
ceptable. However, if weed control was not adequate in 

Fig~r 1. Total available soil water at seeding all systems as at Archer in 1987, differences wcre noted. 

under three fallow systems at Archer, WY. 120, 

E STUBLENMULCHfor the conventional fallow system at the time observa- E 100 


tIons were taken in late August. c M CHEMCAL
 

At Chugwater, total available soil water at seeding 0
 
was not affected by fallow system all 3 years (Fig. 2).
 
However, the chemical fallow system tended to store 0
 
more total available water than the conventional or W 40
 

stubble-mulch fallow systems in 1986. Weed control 20
 
may partially explain this tendency since weed biomass I
 
production was I and 339 kg/ha for the chemical and >
 
conventional fallow systems, respectively, while weed 8-20-86 9.1.87
 
biomass production was similar in tile stubble-mulch L.9(0. 10;°, tl(. 10,v
 
and chemical fallow systems. Though no differences Figure 3. Total available soil water at seeding 
were observed among fallow systems, one trend was under three fallow systems at Sheridan, WY. 
evident. The conventional and stubble-mulch systems 
tended to store more total available water than tile References 
chemical fallow system 2 out of 3 years. Soil surface 
tillage common to both systems may have reduced or Aase. J. K.. and D. L. Tanaka. 1987. Soil water evaporation 
eliminated capillary water movement, thus decreasing comparisons among tillage i)ractices in the northern Great 
soil water loss by evaporation through the creation of a Plains. Soil Science Society of America Journal 51:436-440. 
mulch. This mechanism has been suggested by 3lack Alley, H1.P., and E. W. Chamberlain. 1962. Summmary Report of 
and Power (1965) and Hamnimel et al. (1981) from previ- Chemical Fallow Studies. Wyoming Agricultural Expert
ous fallow research. nient Station Mimeograph Circular 166.Black. A. L.,- and J. F. Power. 1965. Effect of e('lnical anl 

Fallow systems did not influence total available soil mchan F meo on uxoist orge, at
mechanical fallow niethods on moisture storage, wvheat 

water at seeding at Sheridan in 1986 or 1987 (Fig. 3). yields, and soil erodibility. Soil Science Society of America 
Precipitation quantity and distril)ution affected avail- Proceedings 29:456-468. 
able water storage of the three fallow systems in 1986 Dowding, E.. J. A. Ferguson. and C. F. Becker. 1967. Compari
and 1987. No measurable precipitation in July and only sons of four summer fallow methods based on seasonal 
3 mm in August of 1986 resulted in no available water in tillage-energv requirement, moisture conseration. and crop 

200 yield. Transcripts of Anerican Society of Agricultural Engi-
E neers. St. Joseph, Michigan I 0(l):1, 2, 3, and 8. 
E BSTUBE MULCH Hammel, J. E., R. 1. Papendick. and G.S. Campbell. 1981. 
W 150- CHEMICAL Fallow tillage effects on evaporation and seedzone water 
4content in a dry suniner clinate. Soil Science Society of 

America Journal 45:1016- 1022. 
0 100 Smika, D. E. and G. A. Wicks. 1968. Soil water storage during
U fallow in the central Great Plains as influeneed by tillage andW_j herbicide treatments. Soil Science Society of Anerica Pro

50o ceedings 32:591-595. 
>R Tanaka, D. L. 1985. Chemical and sl ubble-Inulch Influences on 
4€ seasonal soil water contents. Soil Science Society ofAmerica 

0 - Journal 49:728-733. 
9-3-85 9-12-86 9-10-87 Trout, T. J., 1. G. Garcla-Castillas, and W. E. 1lart. 1982. SoIl-LSD(O.10 )-= L SO( (.10 )=0S 1.SD)0.1I0 )4,0 water content. 1).51-55. In Soil-water engineering field and

Figure 2. Total available soil water at seeding laboratory manual. Departient of Agricultural and Cheml
under three fallow systems at Chugwater, WY. cal Engineering. Colorado State University. 
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Introduction 

The quantitative effect of soil and water conserva
tion practices on water retention within the soil profile 
has been a matter of conjecture and debate for many 
years. In many of the dryland areas of the country. 
certain practices and management techniques have 
traditionally been used to conserve soil water. For ex-
ample, installing level terraces, managing crop residues 
through conservation tillage, and performing subsoiling 
operations in the Great Plains region have been done to 
increase the available soil water and crop yield potential. 
Typically, such practices and management techniques 
induce changes in the existing rainfall-runoff relation-
ship by providing increased infiltration and suppressing 
evapotranspiration during the fallow period. The extent 
of this change in any one area depends on a number of 
factors: amount, intensity, and duration of rainfall: type 
of soil: temperature topography and geology: existing 
cropping patterns; crop residue management: antece-
dent water conditions; land use patterns, and other 
similar types of site specific characteristics. There has 
always been a need to provide some realistic measure of 
the effect of conservation treatments given the complex 
interactions among these various influencing factors. 

In recognition of this need, a study team within the 
Soil Conservation Service (SCS) of the U.S. Department 
ofAgriculture was formed to identify ways to quantify the 
effects of conservation practices on soil water (USDA-
SCS, 1985). This paper is based on their work. 

Procedure Developed to Determine
 
Water Conservation 


The procedure is based on information in USF 
Bulletin 1352 (Sharp et al., 1966) and in Agriculture 
Information Bulletin No. 420 (Greb, 1979). Bulletin 
1352 relates effects of conservation practices to in-
creased infiltration and reduced surface runoff, and 
Bulletin 420 describes the reduction ofboth evapotranspi-
ration and runoff due to agronomic practices. 

Typical Cropping Systems 
in Dryland Farming Regions 

Near Lubbock, Texas, farmers commonly plant cot
ton (GossypiumhirsutumL.) one year and grain sorghum 
[Sorghumbicolor(L.) Moench] the next. Cotton is usually 
planted around May 20 and sorghum maybe 10 days 
earlier in the month. Harvest time for cotton is mid-
November and for grain sorghum about the first of 
October. After harvesting sorghum, an average of 550 
kg/ha of residue remain on the soil surface until cotton 
is next planted. The example computations shown below 
for this cropping system estimate the water conservation 
effect for cotton following grain sorghum as compared to 
maximum clean tillage operations (Greb. 1979). 

In the Amarillo, Texas, area, a typical rotation might 
be wheat (Triticum aestivum L.) planted October I and 
harvested the first of July followed by I1 months of 
fallow (July I - June 1). Grain sorghum is then planted 
in June and harvested around November 1. After har
vest, about 2000 kg/ha of residue are left on the soil 
surface until October 1 when the rotation will be re
peated. Alternative treatment neasures in this area 
generally relate to various tillage schemes. One method 
is to begin sweep plow operations around May I to 
reduce weed pressure and to make about four trips 
through the field to control weed growth before planting 
on October 1. In addition to winter decomposition, this 
reduces the average amount of residue over this period 
to 900 kg/ha. An alternative treatment is to practice 
conservation tillage. 

Water Conservation 

Effects 

The example computations below illustrate the 
procedure. The following basic information is needed: 
annual precipitation: annual potential evapotranspira
tion: annual runoff; climatic factor and conservation 
index values. 
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Lubbock. Amarillo, relationship shown in Figure 2. Knowing the average 
Texas Texas crop residue amounts associated with different agro

nomic practices, a conservation index for residue man-

Annual precipitation (P), mm 480 500 agement practices can be estimated.
 

Annual potential
 
evapotranspiration (PET. mm 820 780 Conservation index 

P/PET 0.59 0.64 Alternative conservation Lubbock, Amarillo, 
Annual runoff. mm 6 13 treatments Texas Texas 
Climatic factor (Fg. 1) 0.84 0.80 Level terraces (closed end) 1.0 See (1) 

& tllage operations (chisel 

1.00 	 tandem disk, bedding) 0.03 See (2) 
Crop residue management 0.05 See (3) 

(4 sweep plow passes) 

0 B80-__ 
Tillage operations 	 0.09 (See 4)

u 	 (1 sweep plow pass) 

U 
 (1) From Figure 1. 

. - (2) From Figure 2. The value 0.03 indicates an in
crease from a "baseline" and was obtained by estimating 

-that 550 kg/ha of grain sorghum residue would be left 
u 2J 	 on the soil surface for the cotton crop using tillage 

operations typical of this area (chisel plow, tandem disk, 
0 and bedding). This is a 3% increase over the lower limit 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 shown in Figure 2 (the"baseline"). developed using data 
ANNUAl. PRECIPITATION from Greb (1979) which ind!cated that approximately 

ANNUAL POTENTIAL EVAPOTRANSPIRATION 19% of the total annual precipitation was available for 
plant use, even under the maximum clean tillage opera
tions as practiced from 1916 to 1930. 

(3) From Figure 2. Using sweep plow operations, 

Level 	 closed-eni terraces i.0 about 15% of the residue left after harvest (2000 kg/ha) 
Row crops is reduced for each trip over the field. Assuming four 

Straight - row 0.0 trips are made, plus winter decomposition, an average of 
Contour tillage 0.5 900 kg/ha for the period remains. 

Small 	grain 
Straight - row 0.3 (4) From Figure 2. Indicates a relative increase in 
Contour tillage 0.6 conservation index due to conservation tillage opera

tions. The value 0.09 results from an average of 1500 kg/ 
Figure 1. Climatic factor and conservation Index ha of residue for the period. 
values. Sharp et al., 1966. These conservation index values are next modified 

for climatic conditions using the values obtained from 
The Climatic Factor (Fig. 1) is based on research the curve in Figure 1. Water conservation for the various 

(Sharpetal., 1966) relating surface runoffdepletion (i.e., alternative conservation treatments can then be ob
the "climatic factor") to the relative aridity of the climate tained by multiplying the modified conservation index 
(determined by the P/PET ratio). In developing the curve, values by annual runoff. 
it was observed that straight row cropping with conven
tional tillage would provide no (0%) surface runoffdeple- Alternative conservation Lubbock, Amarillo. 
tion while level closed-end terraces would provide 100%. treatments Texas Texas 
Othervalues were experimentally determined.This curve (ha-mm/ha) (ha-mm/ha) 
applies in those areas of the country having a P/PET Level terraces 
ratio less than 1.4.rai.. esta (closed end) (1.0 x .84)


The research of Sharp et al. (1966) also provided and tillage operations (6) = 5.0
 
conservation index" values for various conservation and tae is (6) 5.0
(chisel, tandem disk. (0.03 x .84)

practices, such as terraces and contour farming. How- bedding) (480) = 12.1 
ever, this research did not describe the effect of modern Total = 17.1 
agronomic practices, including the various forms of Crop residue (0.05 x 0.80) 
residue management. Greb (1979) reported data relating management- (500)= 20.0 
fallow efficiency (defined as the percentage of precipita- 4 sweep plow passes Total = 20.0 
tion retained in the soil profile from date of harvest to 
date of planting) for various types of tillage systems. Tillage operations- (0.09x0.80) 
Using these data, the SCS study team developed the 1 sweep plow pass (500)= 36.0 

Total = 36.0 

http:0.09x0.80
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Figure 2. Conservation index valucs for various residue amounts. Greb, 1979. 

Recommendations 

Additional research is needed to extend water con-
servation estimates to the humid areas of the country. 
Also, information on other conservation practices (such 
as rangeland treatment measures) and data related to 

the arius araeter theevaotrnspra-inolvd i
the arius araeter
inolvd I theevaotrnspra-


tion and Infiltration processes are needed so that this 
procedure can be more effectively utilized in planning 
alternative conservation treatment measures. 
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Introduction 

Water conservation methods are traditionally used 
by farmers in sorghum [Sorghum bicolor (L.) Moench] 
growing areas of the Sahelian region. At the first or 
second weeding time, farmers usually construct a ridge 
or a mound between rows ofsorghum and often incorpo-
rate weeds into it. 

In Niger, sorghum is only grown on about 10% of the 
cultivated land and is often associated with pearl millet 
(Pennisetumamericanum)or with a pearl millet/cowpea 
(Vigna ungulculata) associative system in the higher 
rainfall (> 500 mm) areas. In the lower rainfall areas, 
sorghum is grown in lowlands or on ancient river beds. 

Research in Burkina Faso and Mali, the neighboring 
countries of Niger with relatively higher rainfall amounts, 
showed that ridging and tied-ridging significantly in-
creased cereal crops' yield (Rodriguez, 1982; Stroosnij-
der and Hoogmoed, 1984) by improving infiltration 
(Hoogmoed and Stroosnijder, 1984) and by better using 
applied N (Ohm et al., 1985). 

It was observed in Burkina Faso that tillage before 
the rainy season is not possible due to the poor condition 
of draft animals at the end of the dry season (Dugue, 
1985; Ohm et al., 1985). As most farmers plant with the 
first rains in June, there is no labor available for tillage 
operations at the planting time in the Sahelian region. 

However in Niger, on heavier clayey soils, sorghum 
is planted in a sole system at least a month after the 
beginning of the rainy season. In theory, at this time of 
the year, draft animals must have recovered from the 
previous dry season malnutrition cnd plenty of labor 
should be available. 

Given this favorable draft animal and labor situation 
in Niger at sorghum planting time, it is assumed that it 
would be possible to modify soil properly before planting 
to conserve rainwater. A study was initiated in 1985 at 
the National Agricultural Research Institute of Niger 
(INRAN) to study the effects of ridging and tied ridging on 
sorghum grain production. 

Materials and Methods 

An improved local sorghum, cv. Babadia Fara, 
adapted to sandy and clayey soils was grown on fiat 

tilled, ridged, and tied-ridged plots during the 1985. 

1986, and 	1987 crop seasons at Kolo research station of 
the Nigerian National Agricultural Research Institute 
(INRAN). Kolo agricultural research station is situated at 
about 130N. This station received about 436, 433, and 
410 mm 	rainfall in the 1985, 1986, and 1987 rainy 
seasons, 	respectively. Of this, 360, 375. and 325 mm 
rainfall came after planting sorghum in the 1985. 1986, 
and 1987 crop seasons, respectively. 

The experimental site is an old riverbed composed of 
300 g/kg sand and 700 g/kg clay mixed with limestone. 
Crop density was 125,000 plants/ha, arranged in three 
plants per hill with a hill spacing of 80 cm x 30 cm. 
Sorghum received a basal fertilizer dose of 18 kg P205 / 
ha and 45 kg N/ha in two split applications after the first 
and second weeding operations, 2 and 4 weeks after 
planting, respectively. 

Three treatments, flat bed cultivation with a three 
tooth cultivator, ridged bed, and tied-ridged bed, were 
compared for their effect on sorghum grain production in 
nine replications arranged in a randomized block design 
(RBD). 

In 1987, two additional factors, time of tillage and 
level of N, were added to this study in a split-split plot 
design with three replications. Pre and post crop plant
ing tillage times formed the main treatments. At each 
time of tillage, all three tillage methods were compared 
as sub-plots. Within each tillage method, 0 kg N/ha and 
45 kg N/ha levels were compared. Each sub-sub plot 

2was 72 m	 . 

Results 

Grain and dry matter yields of sorghum grown on 
plots tilled by different methods are presented in Tables 
I and 2. These data indicate that there was a grain yield 
increase of 24% due to ridging and 60% due to tied
ridging in 1985. This grain yield increase was realized 
through a 35% increase in dry matter production in the 
tied-ridging treatment and with almost no extra dry 
matter production in the case of the ridging treatment 
(Table 1). 

Similar grain yield increases occurred due to ridging 
(+30%)and tied-ridging (+48%) compared to flat tillage in 
1986. This grain yield increase was realized through a 
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Table 1. Effect of tillage method on sorghum grain and dry 
matter yield at Kolo, 1985 and 1986. 

Grain yield Dry matter 

Tillage method 1985 1986 1985 1986 

kg/ha 
Flat tillage 1000 520 5250 2060 
Ridges 1240 680 5230 2780 
Tied ridges 1600 770 7090 3270 

SE 180 90 630 320 

35% and 58% dry matter yield increase In ridged and 
tied-ridged plots, respectively, compared to flat tillage 
(Table 1). In 1987, the grain yield increase was 63% due 
to ridging, and 82% due to tied-ridging. These increases 
were realized through a 52 and 67% dry matter yield 
increase due to ridging and tied-ridging, respectively 
(Table 2). 

Time of tillage and N levels introduced in 1987 did 
not result In any statistical differences for grain produc
tion in spite of substantial yield decreases due to post-
ridging and tied-ridging compared to pre-plant ridging 
and tied-ridging (Table 2). 

Discussion 

In all three experimental years, grain and dry matter 
yields increased substantially due to the ridging and 
tied-ridging tillage techniques in the experimental plots. 

This increase can be attributed to extra water stored in 
the modified plots where water could not run off (unpub
lished neutron probe measurements) and to a better 
plant establishment (Table 2). Ridging and tied ridging 

plots had about 3 1%, and 38% more sorghum hills than 
the fiat-tillage plots. This translates into 41.000 and 

84,000 extra sorghum plants in tied-ridged and ridged 
plots, respectively, compared to flat-tillage plots. These 
significant differences among the three tillage treat
ments in plants established per unit area were reflected 
in the number of useful heads of sorghum harvested at 
maturity and. consequently, the final grain yield (Table 
2). 

Before-planting preparation ofridges and tied-ridges 
had a favorable influence on sorghum plant emergence 
and its growth as measured by plant height and weight 
rate (Table 3). These significant differences in growth 
rate and number of plants established due to the tillage 
time were reflected in the final grain and dry matter yield 
(Table 2). 

Table 3. Influence of time tillage on plant emergence. plant 
height, and weight at 28 days after planting, Kolo, 1987. 

Treatment Emergence Plant Height Weight 
per Plant 

Plants/m 2 cm g 
Before Planting 
After Planting 

27.3 
14.5 

11.0 
3.8 

0.53 
0.15 

SE 2.6 1.3 0.12 

Table 2. Effect of type and time of tillage and N level on sorghum grain and dry matter yield and number of established hills, and 

earheads per unit area, Kolo. 1987. 

Treatment 

Time of preparation (A): 
Before planting 
After planting 

SE 

Tillage operation (B): 
Flat tillage 
Ridges 
Tied ridges 

SE 

Fertilizer (C): 
Nitrogen 0 
Nitrogen 45 

SE 

Significant interactions: 
AxB 

Grain yield Dry matter Hills 
established 

Heads 
harvested 

NdS NS 
750 
470 

kg/ha 
NS 

5700 
3760 

NS 
220 
175 

no./44 m2 

410 
230 

189 1530 34 113 

° 
410 
670 
745 

3380 
5160 
5660 

160 
210 
220 

200 
340 
420 

75 553 13 29 

NS 
558 
661 

a 

4410 
5060 

NS 
190 
200 

NS 
300 
340 

42 205 8 14 

" * * a 
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Introduction 

There is a large area of dryland agriculture in 
Northern China, covering 38% of the total cultivated 
land of the country. Using annual precipitation of 80% 
assurance as the dominant index, the area has been 

divided into five regions: arid, semiarid to arid, semiarid, 
semihumid to arid, and sernilumid (Li, 1987). Most of 
the rainfed farming area is ibund in the semiarid and 
semihumid to arid regions with little irrigation resources, 
among which the Loess Plateau occupies a large portion, 
The soils are mainly loess or loess-originated which 
generally have a low fertility owing to scarce plant cover, 
extended cultivation, and poor management. A large 
portion of the area is subject to water and wind erosion. 
The prevailing cropping system in these regions is mainly 
aone year-one crop system. Cereal crop yields of most of 
the farmlands are usually quite low, ranging from 0.75 
to 1.5 Mg/ha. One of the main constraints for agricul
tural production in these regions is limited annual 
precipitation with large variation within different years 
and uneven distribution within different seasons. Most 

rainfall occurs in june, July, and August in the eastern 
part, and in July, August, and September in the western 
part. Spring drought occurs in most years and summer 
or autumn droughts occasionally occur. The other main 
.onstraint with more practical significance is poor soil 

fertility. Therefore, increasing both rainwater storage 

Table I. Effect of subsoiling and deep plowing on water storage 
(Data from LI et al., 1987; Han et al.. 1987). 

Water storage 
before seedling 

Location Year Trealment 0-1 m 0-2 m 

mm -

Tunlui. 1983 Subsoiling (35-40 cm) 304 
Shanxl Conventional tillage (20 cm) 293 

1987 Deep plowing (28-30 cm) 510 
Conventional tillage (20 cm) 488 

Qianxlan, 198'i Subsoiling (30 cm) 570 
Shaanxi Conventional tillage (22 cm) 556 

1985 Subsoiling 130 cm) 499 
Conventional tillage (22 cm) 482 

Chengcheng,1984 Subsoiling (30 cm) 536 
Shaanxl Conventional tillage (22 cm) 525 

efficiency and water use efficiency through improving 
water conservation and soil fertility may improve yields. 

Measures for Improving 

Water Storage Efficiency
 

Measures for improving water storage are mainly 
used during the summer fallow period inawheat(iticum 
aestivum L.)-based crop rotation to increase soil water 
storage for use by the wheat crop in the dry spring. These 
measures can conserve 1 to 22 mm more precipitation 
in 1-to 2-r soil profile than conventional tillage, and the 
wheatyields increase by0.20to 0.48Mg/ha (6.8-17.4%) 
(Table 1,2). According to experiments conducted in 
Tunliu County, Shanx province, the post-effect of sub
soiling can extend to the next crop. At that time, wheat 
yields still Increase by 6 to 16%. 

Mulching 
Experiments conducted by Han et al. (1987)showed
 

that 6 Mg/ha of wheat straw mulch with subsoiling re
sulted in 21 mm more water storage in a 2-m profile than 

in 0.1 0moreuoeingealwheat yields.dXu etet al. (1986) foundtothat 30 Mg/haMg/ha 

o re auemlh(rs egt eutdi 9m 
more water in a 2-m profile than no mulch during the 
summer fallow period. Wheat yield on mulched land 

increased significantly (Table 3). 

Table 2. Wheat yields of subsoiling and conventional tillage 
(Data from LI et al., 1987; Han et al.,1987). 

Location Year Treatment Wheat yield 

mg/ha 
Tunlui, 1983-1985 Subsoiling 3.23a 

Shanxl Conventional tillage 2.75, 

Chengcheng, 
Shaanxi 

1985-1986 Subsoiling 
Conventional tillage 

2.93b 
2 .7 1b 

Qianxlan, 1985-1987 Subsolling 4.00' 
Shaanxi Conventional tillage 3.70b 

,Average of seven experiments in 3 years.
 
bAverage of 2 years.
 
"Average of 3 years.
 



Table 3. Effect of green manure mulch on wheat yields (Data 
from Xu et al., 1986). 

Treatment - mulch rate Wheat yield 

Mg/ha Mg/ha 
0 3.14 

15 3.53 
30 4.19 
45 4.44 

Table 4. The amount of chemical fertilizer use and WUE in 
wheat production. 

Nutrient 
applied N:P 2 0 5 WUE Yield 

N P 

kg/ha kg/mm/had Mg/ha 
0 0 - 3.7 1.17 

30 105 1:3.5 4.4 1.70 
60 105 1:1.75 5.1 1.96 
90 105 1:1.16 5.8 2.23 

120 105 1:0.88 6.6 2.55 

0 0 - 3.0 1.16 
127.5 36.8 1:0.29 5.3 2.04 
127.5 53.6 1:0.42 5.9 2.28 
127.5 70.4 1:0.55 7.0 2.71 
127.5 105 1:0.82 7.7 3.00 

pWUE is calculated from wheat yield and natural 
precipitation during June 20. 1986 - June 20, 1987 (387 
mam). 

Measures for Increasing 

Water Use Efficiency 


Water use efficiency is related to soil fertility and 
fertilization. Any measure that can improve soil fertility 
will result in increasing water use efficiency and thus 
increasing crop yield. 

Using Adequate Amounts of Chemical 
Fertilizers 

This may rapidly increase WUE and crop yields on 
rainfed farmlands. Most farmlands are deficient in both 
Nand P but not K. The P deficiency is somewhat serious, 
The P content in the soil is often lower than 5 mg/kg. It 

is necessary to develop recommendations for economic 
use ofN and P fertilizers. The suitable amount of fertilizer 
N is different, based on soil fertility and water status. 

Generally, it ranges from 50 to 200 kg/ha. According to 
experiments conducted in these regions, the appropriate 
N:P 20,5 ratio of fertilization ranges from 1:0.7 to 1: 1 for 
wheat and approximately 1:0.5 for corn (7ea mays L.) 
and other autumn-harvested crops. Table 4 shows how 
WJUE and crop yields are related to the amount of 
fertilizer used and the ratio of N:P 20, fertilization on 
farmlands in Tunliu. Shanxi. 

Organic Recycling 

Organic recycling both directly (crop residue incor
poration) and indirectly (in the form of organic manure) 
combined with the use ofadequate amounts of chemical 
fertilizers is the basic way to improve soil fertility and 
increase WUE in these regions. Our experiment con
ducted in Huguan. Shanxi, in 1983 showed that a large 
amount of FYM (feed yard manure) incorporation in
creased WUE and crop yield significantly (Table 51. The 
research of Jin et al. (1987) in Tunliu, Shanxi. clearly 
identified the effect of a combination of organic recycling 
and chemical fertilizer use for improving soil fertility and 
increasing WUE (Table 6). 

Conclusion 

Water storage efficiency and WUE are the two basic 

factors that influence yield levels of crops in rainfed 
farming. They must be considered simultaneously when 
taking measures for improving crop production. There 
are many measures that can be taken in rainfed farming 
In Northern China based upon local conditions. How
ever, subsoiling or deep plowing combined with some 
kind of minimum tillage in the second year in a crop 
rotation and organic recycling combined with adequate 
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Table 5. Organic manure incorporation and WUE in corn 
production. 

Manure applied Yield 

Mg/ha 
0 4.53 

45 5.81 
90 6.76 

Water consumption WUE 

mm kg/mm/ha 
302 15.0 
293.4 19.8 
287.1 23.6 

Table 6. Effect of corn stalk incorporation combined with chemical fertilizer and WUE (Data from Jin et al., 1987). 

Corn stalk Fertilizer applied Soil fertility
Year incorporated Corn yield WUE, 

N P2O' OM N Olsen P 

Mg/ha kg/ha g/kg mg/kg Mg/ha kg/mm/ha 
1979 5.6 112.5 67.5 9.6 0.85 3.5 5.63 10.7 
1986 9.5 168.8 112.5 12.8 0.91 5.8 8.25 14.6 

SWTJE is calculated from corn yield and yearly precipitation. 
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chemical fertilizer use are common measures for Im-
proving water storage efficency, WUE, and crop yields in 

rainfed farming areas of Northern China. 
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Introduction 

Alley cropping is an agroforestry system in which 
food crops are grown in alleys formed by hedgerows of 
trees or shrubs. During the rainy season, the hedgerows 
art i"-:uallycut to about I mat planting ofcrops and kept 
pruned to reduce competition with crops. Alley cropping 
has been recommended for the humid tropics primarily 
as an alternative to shifting cultivation and to improve 
soil fertility (Kang et al., 1985). In the semiarid regions 
of India. the main benefit of alley cropping is fodder 
production during the dry season because mulching In 
alleys with hedgerow prunings does not consistently 
increase crop production (Singh et al., 1987). 

In their review of alley cropping in the semiarid 
regions ofIndia. Singh et al. (19S/) reported a consistent 
and considerable reduction (30-90%) in crop yield when 
alley width is less than 5 m and they recommended con-
tinuous pruning during the cropping season. The major 
reduction in crop yield is restricted to the areas close to 
the hedgerows. Thcy postulpted that competition for 
water between the roots of the trees and crops or shading 
by the trees is responsible for the low crop yield in the 
alleys. 

Much of the work on alley-cropping in India is 
confined to the investigation of agronomic treatments 
like cutting height and spacing on the yield of crops and 
trees and very little is known of the microclimate modi-
fication within the alleys. In contrast, microclimate 
st.vdies in conventional intercropping in the semiarid 
tropics has demonstrated that shading by a tall crop, 
e.g., sorghum (Sorghumsp.) does indeed improve the ef-
ficiency of utilization of light for dry matter production of 
the shorter crop, e.g.. ,"roundnut (Arachis hypogaea) 
(Marshall and Willey, 19,33), and increases the yield of 
crops (Harris and Natarajan, 1988). 

This paper investigates the ways in which the micro-
climate ofthe alleys ofa 4-year-old Leucaenaleucocephala 
Lam hedgerow is modified during the cropping season 
and seeks to separate the effects due to aerial and below 
ground environment on the growth and yield of sorghum 
(Sorghum bicolor (L.) Moench], castor (Ricinus sativa), 
and cowpea (Vigna unguiculata)grown in the alleys. 

Materials and Methods 

Site 

bad, India (17030 , N, 780 16' E). The average rainfall of 
the research station is 750 mm with about 530 mm 
during the cropping season, June to September. The soil 
is classified as an Alflsol with murrum concretion in the 
subsoils and has a water holding capacity of 160 mm per 
1-m depth. The soil is low in nitrogen (0.05 g/kg) and 
phosphorus (Olsen's p, 8 kg/ha), and the pH is neutral. 

History 
Leucaena hedgerows (cv.K8) were planted at 5-m 

intervals along the contour of a gently sloping portion of 
the farm and runoff was collected at the f-nd of the whole 
plot which measured 160 x 50 M2 . Each hedgerow was 
50 m long and arranged in an east-west direction. 
Hedgerows were pruned regularly to a height of 1 m 
except that a leucaena tree at every 2 m along the 
hedgerow was pruned to grow as poles. In the first 2 
years, six dryland crops were grown between the hedges 
to determine the most appropriate crop for such a 
system. Results showed that the yield of cereals such as 
millet (Pennisetumsp.) and sorghum were least reduced 
by being grown between hedges, but slower growing 
crops like castor and groundnut were severely affected 
(Fig. 1). In 1985, rainfall was only 375 mm during the 
cropping season (June-October) and yield reduction 
reached 74%. even in the best crop combination. Be
cause of this, it was decided that a wider alley was more 
appropriate and every alternate hedgerow was removed 
in April 1986. The removal of these hedgerows reduced 
the competition with the crops in 1986 and all except 
cowpea recorded some improvement in crop yield. Rela
tive crop yields are calculated as a percentage of the sole 
crop per alley area. 

In 1987, there were 15 alleys of 10-m width each and 
three crops were selected to represent the range of 
responses to Leucaena, i.e., sorghum, cowpea, and cas
tor. Each crop was grown along the whole alley and 
assigned randomly to each alley so that there were five 
replications per crop. Spacing of cowpea and sorghum 
was 45 x 30 cm, and for castor was 60 x 30 cm. Sole crops 
were planted on the south side of the agroforestry block 
to avoid both the shading effects and the influence of 
predominant southeasterly winds. Each sole crop plot 
was 5 m wide and 50 m long arrangei in the same east
west direction as the intercrop. There was no sole 
leucaena treatment. All crops were sown on 10 June. 
Root Barrier 

The alley-cropping system was established in June Before the onset of the rainy season, root barriers 
1984 at Gunegal Research Farm, 40 km east of Hydera- were installed along both sides of six single leucaena 
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hedgerows (at 0.3 m from hedgerow) to separate the 
effects of aerial and below ground interaction (Fig. 2). 
The barrier extended to a 25-m length, i.e., half of each 
hedgerow. A similar approach has been used by Willey 
and Reddy (1981) to separate the above and below 
ground interactions in a millet/groundnut Intercrop. 
Trenches about 30 cm wide and 50 cm deep were dug 
and one layer of 400 gauge clear polythene sheets was 
installed so that about 2 cm of the polythene remained 
above the soil surface to prevent the spread of roots over 
the top of the barrier. Top- and sub-soils were removed 
separately and were filled back accordingly, and a level 
soil surface was created. 

Microclimate and Soil Water Measurements 

A mast carrying an anemometer (Met-one), an aspi-

rated psychrometer, and a 1-m long tube solarimeter 
(Delta-T type) at 0.5-m height was located at 1.0 m from 
both sides and also at the central part of an alley in the 
intercrop cowpea and at the sole cowpea stand (in the 
open). In the sole cowpea stand, a wind direction sensor 
was also mounted. Soil temperatures in each location 
were measured using 20 standard wire gauge thermo-
couples that were buried 5 cm deep between the row of 
crops. The output from each sensor was monitored at 5 
minute intervals by an automatic data logger (CR2 1X 
Campbell Scientific, USA) and t_, average values for 
each hour were stored on cassettes. 

Two neutron access tubes were installed in the sole 
cowpea plot, one on a crop ro". and the other between 
rows to a depth of 90 cm. In ae cowpea alleys, access 
tubes were installed in the middle and at both edges of 
the alleys at 0.3 m away from the root barrier. There were 
seven tubes in the middle (M) and four tubes next to the 
root barrier (B) and 10 tubcs next to the hedgerows 
without (-B)root barrier (Fig. 2). Soil water content was 
measured at 14-day intervals during the cropping sea
son with gravimetric measurements for the upper 30 cm 
of the profile and with neutron probe at 15-cm depth 
increments. The probe was calibrated against gravimet-
ric measurement from a single core adjacent to each 
access tube. 

Growth aAd Yield Mcasurements 

On 19 August and 9 September 1987. the leaf area 
index (using an area meter) and dry matter accumula-

Table 1. Monthly ralnhll at Gunegal farm. 1984-1987. 

Rainfall 
1985 1986 1987 

Month 

mm 
June 57 170 56 107 
July 152 193 49 133 
August 83 32 122 162 
September 95 14 59 37 
Ocober 89 85 24 49 

Total 476 494 310 488 

tion of the cowpea and sorghum plants (but not the 
castor) were measured in the sole and alley treatments. 
In both cases, three 1-m lengths of crop rows were 
harvested in the sole and on the three positions in the 
alleys. At crop maturity, the total grain yield of each row 
in the alleys was harvested. Cowpea was harvested 70 
days from sowing (DAS), sorghum 110 DAS, and castor 
150 DAS. 

The leucaena hedgerows were pruned on several 
occasions for fodder production and the dry matter was 
measured for each row. The height and diameter at 
breast height (dbh)ofthe leucaena trees pruned for poles 
were measured at the start and end of the growing 
season. 

Results 

Yield 

The reduction in grain yield of alley crops from 1984 
to 1987 is shown in Figure 1. Sorghum was the least 
affected by the leucaena hedgerows in the first 3 years, 
castor was the most affected, and cowpea was interme
diate. The greatest reduction in alley crop yield was in 
1985 when low and poorly distributed rainfall resulted 
in a massive reduction for all crops. Total rainfall for 
August-September 1985 period was only 46 mm corn
pared to 199 mm in 1987 (Table 1). 

The relative increase in the yield of alley cowpea in 
1987 was associated with the high and well-distributed 
rainfall in the July-August period and the beneficial 
effect of the removed hedgerow. Sorghum yield increased 
moderately in 1987, but castor yield remained low 
because the grain filling period coincided with the low 
rainfall period from September to October. The results 
which follow are concerned with the measurements in 
iG87. 

Leaf Area and Dry Matter Production 

The growth of alley cowpea and sorghum depend on 
their proximity to the leucaena hedgerows. Compared 
with the sole crop there was a reduction in yield of 

cowpea, but a 34 to 68% increase in yield in sorghum at 
the center of the alley (Table 2). At the edges of the alleys, 
the total dry matter production of both cowpea and 
sorghum was reduced by 70 to 80% compared to sole 
stands. The presence of a root barrier (+ B treatment) 

almost completely removed this reduction in yield of 
alley cowpea on the last date of measurerr: ents. A similar 

response to the presence of root barrier was observed 

with sorghum on 19 August, but the beneficial effect was 
slightly less on 9 September 1987. Leaf area index and 
grain yield also showed a similar response to the pres
ence of the root barrier in both crops. 

Row-wise analysis of the grain yield of alley crops at 
maturity clearly showed that competition from the leu
caena hedgerc v's extended to 3 m without the root 
barrier (Fig. 3). The presence of a root barrier greatly 

reduced the extent of competition from the trees, but 
there was still a progressive increase in crop yield away 

1984 



_ _ _ _ 

from the hedgerows. which may be due to the beneflcia! 
effect of the removed hedgerow. Compared to the soie 
crop, the yields of cowpea and sorghum were relatively 
unaffected by the leucaena hedgerow in the +13 treat-
ment. In contrast, the yield of alley castor was severely 
reduced compared to sole castor even at the middle of the 
alley. The root barrier still had a beneficial effect on 
castor yield, but the long dry spell during September-
October may explain the poor yield of alley castor. 

The root barrier reduced the increment in both 
height and girth of the pole trees by 35% during the 
cropping season. Unfortunately, fodder production of 
leucaena was grouped together for each hedgerow, making 
it impossible to separate the effect caused by the root 
barrier. Average dry fodder production from the hedge
rows was 1.4 Mg/ha in 1987, 0.9 Mg/ha in 1986, 2.1 
Mg/ha in 1985, and 1.2 Mg/ha in 1984. 

Microclimate 

The major modification in the aerial environment 
was the shading of the crops close to the hedgerows (Fig. 
4b). During the first 45 days of the cropping season, 
shading of the crops at the edges of the alley increased 
from 30 to 85% of solar radiation. From 45 DAS to 
harvest of cowpea. the shading was intense at about 
80%. Although growth and grain yield of shaded alley 
cowpea was close to that of sole stand, it was much lower 
than the crop in the center of the alley. Average solar 
radiation during the growing season was 15 MJ/m 2/d 
and, for much of the growing season, the crops received 
12 MJ/ n 2/din the middle and 3 MJ/m 2/d close to the 
hedgerows. Shading by the leucaena canopy delayed the 
onset of wilting of alley crop in the root barrier compared 
to the crops in the open. 
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Windspeed in the alleys was reduced by 20 to 25% 
quite consistently during the growing season (Fig. 4a). 
This reduction is expected as the winds are predomi
nantly in a southeasterly direction and the hedgerows 
were arranged in an east-west direction. If the hedge
rows were arranged at right angle to the wind direction, 
a much larger reduction would be expected. As wind
speed var-d from 1.5to3m/s, itisunlikelythatitwould 
have a major effect on crop growth and yield. Because 
there were no apparent differences in both air and soil 
temperatures between the sole and alley cowpea stands. 
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Figure 1. Grain yield of crops in alley cropping at 
Gunegal Farm, rainy seasons 1984-1987. 

Table 2. Leaf area index, grain yield, and total dry matter of cowpea and sorghum. Gunegal, 1987. 

Treatments 19 August 9 September 

Yield Yield 
LAI Grain TDM LAi Grain TDM 

g/m 2 g/m 2. 

Cownea: 
Sole 1.21 18.4 164.8 0.39 185.9 308.9 

Alley crop: 
Control (-B) 0.69 2.0 50.8 0.18 17.3 61.3 
Middle (M) 1.39 5.1 154.5 0.40 136.3 275.7 
Polythene (+B) 1.33 5.9 178.2 0.50 171.5 339.1 

S.E.of Mean +0.32 +7.23 +58.3 +0.13 +76.3 ±126.0 

Sorghum:
 
Sole 1.81 0 208.8 1.51 193.1 610.3
 

Alley crop:
 
Control (-B) 0.86 0 62.8 0.76 42.1 188.4 
Middle (M) 2.08 22.6 250.3 1.95 286.5 820.1 
Polythene (+B) 1.85 22.3 260.8 1.15 163.0 516.7 

S.E.of Mean ±0.53 +13.0 +91.4 +0.51 +100.8 ±263.0 
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only the values for the sole cowpea are shown in Figure 
5a. During the period of 27 to 40 DAS. the mean soil 

was 4 to 5% higher than the air tempera-temperature 60 040 

ture. After this period, there was only a small difference 

between air and soil temperatures because of more . 
00 Kiddle 

cloudy and wetter weather. 
The daily value of saturation deficit was calculated I 0 

using hourly values from 600 to 1800h. Except for a brief 20 3o 40 so 60 70 

period from 30 to 38 DAS, the saturation deficit in the Days after sowing 

alleys and the sole cowpea was generally the same (Fig. 
Figure 4. Comparison of microclimate in alley

5b). The range of temperature and saturation deficit 
crops and sole cowpea stands.

experienced during the period of measurement is favor-

able for crop growth and a minor modification by the 

presence of the leucaena hedgerows is unlikely to affect 

the growth of crop in the alleys. Soil Water and Root Growth 

Soil water measurements were made for a limited 

period from 3 August to 13 September. The results were 

essentially the same in the water depletion profile from 

both the north and south side of the hedge and they are 

used Just to illustrate the pattern of water depletion in 

the soil profile (Fig. 6). Sole cowpea extracted water only 

too to a 0.6-rn depth on 3 August after a dry period of 24 

days. Water contents of the soil in the alleys were similar 

to that of the sole cowpea from 0.30 to 0.45 m, but below 

that level, the water content was 8 to 10 mm lower in the 

alleys. The soil water contents measured justoutside the 

root barrier treatments were similar from 0.3 to 0.6 m, 

but at greater depths, the +B treatment area was 

considerably wetter than the -B treatment area. This is 

unexpected as the polythene root barrier extended to 

only 0.5 m. 

were two occasions when it was possible to 
j IThere 

&dqro. Mid. .. d,..o compare th, infiltration of water into the soil profile; on 
bnrrier - barr1r 10 August when 36 mm of rainfall was received and on 

Figure 3. Grain yield of sorghum, cowpea, and 7 September -when 54 mm was received. On the first 

castor between leucaena hedgerows, Gunegal occasion, soil in the middle of the alleys had more water 

at the top 0.45 m than soil at the barrier treatments (Fig.1987. 
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Figure 6. Comparison of temperature (a) and 

saturation deficit (b) in cowpea stands. 
0.9 /-B +B Sole 

7). Differences below 0.75 m may reflect the water Figure 6. Profile of water content in cowpea stands 
depletion pattern because roots oftrees did not reach the with (+B) and without (-B) root barrierin alleys. 
middle ofalley at those depths. It is also possible that the 
rain interception within the alleys may be modified by 
the hedgerows. the -B treatment declined with depth whereas the -B 

On the second occasion, there was a clear difference treatment has more roots at 0.60-0.90 m. The distribu
in the soil water content throughout the profile with the tion of the whole root system is. therefore, greatly altered 
highest water content at depth in the middle of the alleys. by the root barrier. 
Greater infiltration of water in the middle of the alley 
could be due to a larger number of macropores created 
by the root system of leucaena hedgerows that were Discussion 
removed in April 1986. The lower water content at the 
edges of the alley was probably due to a combination of The present study clearly showed that the severe 
the greater depletion rate and spatial variation In the reduction in crop yield observed in alley cropping in the 
rain-shelter effect of the leucaena canopy, semiarid tropics is due to competition for water. Al-

Root profiles of leucaena within the alley at the end though the crops closely adjacent to the leucaena hedge
of the rainy season are illustrated in Figure 8. There row experienced intense shading (30 to 85%) for much of 
appear to be more roots at the upper layers of the soil the growing period, the presence ofa shallow root barrier 
close to the hedgerow in the +B treatment which proba- was sufficient to eliminate the reduction in cowpea and 
bly indicate that some roots have regenerated. Indeed, sorghum yield. For long duration crops like castor, the 
excavations indicate that many of the cut ends had presence of a root barrier was not sufficient to fully 
proliferated by that time and that some had g' own compensate for the yield reduction because a large part 
upwards from beneath the root barrier. However, such of the reproductive period occurred in the dry season 
regrowth of the root system was not sufficient to com- when water was drawn from depth below 0.5 m. 
pensate for the lower root length at 1.5 m from the The leucaena hedgerow was a relatively 'permeable' 
hedgerow. At 3 m from the hedgerow, the root profile of barrier to environmental factors and there was only a 

http:0.60-0.90
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Figure 7. Water content profiles following 
rainstorms on two dates, letters indicate position 
In sole cowpea (So), north (N), south (8), and 
middle (M) of alley, 

minor microclimate modification in the alleys. Such 
modifications are unlikely to influence the growth of 
crops as the windspeed, temperature, radiation, and 
humidity are favorable during the cropping season. 

For example, studies in controlled environments 
have shown that the growth rate and leaf expansion of 
groundnut are relatively unaffected when saturation 
deficit varied from 1 to 2 kPa (Ong, 1984: Ong et al., 
1985). Similarly, mean temperature in the range from 22 
to 25oC has been found to be optimal for the canopy 
photosynthesis and grain yield of tropical crops, e.g., 
millet (Ong and Monteith. 1985). However, if the tem-
perature exceeds 36°C and the saturation deficit exceeds 
2.5 kPa during the cropping season, then modification of 
the microclimate by the trees would have a major 
influence on the crop growth and yield. Such conditions 
are rarely encountered during the cropping season in 
peninsular India, but in North Eastern India and regions 
of the Sahel, conditions are more extreme for crop 
growth and microclimatic modification would be benefi-
cial. 
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Figure 8. Root profiles of root brrler (+B) andnonbarrier (-B) treatments at distances from the 
hedgerow. 

A similar conclusion was reached by Corlett et al.
(1988) when they examined the microclimate modifica

in 3.8-m wide alley cropping involving leucaena and 
pearl millet near Hyderabad. In their system, the hedge

rows were pruned to 1 m throughout the cropping 
season and analysis ofboth temperature and saturation 
deficit in the sole millet and alleys confirmed that the 
modifications have only a negligible effect on major crop 
processes. They also included a root barrier treatment 
which showed that alley millet produced the same 
biomass and grain yield as sole millet. However, the yield 
of alley millet without the root barrier was only 40% of 
the sole millet. In our present study, the increased crop 
yield in the middle of the alleys was probably due to the 
residual effect of the leucaena hedgerow which was 
removed in the previous year. Without this residual 
effect, the maximum yield of the crop in the middle ofthe 
alley would not be greater than in the sole crop since 
microclimatic modification has a minor influence on 
crop yieid. Therefore, the reduction in crop yield in the 
10-m alley in the absence of a residual hedgerow would 
be even greater than that reported in Figure 1. 

The importance of below ground interaction in alley 
cropping is in sharp contrast to the study on intercrop
ping millet and groundnut (Willey and Reddy, 1981). 
They showed that the presence of a root barrier had no 
apparent influence on the yield and yield components of 
the intercrop and concluded that improvement in the 
utilization of solar radiation into dry matter was the 
main cause of increased productivity. A major difference 
between the intercropping and alley cropping system is 
that in intercropping the establishment of the root 
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systems commences at the same time (Gregory and Felker. P. 1978. State of the art: Acaciaalbldaas a complemen-
Reddy, 1982). but in agroforestry, the root system of the tary permanent intercrop with annual crops. Prepared under 
perennial species is well-established when the crop is USAID grant No.AIF/Afr-C- 136 1. Riverside. Department of 

sown. Consequently, in a dry environment, the crops are 
13 3 
Soil and Environmental Sciences, University of California. 

pp. (Mimeo).less competitive below ground than the trees. 
growth in anThus the success of an agroforestry system in the Gregory. P.J., and M.S. Reddy. 1982. Root 

intercrop of pearl millet/groundnut. Field Crops Research 
semiarid tropics mainly depends on combining a crop- 5:241-252. 
ping system with a perennial species which minimizes Harris. D., and M. Natarajan. 1988. The physiological basis for 
the competition for water. A classic example is the case yield advantage in a sorghum: groundnut intercrop exposed 
of the Acacia albidaorProsopiscinereain the arid region to drought. 2. Plant temperature. water status and compo
where the phenology of the trees allows the crop to nents of yield. Field Crops Research (in press). 
complete a significant proportion of its life cycle before Kang, B.T.. H Grimme, and T.L. Lawson. 1985. Alley cropping 
the canopy of the tree is fully developed (Felker. 1978). sequentially cropped maize and cowpca with leucaena on a 

An intoresting analogue is the combination of a slow sandy soil in southern Nigeria. Plant and Soil 85:267-277. 
growing pigeonpea (Cajanuscajan)with sorghum which Marshall. B.. and R.W. Willey. 1983. Radiation interception andbeharvestegrowthgrlowsngfullpigedoe(f ansn sorghum whic in an intercrop of pearl millet/groundnut. Field 
allows a full yield of sorghum to be harvested and a 70% Crops Research 7:141-160. 
yield of pigeonpea (Natarajan and Willey, 1980). A fur- Natarajan. M.. and R.W. Willey. 1980. Sorghum-plgeonpea 
ther possibility is to have very low population of trees intercropping and the effects of plant population density. 2. 
amongst crops or have trees planted around the border Resource use. Journal of Agricultural Science 95:59-65 
of fields which are commonly observed in farmer's field. Ong. C.K. 1984. The influence of temperature and water deficit 

on the partitioning of dry matter in groundnut (Arachis 
hypogaeaL.). Journal of Experimental Botany 35:746-755. 
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Rapporteur'sReport on Plenary and Group A Papers: 

Water Conservation and Use 

Betty Klepper 
USDA, Agricultural Research Service, Pendleton, Oregon 

The papers in this group consisted of a plenary 
paper on management systems for water conservation, 
five oral presentations on soil water storage and use as 
related to tillage systems of production of rainfed crops 
in diverse environments, and eight poster papers on soil 
and water conservation management strategies as prac-
ticed around the world. Contributions are from diverse 
latitudes ranging from about 100 North (Venezuela) to 
480 North (North Dakota. U.S.A.) and from latitudes 
ranging from 1550 West (Hawaii) to 1250 East (Beijing, 
P.R.C.). 

Papers in this group address three principal topics: 
tillage, crop management. and residue management. 
The papers clearly demonstrate that recent improve-
ments in the management of crops and surface residues 
are available to increase storage of water in the soil 
profile for plant use in a variety of diverse cropping 
systems. As was clearly shown in the plenary paper by 
Papendick. improved efficiency of storage of precipita

tion in the soil for crop use can be translated into crop 
yield increases because of the strong relationship be
tween plant-available stored soil water and yield. 

Several strategies for maintaining soil water at suit
able levels in the crop root zone are included in the 
papers in this section. These strategies include limiting 
water loss from runoff, soil surface evaporation, snow 
loss, and use of water by weeds. The paper by Pla Sentis 
addressed the alternative or additional strategy of in
creasing plant-available soil water by increasing the 
depth of rooting. 

A central theme of these papers was the importance 
of multiple approaches to problems in complex agricul
tural systems. Many of the authors worked with more 
than one alternative tillage system or more than one soil 
type or climatic regime. The papers clearly showed that 
soil, climate, and cropping systems are all important in 
delimiting applicability of the research results. 
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46 Plant and Management Factors Affecting the 
Water Use Efficiency of Dryland Crops 

P. J. Gregory 
CSIRO Dryland Crops and Soils Research Program, 
Private Bag, PO, Wembley, Western Australia, 6014 

(On leave 	from Department of Soil Science, University of Reading, 
London Road, Reading, RGI 5AQ, England) 

Introduction 

The agronomic definition of water use efficiency 
involves two major terms: a biological component 
(commonly called the transpiration efficiency) that speci-
fies the amount ofdry matter produced per unit of water 
transpired, 	and a management component that speci-
fies the fraction of the total water supply used for 
transpiration. Transpiration efficiency is affected by the 
saturation deficit of the atmosphere and also varies 
between species because of differences In photosyn-
thetic pathways and in the carbon assimilates contrib-
utin, to dry matter. Recent research also indicates that 
there is measurable genotypic variation in transpiration 
efficiency. In many dry areas, transpiration is frequently 
less than half of the total water use and considerable 
Increases in water use efficiency can be achieved by 
changing crop management. 

Definitions of Water Use Efficiency 

The term "water use efficiency" (WUE) is used to 
describe the relation between growth (particularly dry 
matter production) and water use. Strictly it is not an 
.efficiency" because a true efficiency is a comparative 
term (i.e., dimensionless) requiring a theoretical maxi-
mum value, so that some researchers prefer to use other 
terms such as water use "coefficient" or "ratio." Further
more. as Sinclair et al. (1984) point out, WUE "has been 
used interchangeably to refer to observations ranging 
from gas exchange by individual leaves for a few min
utes, to grain yield response to irrigation treatments 
through an entire season." 

For the agronomist, WUEisusuallyaseasonalvalue 
defined as: 

WUE 	 Yield per unit area [II
Water used to produce yield 

Yield is frequently expressed solely as grain yield, 
but in many dryland areas, the straw has an economic 
value as great as that of the grain because it is used to 
sustain livestock. In the context of dryland agriculture, 

then, yield is better expressed as the total shoot mass 

although this ignores the dry mass of the root system 
(typically 0. 10-0.20 of the total crop mass at maturity) 
(Gregory et al., 1984; Gregory, 1988a). The quantity of 
water used to produce the yield may also be expressed in 
several ways. Commonly. it is measured as the residual 
term in the water balance equation and is expressed as 
the total water use, evaporation directly from the soil 
surface (E) plus transpiration (T), during the growing 
season. It may also be defined as transpiration alone or 
as the total water input (precipitation plus irrigation) to 
the system. 

If Eq. [11 is expanded and water use expressed as 

E + T, then WUE may be written as: 

WUE = N/T [2] 
I+(E/T} 

where N is the seasonal dry matter production and N/T 

is the transpiration efficiency. This equation was devel
oped for those Mediterranean regions where E + T is 
often almost equal to the annual precipitation (Cooper et 
al., 19['7b), but, in semiarid conditions where both 
runoff (R) and drainage (D) may be substantial compo
nents of the water balance equation, the long-term WUE 
might best be expressed in relation to all the sources of 
water loss (Gregory, 1988b). Interception of rainfall by 
crop canopies may also be substantial so that: 

WUE = N/T [31 
1+((E+R+D+I)/T) 

Equations [21 and 131 are useful because they highlight 
the ways in which the WUE of dry matter production 
might be increased. First the transpiration efficiency 
might be increased. Second, if the water supply is 
limited, T might be increased relative to the other path

ways of loss. Finally, if the total water supply is in
creased, WUE will only be increased if T is increased 
proportionately more than (E+R+D). To a first approxi
mation, the transpiration efficiency is determined by the 
physiology of the plant whereas the proportion of water 
transpired is determined by crop management prac
tices. 
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Transpiration Efficiency 


Stomata in leaves and stems allow the simultaneous 
exchange of CO 2 and water vapor between the stomatal 
cavity and the atmosphere. An approximate expression 
for the ratio of the rates of carbon assimilation (A)and 
transpiration (T) is: 

A P R -p /p) [41 
= g p.- ) pI p1

T & -e,)ge, 1.6 e e,,) 


where g and g are the conductances to diffusion of CO
and water vapor, p and p,are the intercellular and 

atmospheric partial pressures of CO2 'and e and e, are 
the intercellular and atmospheric vapogi, pressures 
(Bierhuizen and Slatycr. 1965). The ratio g,.:g,is propor-tional to the square root of the molecular weights of CO 2 

and water vapor and has a value of 1.6. 
Equation 141 may be simplified and applied to crops 

if three assumptions are made. (For a detailed discussio se~anerandSiclar.1983: Sinclair et al.. 1984.) 
sion see Tanner and Sinclair, 18:Snlieta.194)
First, the ratio p,/p,, is approximately constant (0.7) forspecies assimilating CO2 by the C.1 pathway and also 
constant, bu of differen value i0.3)for C4 species 
constant, but of different value (0.3) f C4ees 

(Goudriaan and van Laar. 1978). Second. if the leaf tem-
perature is frequently close to air temperature over 
extended periods, then (e, - e) can be approximated by 
the saturation deficit of the air (e,,' is the- e)where e,
saturation vapor pressure of e 
assuming that individual leaves behave like crops and 
that the rate of carbon assimilation isproportional to the 
thatherate of aros tion is pwhen 

N _ k51 
-- e -e-

T e -occur) 

where k is a crop specific constant. This analysis shows 
that transpiration efficiency is not solely a biological 
phenomenon but is also dependent upon atmospheric 

conditions. In general, transpiration efficiency will be 

greatest when saturation deficit Is lowest so that crops 

in temperate regions will have higher transpiration 
workersefficiency than those in arid regions. Several 

(e.g.. Tanner. 1981. for potatoes [Solamum tuberosum]; 
Monteith. 1986, for millet [Pennisetum Americanum];
Day et al.. 1987. for barley [Hordeum vulgare]) have 
shown that differences in saturation deficit between 


seasons may explain season-to-season differences in 

transpiration efficiency, 

Table 1. Values of the "crop constant." k, found in field 
experiments, 

Author Crop Location k 
(Pa) 

Day et al. (1987) Barley Rothansted. U.K. 2.9 
Tanner (198 1) Potato Wisconsin. U.S.A. 6.5 
Tanner and Sorghum Kansas. U.S.A. 13.8 

Sinclair (1983 Soybean Kansas. U.S.A. 4.0 
Walker (1986) Maize Elora, Ontario. Canada 7.4 

Experimentally determined values of k (Table 1)are 
few in number but suggest that k is crop specific and 

that, as predicted. it is greater in C4than C,1 species. The 

derivation of Eq. 151 assumed that rates of carbon as
similation and dry weight gain were directly propor
tional. While this is true for individual species, the 
transpiration efficiency (and hence k) of different species 
will vary because of the different components constitut

ing the dry matter (particularly the grain yield). For 
example, the biosynthesis of Ig of seed of sunflower 
(Helianthusannuus)requires about 2.4 glucose-equiva
lents (Gimenez and Fereres, 1986) while that of 1g cereal 
grains is about 1.6 glucose-equivalents (penning de
Vries et al.. 1983).

Recent research suggests that there may be geno
typic differences in transpiration efficiency within a 

seista a euiiebe utilized innbednbreeding rgas(espccies that can programs (see 
Richards. 1987, for a review). Richards et al. (1986) used 
near-isogenic lines ofwheat (TriticumaestivurnL.) differ
ing in the development of epicuticular wax (glaucous

ness) on the flag leaf sheath, the abaxial surface of the 

flag leaf lamin a, and the ear. They determined that tissue 
fl a uresofiaathe h onedverat 0.30Coans etemperatures of glaucous organs wer'e on average 0.3C 
cooler in well-watered plants and 0.71C cooler in 
droughted plants compared with non-glaucous plants.
This resulted in a higher transpiration efficiency of the 
glaucous plants. There isalso genotypic variation inp,
 
glaco ats the isoalo gen ation in 1 
which affects the amount of discrimination againstinC
during carbon fixation in C3 plants (Farquhar et al., 
1982). Greatest transpiration efficiency is expected when 
the discrimination (A)and p, are low which is achieved 

stomatal conductance is small relative to assimi
lation capacity. Experiment,;with wheat (Farquhar and 

Richards, 1984) and groundnuts (Arachis hypogeae) 
{Hubick et al., 1986) in closed systems (where no E or D 

have confirmed the theory (Fig. 1) and suggest 

that carbon isotope discrimination might be used as a 

selection technique for transpiration efficiency in C3 

species. In C4 species, the technique is unlikely to be of 

practical value because Adepends not only on pbut also 

on the amount of leakage of inorganic carbon from the 

bundle sheath cells to the mesophyll cells (Farquhar. 
1983). 

A final, practical point relating to Eq. [51 is that 

values of e,,'are usually obtained from a meteorological 
screen at 2 m above the ground surface and k is
calculated using values weighted for the daylight hours 

when transpiration isoccurring.The value of e isonly
 

likely to correspond to e,if the canopy completely covers 
the ground (i.e., leaf area index (LAI) > = 3; Tanner and 
Sinclair, 1983). In sparse crops, evaporation directly 
from the soil surface may appreciably reduce the satu
ration deficit around the lower leaves in comparison with 
the bulk atmosphere and thereby increase the transpi
ration efficiency (Ritchie, 1983). There are few quantita

tive studies of the importance of this phenomenon but 

LAI in many dryland crops is frequently <3 even when 
fertilizer is applied (Gregory et al., 1984: Hamblin et al., 
1987). To this extent, transpiration efficiency may be 
affected by crop management as well as the biological 
and meteorological factors. 
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Management of Soil Water yields and WUE in such areas (Cooper et al., 1987b; 
Hamblin et al., 1987: Perry, 1987). 

The management of crops and soils has consider- Several techniques exist for reducing E as a propor
able influence on the overall WUE. Several studies have tion of the total water use (Table 2) and almost any 
sought to estimate the size of E. Cooper et al. (1983) improved management practice that influences LAI will 
estimated that E was about 35 to 55% of the seasonal result in increased radiation interception, decreased E, 
water use of wheat and barley crops grown in northern and increased WUE. A good example of improved WUE 
Syria, and Hamblin et al. (1987) show estimates of 34 to through crop management is the application of fertiliz
61% for wheat crops in Western Australia. Similarly, ers or he improvement of soil fertility by the inclusion of 
French and Schultz (1984) found that E was on average legumes in the rotation. Table 3 shows that while 
33% of total water use when wheat was grown over an fertilizers increase growth (except in very dry years, e.g., 
11 -year period on a range of soils In South Australia. Merredin, 1985), their effect on water use is small so that 
This large value of E has led stw'!ral scientists to suggest WUE is frequently increased substantially. The princi
that management to reduce E will lead to improved pal effect of fertilizer is to allow more rapid expansion of 

the canopy when the crops are young, leading to a larger 

Table 2. Some agronomic practices used to improve water use ,anopy that shades the soil surface more completely and 
efficiency. reduces the proportion of the water that is evaporated 

(Cooper et al., 1987a; Shepherd et al., 1987). This is 
Reducing evaporation from Increasing the water supply particularly beneficial in areas with Mediterranean cli
the soil surface to plants mates where rainfall occurs mainly during the cool 

winter when saturation deficit is low. Additional growth
Mulch Rain harvesting during this period is then "free" in terms of the water use, 

an spant p l ation eta irpron as water that is not transpired would otherwise be 
and spacing Cultivation to improve 

Selecting varieties with infiltration and reduce runoff evaporated directly from the moist soil surface. Although 
rapid early growth Weed control a similar, beneficial effect of fertilizer is evident for millet 

Early sowing Fallowing grown in the semiarid, summer rainfall climate of Niger 
Application of fertilizer Application of fertilizer (Table 3). rapid early growth may result in insufficient 

Multiple/relay cropping water being available during grain-filling. The reported 
Selecting varieties with deeper measurements of shoot dry matter at Sadore (ICRISAT. 

roots 1985) suggest that a crop given fertilizer ceased growth 

Table 3. Effects of fertilizer on growth, water use. and water use efficiency (WUE) of barley (Cooper et al.. Ij87a. b). wheat (Hamblin 
and Tennant, pers. comm.), and millet (ICRISAT, 1985). 

Shoot 
Previous dry Grain 

Crop crop Site Year Fertilizer matter yield E+T WUE 

- Mg/ha- mm kg/ha/mm 

Barley Fallow Breda. Syria 1981/82 +1 6.18 2.22 232 26.6 
(cv Beecher) - 3.89 1.32 225 17.3 

Fallow 1982/83 +" 4.16 1.74 236 17.6 
- 2.73 1.04 228 11.9 

Wheat Wheat Wongan Hills, 198 i 2xb 6.79 2.21 274 24.8 
(cv Gamenya) W. Aust. Ix" 5.11 1.87 268 19.1 

0.5xb 4.59 1.62 267 17.2 
2.73 0.94 252 10.8 

Wheat Wheat Merredin, 1985 3.71 1.77 172 21.6 
(cv Gutha) W. Aust. 2.93 1.32 162 18.1 

Lupin +C 3.80 1.86 236 16.1 
4.02 1.73 228 17.6 

Millet unknown Sadore, 1984 +d 4.75 0.41 165 28,2 
(cV CIVT) Niger 2.42 0.29 163 14.8 

unknown Dos.o, 1984 +d 5.00 1.12 247 20.2 
Niger ".10 0.48 270 11.5 

13 kg P/ha plus 20 kg N/ha.
b0.5x = 20 kg N/ha: Ix = 40 kg N/ha: 2 = 80 kg N/ha. 

, 30 kg N/ha. 
"N, P, and Kfertilizer. 
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Figure 1. The relations between carbon isotope 
discrimination and t:,'anspiration efficiency for 
three genotypes of wheat o (A - shoot values; WUE 
- shoot only; Farquhar and Richards, 1984) and 10 
genotypes groundnut 0 (A- leaf only; WUE - whole 
plant; Hubick et al., 1906). 

before the crop not given fertilizer, indicating that It may 
have run out of water slightly earlier. While many pot 
experiments have shown the importance ofpostanthesis 
water use for grain yield (Passioura, 1977; Richards, 
1983) the relative importance of early growth, intercept-
ing radiation before anthesis, mobilization of stored 
assimilates to fill grain, and pre- and postanthesis water 
use is still uncertain for field-grain crops. 

In semiarid regions where intense rain storms are 
common, control of runoff is particularly important in 
increasing the infiltration of water and the WUE (if 
defined on the basis of the input of water). Kampen and 
Burford (1980) showed that up to 60% of the rainfall 
during the monsoon in Central India ran off fallowed 
Vertisols but this was reduced to 19% if a crop was 
established du::Ing the early rains. Similarly, Kilewe and 
Ulsaker (1984) showed that runoff from an Alfisol in 
Kenya was substantially reduced by cultivaLion of the 
soil into beds and furrows and that this increased yields 
of maize (Zea mays L.) and WUE. 

Rainfed crops are also grown in soils in which deep 
percolation occurs, and water frequently remains in the 
soil profile at the end of the normal cropping season 
(Hurd, 1974). These reserves ofwater can be exploited in 
two ways. First, species or varieties with a deeper rooting 
system can be grown to increase the amount of ex-
tractable soil water (Taylor and Klepper, 1978). Second, 
planting another complementary crop may extend the 
period ofwater extraction. This may be achieved by relay 
cropping, intercropping, and agroforestry, although there 
are few published examples quantifying the WUE of 
these systems. 

Future Directions 

In this brief review I have attempted to summarize 
the principal biological, meteorological, and manage
ment factors affecting WUE. Future work will undoubt
edly concentrate on improving both the transpiration
efficiency (probably a long-term objective) and crop 

management (more immediately achievable) to increase 
WUE. 

Improvements in transpiration efficiency could be 
brought about at either the cellular, organ, or whole 

level (Sinclair et al., 1984). At the cellular level, it 
may be possible to identify genotypes that respire less 

than others (thereby retaining more of the carbon 
assimilated). At the organ level there are indications that 
the balance of CO 2 uptake and water loss differs between 
genotypes. At the whole plant level, it may be possible to 

the partitioning ofcarbon between roots and shoots. 
The dry matter contained in roots is usually excluded 
from the definition of WUE and although assumed to be 
only 0. 1 - 0.2 of total crop mass of cereals at maturity, 

it may be greater in drought-affected crops. For example, 
the wheat crop given no fertilizer following wheat in Table 
3 had a root mass equal to 0.42 of total plant mass at 
maturity. If the size of root systems and the associated 
lisses of carbon by respiration and exudation could be 
reduced without detriment to yield, then this would 
increase transpiration efficiency considerably. However, 
this avenue remains largely speculative because the 
optimum size for root systems and the factors influencing 
carbon partitioning are poorly understood. 

Improved crop management will almost always 
increase WUE and there are many practical routes for 
achieving this. The desire of those growing the crops will 
be for higher yields and greater WUE will be an inadver
tant consequence of their actions. It is worth remember-
Ing that maximum WUE is not the goal of most farmers, 
because, while it usually correlates with maximum 
yield, the monetary costs of the management practice 
required to achieve maximum yield are usually unecon
omic (Viets, 1962). Farmers aim for an optimum eco
nomic return, which invariably means a less than 
maximum WUE. Improving WUE is, therefore, only a 
component in the process of improving yields of dryland 
crops. 
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Water use efficiency WUE) generally describes crop 
production per unit of water use during the growing 
season. In regions where water is limited and a given 
land area is fallowed much of the time, efficient use of 
water might be based on the proportion of total precipi-
tation (P) which evaporates during a cropping season, 
Many Great Plains cropping systems include fallow 
periods to increase water stored in the soil at planting. 
Even though the fallow efficiencies (FE, water stored/ 
fallow P) are low, water stored during the fallow season 
reduces risk of crop failure in regions where P is variable 
and evaporation (E) exceeds P throughout the year. 

Water balances for three winter wheat- (Triticum 
aestivum L.) based cropping systems common in the 
Central and Southern Great Plains showed that 36 to 
61% of the total P evaporated during fallow (Stewart and 
Burnett, 1987). Fallow efficienciesin these experiments. 
which were conducted under low residue levels, were 15 
to 18%. Fallow efficiencies can be increased with high 
levels of residues on the surface (Unger, 1978: Greb, 
1983). Steiner (1989) described the effect of residues 
(RES) on E as, 

Eos = Eo*[-0.91 - 0.20 (In RES)] [11 

where Eos is potential E below the residue (mm/day). Eo 
is potential E (mm/day), and RES is in m3/m2 [conver-
sion for residue in g/m 2 in Steiner (1988)]. Eq. I1 
describes actual E during the energy-limited phase. As 
the soil dries, E is described by a time function (Ritchie, 
1972). but cannot exceed Eos. 

This paper presents a simulation of winter wheat 
residue effects on E and soil water storage which can be 
used in making management decisions about fallow at 
the time of wheat harvest, 

Methods 

The CERES soil water balance model (Jones and 
Kiniry. 1986) was modified to reduce potential soil E with 
increased residues as expressed in Eq. ill. The model 
was tested using data collected in field studies at Bush-
land, Texas, between 1973 and 1984 (Unger, 1978, 
1984, 1986; Unger and Wiese. 1979). Initial and final soil 
watercontentsIna 1.8-m soil profile (Pullman clayloam, 

Torrertic Paleustoll) were measured gravimetrically or 
by neutron attenuation in different wheat residue treat
ments Imposed through tillage, removal or placement of 
residues, or through different levels of dry matter pro
duced by the prior crop. Runoff was assumed to be 
negligible because the plots were level or had slopes < 
0.035 m/m. Each simulation run for the test of the 
model was initialized using field-measured soil water 
content and climatic data for the fallow period of the 
experiment. 

Following validation of the model, the cropping 
system simulation was conducted using the Pullman 
clay loam soil and 1958 to 1986 climatic data from 
Bushland. Texas. The water balance simulations started 
following wheat harvest on July 1 for three cropping 
systems: continuous wheat (MW). wheat-sorghum (WS) 
(Sorghum bicolor [L.) Moench). and wheat-fallow (WF). 
For each cropping system. residue levels were 0. 2, 4, or 
8 Mg/ha. Initial availablesoil waterwas0. 50, or 100mm 
and the maximum available soil water content was 192 
mm. Fallow periods were 3.5. 11. and 15 months forWW, 
WS. and WF, respectively. 

Results and Discussion 

Comparison of predicted and measured soil water 
content at the end of the fallow period (Fig. 1)shows that 
the model does a reasonable job of predicting the effect 
of residue on the soil water balance. The model tends to 
underpredict soil water content by about 15 mm, possi
bly because the effects of residue on runoff and soil 
surface properties are not considered. Therefore, the 
simulation results represent a conservative estimate of 
the effect of residues on the water balance during the 

fallow period. Fallow efficiency (Table 1)is lower in long 
compared to short fallow periods and with high com
pared to low initial soil water content. High crop residue 
levels increase fallow efficiencies. Though FE is low with 
the WS and WF rotations, the soil water content after 
fallow was considerably higher for WS and WF compared 
with WW because of the longer fallow time. With 8 Mg/ 
ha of residue on the surface, a mean of only 98 mm of 
plant available water was stored in the soil at the end of 
the 3.5-month fallow. With lower residue levels, such as 
are common in dryland continuous wheat, only 60-70 
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Table 1.Simulated mean fallow efficiency and soil water content after fallow for continuous wheat (WW),wheat-sorghum (WS), and 
wheat-fallow (WF) cropping systems, under different residue I1vels. 

Harvest Residue Level, Mg/ha
 
Cropping systems, soil water 0 2 4 8
 

Failow efficiencyb mm % 

WW 0 25 30 34 43 
50 22 27 30 38 

100 19 23 26 31 

WS 0 21 26 28 34 
50 17 21 23 27 

100 12 15 16 18 

WF 0 23 26 28 30 
50 19 20 21 23 

100 12 13 14 15 

Soil water content after fallow mm 
WW 0 61 73 


50 106 116 

100 147 154 


WS 0 88 106 

50 122 134 


100 149 158 


WF 0 153 170 

50 172 181 


100 178 184 


'WW' WS, WF represent 3.5, 11, and 15 month fallows, respectively, starting July 1of each year. 
are 201. 391. and 660 mm, respectively.

bFallow efficiency = (water stored/fallow P)x 100.
 

mm of water was stored for the next crop. Because E 
exceeds P throughout !he season, the WW system does 
not provide an adequate reservoir of stored soil water to 
ensure a reasonable yield of the subsequent crop. With 
residual water in the soil at harvest, differences in the 
cropping systems were reduced and longer fallow per-
ods were ineffective in substantially increasing the soil 
water content compared to WW. 
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Figure 1. Predicted and measured soil water 
content after fallow periods with different tillage 
and residue management systems, Bushland, 
Texas, 1973-1984. 

80 98 
123 138 
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116 135 
143 159 
163 170 

178 192 
186 194 
187 195 

Average Pfor the fallow periods 

Figure 2 illustrates a probablistic analysis of the soil 
water storage under different scenarios of post-harvest 
management. Assume a field had 4 Mg/ha of residue at 
harvest (beginning of fallow period) and the farmer 
intended to use limited tillage to maintain the residues 
on the surface. The farmer sets a target of 150 mm of 
stored soil water at plantiig to achieve a target yield. 
With no residual soil water at harvest, stored skil water 

at the end of a 3.5-month fallow (V) would reach the 
target level only 11% of the time. For the WS and WF 
systems, respectively, the soil water content would 
reach the target level 22 and 80% of the time. With 100 
mm of residual soil water at harvest, stored sll water 

reach the target level (100 mm initial plus 50 mm
stored during fallow) 55% of the time with a 3.5-month 

period. Delaying plantinglonger wouldbe inefficient 

in terms of use of P during the longer fallow periods. The 
farmer might decide to use weed control practices, which 

would allow fo'- planting wheat the same fall after harvest 

than allowing a longer fallow period. 
Higher residue levels increase the probability of 

reaching a target soil water, content in any given sce
nario, and, in some cases, allow a shorter fallow periodto be adopted. If there is enough water stored in the soil 
to allow for a reasonable probabil!ty of adequate yield. 
then leaving the land fallo, -)r longer periods of time 
leads to inefficient use o' recipitation. Many factors 
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Figrire 2. Probable water storage during fallow for 
contlnuout wheat (WW). wheat-sorghum (WS), and 

wheat-fallow (WF) cropping systems, with different 
residue levels (0, 4, 14 Mg/ha) and 0 or 
100 mm of soil wattr at wheat harvest (beginning 
of fallow). (To read, folo the target-level 
horizontal line to the residue line of interest, then 
follow the vertical line to the probability axis. 
WLen the vertical line intersects the axis at, for 
example, 90%, it me.ins 909, of the time, water 
stored is below the target and 10%of the time, 
water stored reaches or exceeds the target.) 

determine crop rutations in addition to soil water con
tent, such as pest problems, diversification of produc
ton.and labor limitations. However, a probability analy
sis of the effects of residual soil water and crop residue 
on soil water storage allows producers to determine the 
odds of achieving a target soil water content during long 

ard short fallow periods. 
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Introduction 

In semiarid areas ofthe world, soil water deficits and 

excessively high temperatures are probably the most 
common yield-limiting factors incrops.Corn (Zeamays 


L.) is a species in which yield is limited by drought that 

usually occurs during I's reproductive period. To im-

prove yields, mnany scientists are seeking mealns of 

reducing the effects of drought and making corn water 

use more efficient. Controlling density of plant popula-

tion is one of the most important practices to match 

water use to anticipated soil water availability (Waldren. 

1983). Timmons et al. (1966) demonstrated that when 

precipitation was below average from planting through 

silking, different stands depleted the available soil water 

to near the wilting point at later stages and evapotranspi-
ration remained about the same for each population so 

the efficiency ofwater use varied with yield. However, no 

definite relationship was found by Bababola and Oputa 

(1981) between water use efficiency and population 

necessary for optimum grain yields since optimum corn 
stands were related to growing seasons. 

Increasing plant populations from about 30,000 to 
70,000 plants/ha in adverse soil-water seasons de-
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Figure 1. Leaf water potential versus time at Sidi 
el Aydi. 

creases grain yields of corn (Bababola and Oputa, 1981) 
and reduces the effective filling period duration by 2.5 

days at high plant density (Poneleit and Egli. 1979). 

Claassen and Shaw (1970) postulated that the yield 
reductions were due to the reductions in kernel numbers 

when stress occurred before or during silking and polli

ration, and to the reduction in kernel weights when 

stress occurred during or after silking. However, Harden 

et a. (1982) concluded that water stress within 2 weeks 

after silking reduced the number of kernels/plant by 

about 15% with little influence on final kernel weight. 

Additional stress cycles had only minor ehects on kernel 
number. 

The objective of this study was to determine if the 

reduction of piant populat.'on, either by using a reduced 

seeding rate or l'y thinnig plants at tasseling (practiced 
by Mon ecan farmers)can reduce the competition among 

plants and conserve water in the soil for use during the 

reproductive penod when water deficiency usually oc
curs. 

Materials and Methods 

Experiments were conducted in 1985 and 1986 at 
Sidi el Aydi and Jemaa Shaini experiment stations, 
located in Chaouia and Abda plains (Morocco), respec
tively. Soils on which experiments were located are 

alkaline Vertisols (pH 7.5 - 8). Mean annual precipita
tion was 388 and 318 mm at Sidi el Aydi and Jemaa 
Shaim, respectively. 

Treatments consisted of four expected plant popula
tions: 20,000 (d,); 40,000 (d2);80,000 (d3);and 80,000 

plani,'ha thinned at tasseling to 40,000 plants/ha (d4 }. 

Data collected were total dry matter, grain yield. yield 
components, midday leaf water potential, leaf diffusive 
resistance, leaf transpiration, and soil water. 

Results and Discussion 

WAter Status 
iotal water used from emergence to physiological 

maturity was not affected by plant population (Table 1). 
It seems that increasing plant populator hastened soil 
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Table 1. Total water used from emergence to physiological 
maturity at Sidi el Aydi and Jemaa Shaim in 1985 and 1986. 

Cropping season and location 

Treatment SEA 85 JS 85 SEA 86 JS 86 


Total water (mm) 

d, 147 107 101 139 

d2 154 113 101 152 

d, 153 126 114 159 

dl 145 111 10 139 


LSD (0.05) NS NS NS NS 
LSD (0.01) NS NS - -
CV (%) 8.9 19.4 11.3 12.4 

Table 2. Grain yield at Sidi el Aydi and Jemaa Shaim in 1985 

and 1986. 


Cropping season and location 

Treatment SEA 85 JS 85 SEA 86 JS 86 


Ik"/ha 
d 1400 890 390 420 

d2 1700 1250 190 590 

d, 1680 1420 150 530 

d4 1960 1170 190 440 


LSD (0.05) 270 310 80 NS 

LSD (0.01) 380 450 130 NS 

CV (%) 9.9 16.4 18.1 17.1 

water depletion. Leaf transpiration (Fig. 4) decreased 
earlier for the highest plant population than for lower 
populations. Leaf water potential (Fig. 1) declined over 
time as the season progressed in 1985. Curves were 
parallel in the case of the lowest and the medium plant 
populations. For the highest plant population, values 
early on the curve were parallel to the other curves, then 
the rate of decrease was very fast after day 100 (29May. 
silking stage). The lowest leaf water potentials were 
-1.89, -2.23, and - 3.26 MPa for d, d2, and d.' respec-
tively, when the seedb were at the dent stage. The critical 
value of the leaf water potential from which leaves could 
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Figure 2. Leaf diffusive resistance versus time at 
Sidi el Aydi in 1985. 

Table 3. Kernels/ear at Sidi el Aydi anl Jemaa Shaim in 1985
 
and 1986.
 

Cropping season and location
 
Treatment SEA 85 JS 85 SEA 86 JS 86
 

No. kernels/ear
 
d, 450 454 312 338
 
d, 415 435 304 377
 
da 365 405 222 302
 
d4 413 455 254 318
 

LSD (0.05) 32 NS NS NS 
[SD (0.01) 46 NS NS NS 
CV (% 5 9 14.8 13.7
 

Table 4. Seed weight at Sidi el Aydi and Jemaa Shaim in 1985
 
and 1986.
 

Cropping season and location
 
Treatment SEA 85 JS 85 SEA 86 JS 86
 

mg/kernel
 
d, 21.4 24.4 13.1 13.7
 
d2 18.2 20.9 12.4 13.4
 
d:1 15.5 19.3 12.8 12.5
 
d4 17.1 19.6 12.7 12.5
 

LSD (0.05) 2.0 3.2 NS 0.8 
LSD (0.01) 2.8 4.5 NS 1.2 
CV(N) 6.8 9.4 6.5 3.1 

not recover at night was roughly -2.20 MPa in this study, 
but was never reached by the lowest plant population. 

The lowest plant population did not induce variation 
in total leaf diffusive resistance until the end of the 
growing season, when a small increase was measured 
(F'ig. 2). Leaf diffusive resistance remained consistent 
until the silking stage for the other two plant popuiations 
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Figure 3. Relationship between leaf diffusive 

(L.D.R.) and leaf water potential
(L.W.P.). Variables were independent until L.D.R. 

increa3ed to near 4 sec/cm, then L.D.R. was 
related to L.W.P. Data are bracketed becau-,e of 
the scatter at low L.W.Ps. (ft = stomatal closure) 
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Table 5. Above-ground yield at Sidi el Aydli and Jemaa Shaim in Table 6. Harvest indices at Sidi el Aydi and Jemaa Shaim in 
1985 and 1986. 1985 and 1986. 

Cropping season and location Cropping season and location
 
Treatment SEA 85 JS P.5 SEA 86 JS 86 Treatment SEA 85 JS 85 SEA 86 JS 86
 

Skg/ha %
 
d, 3200 1660 2110 2080 d, 43.6 53.3 18.1 19.7
 
d, 4180 '.200 2410 3660 d2 40.6 45.4 8.0 16.0
 
d3 4600 2740 2230 4550 d3 36.4 43.8 6.8 11.4
 
d, 4510 2550 2150 2910 d4 43.5 47.3 9.0 15.1
 

LSD (0.05) 990 - NS 1460 LSD (0.05) 3.5 - 3.0 4.3 
LSD (0.01) 1500 NS 2210 LSD (0.01) 5.2 4.5 6.4 
CV (%) 12.0 9.2 16.5 CV 1%) 4.1 - 14.3 13.7 

13 Table 7. Water use efficiency at Sidi el Aydi and Jemaa Shaim 
12 dt 1985 and 1986.€in 

42 ,Cropping season and location 
, 3 Treatment SEA 85 JS 85 SEA 86 JS 86 

kg of grain/mm of water uscd 
d, 9.5 8.2 3.9 4.0 

LS1.0. d 11 11.1 2.1 4.0 
d, 11.0 11.5 1.3 3.3 

C d, 13.3 10.7 1.9 3.2 

SSD (0.05) 1.3 2.7 0.6 NS 
2 " SD (0.01) 1.9 3.9 0.9 NS 

SCV (% 7.5 16.2 13.4 16.5 

$' 67 at e g,4 1;1 ;y107 1-16I 

DaysAltar E e 1985. The reason was that 1986 was too dry at the end 

Figure 4. Leaf transpirationversus time at Sidi el of the cycle and affected all plant popL lations. However, 
Aydi in 1985. in 1985, the cropping season was relatively wet and only 

the highest plant population was affected. Leaf transpi
(d2 and d3) and than increased rapidly. This increase was ration was very low in the case of the highest plant 
faster for d3 than d2 and corresponded to the rapid population after silking (Fig. 4). In 1985. the decrease in 
decrease of leaf water potential. number of kernels/ear and in seed weight compensated 

To gain an understanding of the relationship of for the increase of plant population. Consequently, the 
stomatal closure and leaf water potential, leaf diffusive highest yields obtained by the medium and high plant 
resistance was plotted against leaf water potential (Fig. population were not statistically different. However, 
3). The nonincrease of leafdiffusive resitance when leaf high seed weight and number o kernels/ear obtained 
water potential decreased from -0.03 to -1.6 MPa can be with the lowest plant population were unable to compen
explained by drought that occurred during March and sate for the low plant population. So the yields remained 
April of 1985. This drought probably hardened the low. In 1986, these components of yield were too low. 
plants and made them less sensitive to leaf water poten- Consequently, the yields were also very low. 
tial variation. Nevertheless, it seems that the values The thinning of plants at tasseling did not improve 
of -1.6 to -2.0 MPa and 4 s/cm correspond to the the yields and its components during a dry year (1986) 
beginning of stomatal closure. These values are similar because most of t' e water stored in the soil was depleted 
to those reported in the literature (Boyer. 1970). at thinning time. In a relatively wet cropping season 

(1985), the thinning improved the yield and its compo-
Yields nents, especially at Sidi el Aydi. Optimum plant popula

tions are 20,000 and 40,000 plants/ha in a dry and wet 
Grain yield and its components are presented in year, respectively. However, the thinning should be done 

Tables 2, 3, and 4, respectively. The number of kernels/ earlier during a dry year. 
ear decreased with the increase of plant population. Above-ground yield and harvest indices are pre-
However, these decreases remained statistically not sented in Tables 5 and 6. These parameters increased 
significant in 1985 at Jemaa Shaim and in 1986 at both and decreased, respectively, with the increase of plant 
stations. Nevertheless, the seed weight decreased roughly population in the two locations during the 2-year experi
with the increase of plant population in all conditions. ment. Data on harvest index show that more dry matter 
Meanwhile, the differences were highly significant in is accumulated in the grain as plant population becomes 
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smaller. However, the harvest indices obtained in 1986 
are very low because of the rapid growth before tasseling 
that induced a rapid depletion of soil water. Conse-
quently, the reproductive period was very dry and grain 

yield was very low. 

Water Use Efficiency 

Water use efficiency is the ratio of dry matter pro-
duced to the amount of water used. Because the amount 

of water used by different plant populations was similar, 

the efficiency of water use varied with yield. In fact, the 

lowest and medium plant population used water more 

efficiently during dry and wet cropping seasons. respec-

tively (Table 7). 
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Introduction 

In the Negev Desert of Israel, where the average 
annual rainfall is 239 mm, all of which falls during the 
growing season, and the seasonal evaporation demand 
is 551 mm, dryland wheat (Triticumaestio'um .Iproduc-
tion is a matter of chance. Nomadic Bedouins in the 
region reduce their risks by minimizing input and using 
biomass for pasture in severe drought years. However, 

modem, large-scale management in this area requires 
high input, the costs of which are equivalent to 1.5 
Mg/ha grain. This makes profitable wheat production 
doubtful without government subsidies. Farmers in the 

southern area, who are not included in the drought com
pensation program, are faced with the question ofwhether 
to abandon this kind of production or try to improve the 
system. To answer this question, a research project was 
initiated concentrating on improving water use effi
ciency (WUE) by innovative agronomic strategies. This 
paper deals with the progress made in the WUE improve-

ment project. 

Experimental Procedures 

Long-term rnultlfactorial experiments were performed 
for 10 years at two sites: Gilat, representing the deep, 
loessial serozem (typical Camborthid). and Magen, rep-

resenting sandy, loessial serozem of the Negev Desert. 
Details on soil characteristics and pertinent meteoro-
logical data are given in Amir et al. (197 1) and Shimshi 
and Kafkafi (1978). Factors evaluated in this multidisci
plinary project were: effect of water regime, nitrogen, 
cultural management, tillage, and soil-borne pathogens 
on WUE for wheat production. 

Nutrient Effect on WUE 
is the major nutrient of concern in crop 

Nitrogen I the man norient o or potas-
production in the Negev, and no phosphorus or potas-

slum fertilizer response was reported in the rainfed area 

(Amir and Ephrat 197! ). The response of wheat yield to 

increased levels of nitrogen (N) fertilizer for continuous 

wheat (CW) ar d fallow-wheat (FW) management, is 

presented in Figure 1.Nitrogen application in CW and FW 
management resulted in a slgnillcant increase in WUE
foryma en rsutdion a d oignlantinceasn e 
for dry matter production (UEdmn only when N becames. 

a deficient factor in the system. The amount ofavailable 

N in unfertilized plots is sufficient to sustain an average 
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Figure 1. Relative wheat yields defined as actual 
yield/potential yield (Ya/Yp), as a function of
relative evapotronspiration, actual evapotranspir
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management treatments. Wheat grown with fbrtil
izer is shown with closed symbols and without by 
open symbols. N levels in dryland and irrg,%tion 
conditions were 50 kg/ha and 150 kg/ha, rspec
tively. Potential yield = 6.55 Mg/ha. Straight lines 
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shoot dry matter yield of 4.45 Mg/ha and a grain yield 
of 1.6 Mg/ha for CW and 8.03 Mg/ha and 4.1 Mg/ha for 
FW management. However. WUE for grain production 
[WUE9) was not affected by N fertilizer in either manage-
ment system. These results reflected the complicated 
relation between harvestable yield and above-ground 
biomass in arid conditions, where the harvest index (HI) 
canfluctuate from 0.19 to0.51 dependingonthepostan-
thesis water supply. Fertilization strategy in the Negev is 
based today on a biological method using maize as 	an 
indicator plant for evaluating N availability in the 	soil 
and forecasting N fertilizer needs before sowing (Amir 
and Ephrat, 19711. 

Impact of Water Regime 

In dryland experiments at Gilat. profitable yields 
(>1.5 Mg/ha) for CW management were obtained in only 
4 out of 10 years when the rainfall exceeded 250 mm. The 
average WUE values for CW management were: WUE, 
0.78 kg grain/m:and WUE,, 2.26 kg/m'lwater use. The 
WUEvalues for FW management were: WUE, 1.3 kg/m 
and WUE,,,. 3.31 kg/nrn water use. In a simultaneous, 
irrigated experiment at Gilat. the WUE values were: 
WUE9 I. 16 kg/m'and WUE,. 3.03 kg/m'water use. The 
WUE values of FW and irrigated CW are higher than 
those reported in the literature from semiarid dryland 
environments (Fischer and Turner. 1978; Cooper et al., 
1987). 

In the Magen experiments, profitable yields were 
obtained in only 3 out of 8 years. Analysis of effect of 
water on grain yie!ds was complicated by leaching of N 
below the root zone and by stored soil water present at 
sowing time. Therefore, those results will not be pre-
sented here. 

Effect of Fallowing 

A management treatment designed to evaluate the 
contribution of the fallow cropping system at Gilat 
resulted in 104 to 220% more grain in years with below-
average rainfall (239 ± 96 mm) but had no significant 

effect in years with above-average rainfall (Fig. 1). This 
significant increase in yield, in comparison with the CW 
treatment, could not be attributed to stored soil water. 
since the fallow plots at Gilat were "dry" (without avail
able stored soil water) at time of sowing. Elevated yield 
could also not be credited to additional Naccumulation 
during 19 months of fallowing or weed infestation, since 
these factors were controlled. Another possible benefi
ci; Ieffect of fallowing is control of soil-borne pathogens. 
This possibility was examined by using chemical control 
of soil pathogens in CW management. 

Impact of Soil-borne Pathogen Control 

The possiblity of achieving similar increased yields 
with CW management by chemical control of soil patho
gens was also investigated. When the biocide metham 
(sodium methyldithiocarbamate) was used at 2000 
1/ha, yield increased by 199% in average Gilat rainfall 
years (Fig. 1). Due to interference of soil-stored water 
and nitrogen leachimig of the Magen sandy soil, the only 
season which ,ould be analyzed for biocide effect was 
1984-85. The corresponding Increase in yield was 77% 
(Fig. 1). 

Management Effect on the Root System 

Since total water use (ET) was the same in the CW 
and FW treatments, but dry matter and grain yields 
differed significantly, detailed measurements of the root 
systems were conducted (Table I. The results indicated 
that fallowing contributed to a significant increase in the 
root system by (80 to 87% in weight and 91 to 150% in 
length). This difference in the root systems can explain 
the more effective depletion of soil water by FW manage
ment and. consequently, a possibly higher T/ET ratio. 

Calculation of T Values 

The key factor in improvement of WUE by FW 
management in this study Is the increase in'l/El ratio. 
An attempt was made to assess the T fraction using dry
matter production in irrigation experiments. when the 

Table 1. Total root length and shoot and root (Irv weight, at anthesis. as a function of management systems, Gllat drvland experiment. 
50 kg/ha N level. 

Root Root Shoot Root/shoot
Year ET Epan Management DM length DM weight 

mm 	 g/m m/mr g/m 
1984/85 163' 438 	 CW 11.3 824 154 0.07 

FW 20.4"t, 1938 34600 0.05 

1985/86 159 397 	 CW 10.6 636 178 0.05 
FW 19.2"* 1593 0" 3340* 0.05 

1986/87 250 401 	 CW 17.6 1376 642 0.02 
FW 34.704 2637 8530* 0.04 

'Wetting fronts were 37. 42. and 71 cm. respectively. 
"IP < 0.01. 
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Figure 2. Transpiration/evapotranspiration (T/ET) 0 A 

ratio as related to evapotranspiration/pan 4
evaporation (ET/E ) for different management 0o 

/treatments. Straight line is the fitted regression. 0 

groundcover by the plants was complete (LAI>4.0) and 
the ETST. El"was calculated by using soil-water content." I I 
which was determined gravimetrically. Mean vapor 0 1 2 3 4 
pressure deficit (VPD) and Tefficiency (TE) for the period T/VPD (im 3 ha - '/Po) 
were substituted in Eq. I II to provide an estimate k for 
wheat. The equation is: Figure 3. Total shoot dry matter and grain yield as 

functions of transpiration/saturationvapor pres-
TE = k/(e - e,) [I] sure deficit (T/VPD). Wheat grown with fertilizer is 

shown with closed symbols and without by open 
where k is the crop specific constant and (e, - e.) is the symbols. N levels in dryland and irrigation condi
mean saturation deficit of air for the same period (Bier- tions were 50 kg/ha and 150 kg/ha, respectively. 
huizen and Slatyer, 1965: Tanner and Sinclair, 1983). Straight lines are the fitted regressions. 
TE was substituted in Eq. [2) to calculate T (de Wit. 1958) 
by: stant. 0.15 for FW and 0.8 for CW management, calcu

lated from the relation presented in this study; 0.6 = the 
DM = TE x T [2] highest T/ET value obtained from the irrigated wheat: 

and Epanl = long-term average of Class A pan evapora
where DM = the shoot dry matter (kg/ha): TE = the T tion in mm. 

the total transpiredwater use efficiency (kg/m:): and T = 

water (mm/ha). 
The T values generated by Eqs. [II and [21 for the Relationship Between T and Yields 

entire growing period from dry matter results were 
divided by ET and related to water regime ET/Epan to The vaue grated yq. 3 ih a g 
assess the relationship between T/ET and water regime independent of both grain and dry matter yield data in 
for different management treatments (Fig. 2). The T/ET this study, were divided by seasonal average VPD and 
ratio for CW management increases linearly with in- directly related to shoot dry matter and grain yield (Fig. 
creasing ET/Epan: "dry" FW. CW with irrigation. and 3). As can be seen in Figure 3, the yields from different 

CW + biocide management had a fairly stable T/ET ratio. management systems and years fell on a single c.jrrela-

These different relationships can be used as a qi'antita- tion line. Crop-water function based on T/VPD seems to 

ive expression of the management system's (M) effect on be more general and less affected by site. year, and 

plant water regime. Therefore, if M, is known. T can be management. 
calculated directly from ET/Epan data. The following 
simple equation I. appropriate: Conclusion 

T = ET/Epan [(ET/Epan M , x 0.6 x Epani [3] 
Under conditions ofsevere water limitation for wheat 

where ET = actual ET in mm: Epan = Class A pan production, as in the Negev Desert, profitable grain 
evaporation in mm: M, = the management factor con- yields(>1.5Mg/ha) were obtained with CW management 
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in 1 out of 3 years. One management system resulted in 
profitable yields-wheat after "dry" fallow (withoutavail-
able soil-stored water), with a 10-yeargrainyield average 
of 2.46 Mg/ha at Gilat at the N. level. The high produc-
tivity in the "dry" fallow was achieved by improving soil
sanitation. Parasitism of the roots reduced the water 

available for transpiration. Productivity was similarly 
increased in CW management by chemical control of soil 
pathogens. A simple equation to predict transpiration 
using climatic data and including a quantitAtive value 
for management effect is proposed. 
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Introduction 

The grain sorghum [Sorghum bicolor (L.) Moenchi 
industry in Australia has grown rapidly in the last 20 
years (Fig 1.). Production is concentrated in the semiarid 
subtropics of eastern Australia (Fig 2.), extending north 
into marginal tropical areas. The principal constraint to 
productivity is water supply. Hammer and Wade (1986) 
showed that there was only about 50% probability that 
rainfall would equal one-third ofpan evaporation during 
the growing season at Dalby (subtropics) and Emerald 

(tropics). The crop is. therefore, highly dependent on 
antecedent stored soil water in most years to achieve a 
satisfactory grain yield. 

Grain sorghum performs well under rainfed condi
tions in regions where few other summer crops are 
successful. It is tolerant to high temperature (M. M. 
Ludlow. unpublished data) and shows the ability to 
extract stored water during terminal droughts. In the 
southern part of the subtropics, the probability of accu-
mulating sufficient soil water during the previous late 
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Figure 1. Map of the Australian continent showing 
distribution of sorghum growing areas (Henzeli, 
1986). 

summer and winter to allow an early summer planting 

is reasonably high in most years. Further north, how
ever, the combination of low winter rainfall and periods 
of high maximum temperature that cause head blast in 
early summer delays sowing until midsummer when 
rainfall probability is higher and the expected maximum 
temperature is lower. 

There appears to be a good prospect for both expan
sion of the area planted with sorghum and an Improved 
stability of yield if knowledge of sorghum water use is 
improved. 

Definitions
 

Evapotranspiration (ET) or Total Water Used 

The ET is obtained by measuring the change in soil 
water (SWI at the beginning, SW2 at the end), allowing 
for rainfall (RF) adjusted for runoff(RO) and drainage (D). 
The ET comprises a transpiration component (T)and a 
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Figure 2. Trend in the area sown to sorghum in 
Australia since 1960 (Henzel, 1988). 
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Table 1.Comparison of transpiration efficiency (TE) ofsorghum 
with wheat (Fischer, 1979) under different evaporative 
conditions. 

Crop TE (g/m 2/mm) Class A Pan (mm/day) 

Sorghum 8 6.4 
Wheat 3 to 9 1.2 to 9.1 

soil surface evaporation component (E). Rainfall inter
cepted by the crop is part of E. These conponents of ET 
are given by: 

ET= SWI - SW2 + RF- RO - D (mm) [I] 

Transpiration Efficiency (TE) 

This is the production of above-ground crop dry 
matter (DM) per unit of water transpired. Early work in 

Colorado (cited by Stanhill, 1986), using large sealed 
pots, showed that sorghum had a TE of 3.3 g (DM)/ 
kg(water) and wheat 1.8 g/kg. This difference is attrib
uted to the difference in internal resistance to carbon 
diffusion between a C4 (sorghum) and a C3 (wheat 
(Triticum aestivum L.) plant (Fischer, 1979). There is a 
linear relation between transpiration and atmospheric 
humidity (Rawson et al., 1977). These researchers also 
showed that sorghum leaves had a TE value double that 
of wheat and that TE changes with leaf age, previous 
history, degree of water stress, and atmospheric humid-
ity (Rawson et al., 1977). The TE for a field crop is 
calculated here using only above-ground crop dry mat-
ter (CDM). This is given by: 

TE = CDM/T (g/m 2/mm) 
(This is equivalent to g/kg.) 12] 

Water Use Efficiency (WUE) 

This term refers to the production of abovc ground 
DM pcr unit of evapotranspiration (El) (Fischer. 1979). 
WUE is sensitive to soil exposure, the wetness of the soil 
surface, and atmospheric factors that affect TE (Ritchie, 
1983) and is given by: 

WUE = CDM/ET (g/m 2 /mm). 131 

Harvest Index (HI) 

The HI is the ratio of grain dry matter (GDM) to CDM 
and is an indication of the partitioning of DM to grain. 
The HI is affected by potential sink size which is deter
mined by preanthesis growth. This responds to grain 
growth, which depends on postanthesis water supply 
and on the transfer of preanthesis assimilate to the grain 
(Fischer, 1981). The HI is given by: 

HI = GDM/CDM (dimensionless). [41 

Crop Yield Efficiency (CYE) 

This new term expresses grain production in rela
tion to total water use as g (grain)/m 2/mm. This parame
ter depicts the relationship between grain production 

and water and is used to calculate yield in advance. It is 
given by: 

CYE = WUEHI = GDM/ET (g/m 2/mm). [51 

Crop Yield Efficiency in Australia 

Processes in the field that contribute to CYE have 
been examined in much more detail for wheat than 
sorghum. Fischer (1981) shows data for TE, which 
varied from 3 to 9 g/m 2/mm where pan evaporation 
varied from 9 mm to 1.2 mm/day, respectively (Table 1). 
Fischer also described the relation between preanthesis 
growth, which influences potential sink (kernel num
ber), potential source (leaf area and DM that can be 
translocated to grain and residual water in the profile), 
and final yield. The size of the grain sink. therefore, is 
regulated to match the amount of assimilate available, 
but may be reduced if high temperature shortens the 
duration of grain growth (Gallagher et al., 1976). 

Experimental Results 

Recent research on sorghum in Queensland has 
concentrated on measurement of growth and water use 

under a range of natural water supply regimes and using 
a rain shelter (to exclude all rainfall) after sowing. 

Table 2. Water use efficiency (WUE), crop yield efficiency (CYE), and harvest index (HI) of grain sorghum with and without tillers. (Site 
Key: 1.Cecil Plains, no deficit before anthesis but severe terminal drought; 2. Gatton, no deficit at any growth stage: 3. Gatton, rain 
shelter, stored water only; 4. Kingaroy. no deficit early and late, drought around anthesis: 5. Gatton. no deficit throughout (Fukal 
et al.. 1986). 

WUE CYE HI 
Site No. Tillers Uniculm Tillers Uniculm Tillers Uniculm 

1 2.1 3.2 0.9 1.5 0.37 0.43 
2 3.9 3.5 1.9 2.0 0.46 0.55 
3 4.4 4.5 2.5 2.8 0.53 0.59 
4 3.3 2.6 1.5 1.2 0.45 0.43 
5 4.4 3.8 2.4 2.1 0.48 0.55 
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The primary objective has been to increase the particularly for crop yield efficiency (CYE). Harvest index 
proportion of T in ET and to boost GDM through an in- can be improved considerably by tiller removal in the 
crease in HI. The effect of tiller removal was tested at a presence or absence of water deficit. 
row spacing of 0.33 m, to increase soil shading compered 
to wider spacing, and a plant density of 10 plan./m 2. 
This treatment was suggested by the concept of an Acknowledgments 
ideotype advocated by Donald (1968) with the prospect 
of improving HI and also limiting the potential for leaf I thank M. M. Ludlow ofCSIRO, Brisbane, foraccess 
area development. The detillered main stem would expe- to unpublished data on tolerence of sorghum to high 
rience reduced competition for light during the critical temperature. 
period when grain number (sink size) is determined, as 
well as using less water in the preanthesis period, 
thereby conserving some water for grain filling. References 

The T component of ET was calculated using an 
estimate of E for the duration of the crop, based on Boast, C.W., and T. M. Robertson. 1982. A "micro-lysimeter" 
microlysimetry (Boast and Robertson, 1982). The valun method for determining evaporation from bare soil: descrip
of TE from this experiment is shown in Table 1. where it tion and laboratory evaluation. Soil Science Society of 
is compared with values for wheat at different levels of America Journal 46:690-696. 
pan evaporation (Fischer. 1981). It appears that sor- Donald. C.M. 1968. The breeding of crop ideotypes. Euphytica 
ghum has a TE about double that for wheat under 17:385-403. 
comparable evaporation in the field, which is consistent Fischer, R.A. 1979. Growth and water limitation to dryland 
with the finding of both Rawson et al. (1977), who used wheat yield in Austral!.-a physiological framework. Journal 
a controlled environment, and Stanhill (1986), who cited Australian Institute Agricultural Science 45:83-94. 
work involving sealed pots. Fischer. R.A. 1981. Optimizing 'ie use of water and nitrogen 

WUE, HI. and CYE were calculated for the tillered through breeding of crops. Plant and Soil 58:249-278.Fukai, S.. C.J. Liwa, D.W.L. 1-enderson. 1.1B. Maharjan, R.C.and uniculm treatments on five sites fTable 2). The two- Fki . .. LwDWL edro.BB aaa.RC
Hermus. C. Searle, S.W. Herbert, and N1.A. Foale. 1986. The 

fold difference between high and low values of WUE field performance of induced uniculm grain sorghum (Sor
reflects difference in atmospheric conditions. Mean pan ghum bicolor)In south-east Queensland, Australia. Experi
evaporation at Site 2 was 6.4 mm, while at Site 1 it was mental Agriculture. 22:393-403. 
8.6 mm. Site 3 had a low proportion of E in ET (25%), Gallagher, J.N.. P.V. Biscoe, and B. Hunter. 1976. Effects of 
thereby boosting WUE, while E at Site 2 was 50% of ET. drought on grain growth. Nature 264:541-542. 
There was no response of WUE to uniculm, except for Hammer, G.L.. and L.J. Wade. 1986. Agroclimatic analysis for 
Site I where a plentiful early water supply was followed grain sorghum In Australia. 2. Water limitation. p. 4.23
by severe terminal drought. CYE responded even more 4.32. In M.A. Foale and R.G. Henzell fed.). Proceedings of the 
under these conditions through an increase in HI in first Australian sorghum conference. Gatton: Australian 
uniculm plants. At four out of five sites. HI was greater Institute of Agricultural Science.Henzell, R.G. 1986. 'The Australian sorghum industry. In M.A. 
in uniculm which points to possible improvement in Foale and R.G Henzell (ed.). Proceedings of the first Austra
yield if this trait can be selected for. lian sorghum conference. Gatton: Australian Institute of 

Agricultural Science. 
Rawson. H.M., J.E. Begg, and R.G. Woodward. 1977. The effect 

Conclusion atmospheric humidity and photosynthesis, transpiration 
and water use efficiency on leaves of several plant species. 
Planta 134:5- 10.

Sorghum has the potential to use water efficiently based Ritchie, J.T. 1983. Efficient water use In crop production: 
on its TE values. On the other hand. WUE is often low discussion on the generality of relations between biomass 
because the crop is widely grown in semiarid regions, productionand evapotianspiration. p. 29-44. In il.M. Taylor 
usually with intermittent light rainfall and high evapo- et al. (eds.). Limitations to efficient water use in crop produc
rative demand. Where the E component of ET can be tion. Madison: American Society of Agronomy. 
reduced and where sufficient water is available for grain Stanhill. G. 1986. Water use efficiency. Advances in Agronomy 
growth. an improved value Is obtained for WUE and 39:53-85. 
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Introduction 

Unfavorable water conditions in many of the south
em Afrcan maize (Zea mays L.) producing areas have 
resulted in the development of adapted production sys
tems where optimum water use is a first priority. Dry 
spells are experienced regularly during the growing 
season, and a conservative water consumption policy 
thus needs to be followed in order to survive, 

Maize is planted at low population densities of + 

18,000 plants/ha. Row widths vary from 0.90 to 2.30 
mm. This variation in row width is mainly due to the 
different production systems being used by the farmers. 
It has, however, been reported that under conditions of 
limited and poorly distributed rainfall, bettergrainyields 
are obtained from maize planted in row spacings of 2.00 

to 2.30 m. This is contradictory to the theory that 
equidistantly (or evenly) spaced plants will perform best. 

The trial was conducted in an area subject to the 
typical arid conditions experienced in many of the other 

maize-producing areas (long-term annual rainfall = 533 
mm + 126 mm. long-term daily evaporation during 
growing season = 7.4 mm). The existence of a fluctuating 
water table at a depth of± 1.80 m due to the prevention 
of deep percolation by andesite underlying the hard 
plinthic was, however, only discovered after the trial had 
been initiated. An estimated 50,000 ha are believed to 
have similar soil water characteristics. 

The object of this investigation was to determine the 
effect of varying row widths and population densities on 

plant development (particularly root development), water 
use efficiency, and final grain yield. 

Materials and Methods 

A dryland field trial was laid out on a well-drained 

sandy loam soil with an effective rooting depth of 1.80 m. 

A hard plinthic layer restricts root penetration beyond 
this depth. The treatments consisted of three population 
densities (10,000, 18.000, and 26,000 plants/ha) and 
three row widths (1.00, 1.50, and 2.00 m). The nine 
treatment combinations were randomized in three blocks. 
A traffic control tillage system, which is general practice 
in the area, was followed. 

Leaf area was measured 37, 49, 56, and 63 days 
after planting, the latter being at 50% pollination. It was 

an in situ measurement using the formula of Francis et 
al. (1969): 

Leaf area = L x W x f [11 

(m)h ngfl) m mw5. 
(mm), and f = 0.75. 

To determine root distribution, inspection holes 
were dug perpndicular to the row o~rection. Horizontal 
soil cores were removed by means ofa steel ring (100 mm 

deep x 80 mm in diameter). Sampling was done on both 
sides of the hole at 150-mam intervals to a depth of 2. 10 
mm. DuL.licte samples were taken at each depth. Root 
sampling toc" :ice at three positions: (a)directly under 
plant row. (b) i;,iway between plant row and center of 
inter-row, and (c) midway between two rows. This was 
done 35. 55, and 70 days after planting. The samples 
were washed and cut and the root length was measured 
with a modified infrared root length meter as described 
by Rowse and Phillips (1974). Rooting density (mm of 
roots/mm3' of soil) was determined and root length index 
(mm of roots/mm2 of soil) was calculated. 

Soil water content (to a depth of 2.10 m) was 
miasured on a weekly basis by means of a neutron 
pr2:.e. Three access tubes. (a) in plant row, (b) midway 
btvcen plant row and center of inter-row, and (c) mid
way between two rows, were installed in each plot. All the 
nmxessary weather data were obtained from an on-site 
weather station. A daily water budget was compiled as 
follows: 

Water balance = (AW + Rl/T 12] 

where AW = difference in total soil water content for a 

given period (mam), R =rainfall during period (mm). and 
T = duration of period (days). Due to the high infiltration 
rate in the upper soil layers and the absence of a slope,runoff was not experienced. 

Results and Discussion 

Leaf Area Index (LAI) 

Leaf area ind.ices determined at the four sampling 
stages are presented in Table 1. An increase In popula
tion density resulted in an increase in LAl. This is in 
accordance with results published by Alessi and Power 



Table 1. Leaf area index at four sampling stages as influenced 
by population density and row width. 

Days after planting 

Population density 
(plants/ha) 
10,000 0.240 0.742 1.008 1.231 
18,000 0.373 1.146 1.505 1.766 
26.000 0.577 1.347 1.691 1.923 
P < 0.05 0.074 0.165 0.288 0.260 

Row width (m) 
1.00 0.380 1.166 1.506 1.768 
1.50 0.417 1.062 1.386 1.599 
2.00 0.393 1.007 1.312 1.522 
P < 0.05 N.S. N.S. N.S. N.S. 
C.V. (% 8.2 15.2 16.3 18.9 

(1975) and Remison and Lucas (1982). This effect was 
particularly noticeable in the first two sampling stages, 
but by the last two stages differences in IAI between 
18,000 and 26,000 plants/ha were not as marked. This 
was probably a result of water stress, more severe in the 
high population density, during the late stages of plant 
development. 

Although not significant, a tendency for LAI to 
decrease with increasing row width existed. As leaf 
development advanced and competition between plants 
increased, the crowding effect due to wider row spacings 
became more distinct. 

Root Development 

Root length indices determined at the three sam
ping stages are presented in Table 2. An increase in root 
length index was associated with increasing population 
density. Grimes et al. (1975) found no significant differ-
ences between the root length indices ofvarious popula
tion densities. Higher densities (34,000 - 93,000 plants/ 
ha) were used. From the indices presented in Table 2, 
differences in root length index diminished as popula-

Table 2. Root length index at three sampling stages as influenced 

Days after planting 

Factor 35 55 70 

Population density 
(plants/ha)
10,000 0.24 2.04 4.13 
18,000 0.38 2.97 5.62 
26.000 0.60 3.77 6.69 
P < 0.05 0.09 0.63 0.62 

Row width (m) 
1.00 0.46 3.47 5.84 
1.50 0.36 2.79 5.35 
2.00 0.39 2.52 5.25 
P < 0.05 0.07 0.52 0.51 
C.V. (%) 21.3 21.6 11.3 
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tion density increased. This tendency probably contin
ues as population density increases and accounts for no 

differences being Ibund at the higher densities used by 
Grimes et al. (1975). 

At similar population densities, narrower rows (1.00
m) resulted in higher root length indices than 1.50- and 

2.00-m rows. A more even spacing favored root develop
ment. As can be expected, the spatial distribution of 
roots was more homogeneous under the 1.00-ni than the 
2.00-in rows. Table 3 shows that the amount of roots 
found in the center of the 2.00-m rows was much lower 
than the other row spacings, even at a very late stage of 
root development. This resulted in a slower depletion of 
soil water from the center of the wide rows. 

Final Grain Yield and Water Use Efficiency 
(WUE) 

A daily water balance for each treatment was com
piled over a period of 109 days, from 16 days after 
planting until physiological maturity. By calculating the 
total water loss during this period, a WUE value (Mg 
grain/ha/mm water loss) was determined for each treat
ment. These values, along with the final grain yield, are 
presented in Table 4. increased population density 
constantly resulted in higher yields irrespective of row 
spacing. The effect on WUE was very similar to that of 
grainyield. Results obtained in this study indicated that, 
although not significant, the use of a 2.00-m row width 
resulted in slightly lower grain yields and WUEs. This 
may be as a result ofincreased evaporation due to larger 
unshaded areas in wider rows, an argument which is 
most often raised in favor of narrow row spacings. 

An increase in population density resulted in a 
significant increase in LA, root length index, WUE, and 

Table 3. Root length index determined at three sampling 
positions 70 days after plant. 

Population density (plants/ha) 

Row width 
(m) 

Samplin'
position' 10.000 18.000 26,000 

1.00 1 5.40 7.47 8.90 

2 
3 

3.92
2.79 

5.57
3.64 

5.87 
4.63 

1.50 1 6.14 8.48 10.90 
2 3.21 5.05 6.11 
3 2.17 3.43 4.30 

2.00 1 7.94 9.55 11.11
2 3.91 4.67 5.05 
3 1.46 2.35 3,27 

"Sampling position: ]-directly under plant row; 2-midway 
between plant row and center of interrow: 3-midway 
between two rows. 
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Table 4. Final grain yield and water use efficiency as influenced row spacings performing better under certain condi

by population density and row width. tions, especially different soil conditions, are the ten

dency for a reduction in LAI and a slower depletion ofsoil 

Final grain yield WUE (10')}water from the center of the rows. 

Increaser] competition due to the crowding of plants 
Mg/ha Mg grain/ha/rm by wider row spacings inhibits excessive tillering. the 

Factor water loss 
latter often being an aspect of concern where maize Is 

planted at low population densities. The use ofwide tow
Population density 

spacings might also permit the development of a water(plants/ha) 
reserve in the center of the rows due to less root activity10,000 4.33 17.2 

18,000 4.q8 18.7 found in this area, which may benefit the plant during 

26,000 5.34 19.0 dry conditions. 
P < 0.05 0.48 1.7 From this study, however, it seems that a spatial 

arrangement approach, at the expense of the practical 
Row width (n)il 

18.4 advantages of the use of a certain row width, is not 
4.941.00 

18.7 worthwhile.5.001.50 
2.00 4.71 17.7 
P < 0.05 N.S. N.S. 

%} 9.9 9.3 	 ReferencesC.V. 
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Introduction 

Soil water availability is, together with -;,trient 
availability, the major factor limiting growth in Zambian 
agriculture. Because of the heavy dependence on rain-
fall, maize (Zea mays L.) production is ve'y vulnerable to 
periodic droughts that occur during the growing season. 
The impact of these droughts is particularly devastating 
because they result .n serious Iooc, shortages: in the last 
fewyears. Zambia had to import maize to cover drought-
induced si:onfalls. 

With -, adequate water supply, crop growth is 
depend it onnutrient availaLlity. However. whenwater 
supply bet-omes limiting, crop growth L.comes depend-
ent ou soil water availability. It is important to assess soil 
water ava"7' Ality tu manimize utilization of this scarce 
resource. 

A study wa.. made at the University of Zambia farm 
to assess water :,,vailability to maize in majc.: soil types. 
Thl,, was part of - major land evaluation study being 
undertaken on Ihe farm in which other land qualities are 
also being asscsser. 

The objective of the study was to assess differences 
in the ability of the soils to meet the evapotranspiration 
demand of maize under rainfed conditions. 

Materials and Methods 

A detailed soil survey of the area was canied out, 
and a soil map of 1/20,000 scale was produced. The soil 
types were delineated at series level and formed the basis 
for arnd evaluation. They were assanied o be homoge-
neous in te-nms of their physical and chenmcal properties, 
although the latter was not used in mapping. 

,Assessment of Soil Water Availability 
Soil water availaoility was assessed for the represen-

tative soil profile of each mapping unit t, a depth of 120 
cr from soil water storage, 75% dependable effective 
rianfall, and maximum crop evapotranspiration. 

Soil Water Storage 
Soil water storage was assessed from bulk density 

and water Lcontent at -0.01 and -0.5 MPa matric poten-
tials. Previous studies have shown that water content at 
-0.5 MPa is the lower limit of soil water extraction at the 
university farm rather than at the traditional -1.5 MPa 
matric potential (Lenvain et al., 1987). 

75%Dependable Effective Rainfall 
Effective rainfall is the portion of rainfall which is 

useful directly and/or indirectly for crop production at 
the site where it falls, but without pumping (Dastane. 
1974). It was estimated every 10 days of each month 
following the proposal of Lenvain (personal communica
tion) as follows: subtracting all the daily rainfall less 
than 5 mm and more than 75 mm; adding all daily 
rainfall in each 10-day period, and if the total is greater 
than 125 mm, then the effective rainfall for that I0-day 
period is taken to be 125 ram. 

Dependable rainfall is the amount of rainfall that 
can be expected in 3 out of 4 years or 75% of the years. 
Most of the method,, that hay, been developed to deter
mine dependable rainfall, such as that of Kessler and De 
Raad (1974), are based on long-term climatic data. 
However. Dastane (1974) described an alternative method 
for short-term climatic data. This method was applied in 
"his study to determine 75%dependable effective rain
fall using a rainfall record of 21 years. 

Maximum Crcp Evapotranspiration 
The maulmum cip evaporanspiration (ETm) is 

defined by Doorenbos et al. (1978) as the evapotr-',.spi
ration of the crop the water supply fully meets it

water requiremcnt. The E!'m is directly related to poten
tial evapotranspiration (ETo). The ETo was calculated 
daily for the years 1978 to 1986 using the Penman 
equation as described by Frere ant, Popov (1979). Aver
age ETo values were then calculated for each 10-day 
period ofeach month. The ETm was then calculatd from 
the relations.'iJ: 

ETm = Kc x ETo [] 

where Kc is a coefficient related to the stage of develop
ment of the crop. Doorenbos et al. (1978) gave various 
empirically determined Kc values for various crops which 
were adapted to this study. 

Water Balance 
Watr balance for maize was determined on different 

mapping units (Table 1). Since planting is done at er the 
rainy season has started, it was assumed that 35% of the 
water stan age was already available at the beginning of 
the crop cycle. The assumption wa :: made in sucl, a way 
as t ensure that the soil profiles attained full or near ly 
full water storage by the peak of the rainy season (late 
January to mid February). 
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studied are able to meet the evapotranspiration demand 


of maize in most years. The mid-season droughts are not
 

a common 
feature, since they are expected in only 25%
 

of the years. Although not frequent, these mid-season
 
Table 2. Rating of soil water availability.

droughts are damaging to maize because of its lack of 


capability to withstand them. Degree of
10-day periods of 
Zambia is susceptible to drought because little has 	

limitation Mapping units
soil water deficit Rating

water and develop irrigationdone to conserve 
the large investments fCe" 

been 
systems. This is largely due to 	 2 I Moderate 

bMi. xKf, 	 Cusrequired, which the country cannot afford. The capabil-	 Marginal23 
ity of the farmers to develop irrigation systems is simi-	 Severe f Bz43 
larly limited because they are already burdened by the 

high fertilizer demand of maize. However, water conser-
Symbols for mapping units: f Ce =Chimsimbe; bMi = 

vation measures and development of irrigation systems 
= Mikata; xKf = Kafulafuta; cCus =Chibesakunda: and fBz 

extremely vital in stabihizing land productivity in are Bulszi.
Zanibia. 

in different mapping units.Table 1. Water balance for maize (MM752 

10-dayMonth periods of 
Mar. Apr. soil 

Nov Dec. Jan. Feb. 
water 

1 2 3 1 2 deficit 
3b 	 2 3 1 2 31 2 3 1Factor 

75% dependable	 0 07 0 0 
15 20 15 32 31 32 65 35 31 11 

rainfall (mm) 	 40 3637 35 36 35

41 30 38 35 29
36 38 32 38
ETo (mm) 	 0.9 0.8 0.8
1.0 1.0


0.3 0.6 0.6 0.6 0.6 0.7 0.1 1.0 1.0

0.3
Kc 	 28 29
29 36
22 26 35 37 35 36


19 24 18

ETm (ETox Kc) 10 11 	 -36 -28 -290 -6 -18 -28 -36-4 +8 +9 +14 +39+5 +9Rainfall - ETm 

Unit' 	 Water 0.35 x water
 
storage storage
 

mmmm 	 43 -21 -50 2
78 92 131 131 125 107 79 7 


65 69
51 56 61
fCe 148 	 34 -30 -59 3
 
70 84 122 122 116 98 70 -2 


57 61
43 48 53
bMI 122 	 89 61 25 -11 -39 -68 3
 
49 66 80 113 113 107
44 53 57
xKf 113 39 	 44 8 -28 -56 -85 3
96 72
43 60 74 96 90
38 47 51
cCus 96 33 	 3 -33 -69 -97 -126 4
55 31
29 46 55 55 49


19 24 33 37
fBz 55 


Maximum crop evapotranspiration. and Kc = coefficient related to stage of 
ETo = potential e~apotranspiration, ETm 


development of the crop.
 
hNumbers refer to 10-day periods of a month - I-Ist, 2-2nd, 3-3rd. 

= Mikata; xKf = Kafulafuta; cCus = Chibesakunda; fBz = Bulszi. 
ISymbols for mapping units: fCe =Chimsimbe; bMi 
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Introduction A calibrated neutron probe was used to measure soil 
water content to a depth of 1.64 m on an approximate 

Millet (PennisetumamericanumL.[Schuml) is grown weekly basis throughout the growing season. Access 
on non-crusting sandy soils of low fertility in Niger. tubes were enclosed in a 2.0-m x 2.0-m barrier to 
Under such conditions, it is often assumed that water prevent runon (Dancette, 197 1). The difference between 
supply is the primary limiting constraint to crop produc- laboratory-determined water content at -1500 kPa and 
tion. For example, Stroosnijder and Hoogmoed (1984) field-determr ined water content on a given date of meas
evaluated the water balance of a fanner's millet field in urement, integrated over the maximum depth of rooting, 
Mali and concluded that lack of water was the primary was interpreted as the amount of crop-available water 
limiting constraint to product!on. However, the soils for that date. Depth of rooting was determined at harvest 
were crusted, so runoff was a major component of the by dig,Ing pits. Nonrecording rain gauges measured P 
water balance. The question remains whether or not for each rain event. Hydraulic conductivity calculations 
water supply is limiting when crusting and runoff are not indicated that water flux was negligible at water 'n
major problems. tents of 0.07 m 3/m 3 or iess (Payne, 1987). Therefore, as 

De Wit (1958) stated that, where water is in short long as water content at the lowest depth of measu 
supply, the amount of transpired water is equal to the mer't remained below 0.07 m 3/m 3 , D was assumed to be 
amount of available water, corrected for evaporation and the ameiunt ofwater stored between the maximum depth 
other "unavoidable losses" such as drainage and runoff. of rooting and the lowest depth of measurement on the 
It follows that the presence of plant-available water in day of measurement, minus the amount on the date of 
the root zone throughout the season constitutes e.i- planting. 

dence of a crop whose production was not limited by 
water supply. Results 

The objectives of this study were to quantify the 
water balance of lields in three rainfall zones, and to Results of the water balance for the three sites are 
evaluate whether or not water supply was a primary shown in Figure 1. Rainfall data veflect the normal trend 
limiting crop production constraint, of increasing rainfall from no-th to south; however, in 

1985, the southernmost site received the least amount 
of rain during the first half of the growth cycle. Rainfall

Materials and Methods ceased at Chikal at 63 days after sowing (DAS), whereas 
at Kala Pr te' heavy rains started at about 60 DAS. 

Three sites with sandy soils and different mean Depths of rooting were 0.75 m at Chikal, 1 ?0 m at 
annual rainfall were selected. From north to south, they Kala Pate', and 1.40 m at N'Dounga. Root deve!opment 
were: Chikal (sa,,-y, siliceous, isohyperthermic Ustic at N'Dounga was thus more pronounced than at Chikal 
Torripsamment), N'Dounga (loamy, siliceous, isohyper- or Kala Pate'. Poor root development at Chikal may be 
thermic Psammentic Paleustalf), and Kala Pate' (sandy, attributed to low rainfall. At Kala Pate', possible reasons 
siliceous, isohyperthermicAlfic Ustipsamment). A 10-m include lower initial rainfall, lack of nutrients, and 
x 10-m experimental ploi was established at each s!tc in presence of toxins. These rooting depths were used for 
a large field. Millet was planted on 27 June 1985 at Kala calculation of cumulative dS in Figure ). These data 
Pate' and N'Dounga. and on 23 July 1985 at Chikal. indicate that, between planting and harvest, only at 
Traditional cultivation methods were used. The water Chikal was all the rainfall lost to ET and D. N'Dounga 
balance was estimated assuming that runon, runoff, and Kala Pate' showed a net mean root zone gain from 
and upward flow were negligible, which reduces the planting to harvest of 39 and 46 mm, respectively. 
water balance equation to: ET = P-dS--D, where ET = Water content was greater than 0.07 m 3/m 3 at the 
evapotranspiration, P = precipitation, dS = net change in maximum depth of neutron probe measurement (1.64 
water storage, and D = drainage. Each term uses the m) only at Kala Pate', where D cannot be separated from 
units of mm of water. ET after 67 DAS (Fig. 1). The data suggest that, at 
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Figure 1. Results of water balance measurements 

at experimental sites as a function of days after 

dS is net change in amount or watersowing (DAS). 
in root zone, P in cumulative precipitation, ET is 

cumulative evapotranspiration, and D is 

cumulative drainage. Points represent the mean of 

five replicates. Bars represent one standard 

deviation, 

NDounga, D was negligible throughout the season. At 

Chikal, water moved below the root zone from 42 to 62 

DAS. then apparently moved upward, for cumulative D 

returns to zero by the end of the season. At Kala Pate', 

evidence of D began at 40 DAS. The data further suggest 

C. 

.....
 

.. . . .
 .. . . .. . . .
 .. . . .. . . .
 .. .. ..
.... 


DAS 

atFigure 2. Amount of water stored in root zone 

experimental sites during 1985 growing season. 
were 0.75, 1.40, and 1.20 mDepths of root zones 

at Chikal, N'Dounga, and Kala Pate', respectively. 

At -1500 kPa, root zones would contain 18, 45, 

and 34 mm of water, in the same respective order. 

Points represent the mean of five replicateb. Bars 

standard deviation.represent one 

that, even though cumulative P at 67 DAS was greater at 
Kala Pate' than N'Dounga, ETwas less. The lower rate of 

ET at Kala Pate' relative to N'Dounga is also reflected by 

the fact that, even though Kala Pate' P did not exceed that 
and the root zone wasat N'Dounga until 63 DAS, 

water storage surpassed that at
shallower, root zone 

N'Dounga by 52 DAS (Fig. 2) 
The amounts of water held at -1500 kPa in the root 

zones were 18, 45, and 34 mm at Chikal, N'Dounga, and 

Kala Pate'. respectively (Payne, 1987). Water content at 

-1500 kPa varied between 0.02 and 0.05 m3/ma , de

pending upon clay content of the horizon. Data in Figure 

indicate that, at Chikal, water was available up to and 

including flowering, which began 49 DAS. By 73 DAS, 

at pressure potentialsof wateramounthowever, the 
greater than - 1500 kPa was nearly depleted. At harvest 

DAS), there was no available soil water. Profile water 
that, while there wasdistribution (Fig. 3) suggests 

available water at flowering, by harvest water content 

kPa. At Kala Pate' and N'Dounga, on the 
was at -1500 
other hand, the amount of water stored in the root zone 

never approached that measured at -1500 kPa during 

the growing season. At harvest, there were 55 mm of 

water remaining in the profile at Kala Pate' (97 DAS), and 
Data in Figure 3 show48 mm at N'Dounga (90 DAS). 


that, both within and below the root zone at Kala Pate'
 
3/m 3,

0.10 to 0.12 m sug
(1.20 	m), water content was 

of availablegesting the presence of ample amounts 

water. At N'Dounga, substantial amounts of water ap

peared to be between 0.30 and 0.70 m, well within the 
suggest that

reach of the roots (1.40 m). These data 

millet had water available at both locations but was 

unable to use it. 
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Figure 3. Volumetric water content profiles at the three experimental sites at flowering and harvest, and 
water content at -1500 kPa. Depths of rooting at harvest are also indicated. Points represent the mean of 
five replicates. Bars represent one standard deviation. 

Conclusions References 

Our results suggest the following conclusions: Dancette, C. 1971. Controle avec l'humidimetre a neutron de 
1. Depth of rooting must be known to delineate l'alimentationhydriqued'uneculture"Souna"pendantdeux 

accurately the storage term ofthe water balance ofsandy hivemages tres differents. Agron. Trop. 26:721-735. 
soils used for millet production. Further, D cannot be De Wit, C. T. 1958. Transpiration and crop yield. Versi. Land
presumed to be zero. ET must be corrected for D which bouwk. Onderz. 64.6. Inst. of Bio. and Chem. Res. on Fieldis not necesaarly proportional to amount of P. Crops and Herbage. The Netherlands: Wageningen.Payne, W. A. 1987. Water balance of sandy soils of Niger. West 

2. Data on the distribution and storage of water in Africa. M.S. thesis, College Station, TX: Texas A&M Univer
the soil profile indicate that water supply was the sity. 
primary constraint to millet production only at Chikal in Stroosnijder. L., and W. B. Hoogmoed. 1984. Crust formation 
1985. Since the soils at N'Dounga and Kala Pate' had on sandy soils in the Sahel. II. Tillage and its effect on the 
plant available water in the profile at the end season, water balance. Soil Tillage Research 4:321-337. 
constraints other than water supply appear to be limit
ing crop production. 
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Introduction 

The potato (SolaiumtuberosumL.) grown in differ-

ent climatic zones worldwide is exposed to various 

drought-stress patterns. Drought stress may occur due 

to erratic rainfall, inadequate irrigation techniques, and 

lack of water supply. With the introduction of potatoes 

in warm tropical regions where night temperatures are 

too high (15 to 200 C), identification and improvement of 

stress tolerance gains importance.drought-induced 
However, little information is available on the response 

of potatoes to drought stress in warm, dry tropical areas. 

Potatoes are strongly vulnerable to water deficits at 

alldevelopmentalstages(SalterandGoode. 1967).Vander 

Zaag and Burton (1978) recognized drought as the major 

cause of gap between actual and potential tuber yield. 

on poor tuber yield and qualityEffects of water deficits 

are due to reduced productive foliage, stomatal closure 

associated reduced photosynthesis, enhancedand 
and uneven tuber developmentcanopy senescence, 

patterns (Van Loon, 1986). Water use efficiency (WUE) is 

an important determinant in evaluating productivity in 

dry regions. WUE values for potatoes of 11.7 kg/m 3 (Rab 

and Willat. 1987), 9 kg/iM3 (Wolfe et al., 1983), and 6.4 

kg/m3 (Genova, 1986) had been reported. Drought re-

sponse and WUE of potato were evaluated in two warm. 

dry environments of Peru to examine drought adapta-

tion. 

Materials and Methods 

Heat adapted and non-adapted potato clones were 

grown in two locations, at Lima (sub-tropic desert at 240 

summer (January to Aprilm above sea level) during 

1987) and at San Ramon (humid-tropic "selva" or forest 

at 800 m above sea level) during the dry season (May to 

September 1987). Fertilizer was broadcast at rates of 

kg/ha NPK, and pre-sprouted potato tu160:160:160 
bers were planted at 0.7 m between rows and at 0.3 m 

within rows in 10-row plots. Clones were randomized in 

four replications for a total of 40 plots per clone. Fields 

uniformly irrigated from planting to full canopywere 
closure or 30 days after planting, after which a line 

source was installed with a 12-mn sprinkler spacing. Two 

replications shared the same line source. The line source 

applied an irrigation gradient up to harvest. Water 

row (3rd. 5th, and 7th rowapplied to each sampled 

parallel to line source) was monitored using catch cans 
as an irrigationafter each irrigation and was analyzed 

use was computed as the sum oftreatment. Water 
and soil water depletion (based onrainfall, irrigation, 

gravimetric measurements in 15-cm increments to 75 

cm taken from the 3rd, 5th, and 7tha rows) during each 

irrigation interval. A crop factor iK)of I and 0.95 was 
to estimateassumed (depending on the canopy age) 


water 
use (estimated evapotranspiration [EI) from the 

equation: 

Table 1. Seasonal water use efficiency of eight potato clones in Lima and San Ramon under three irrigation regimes. 

Lima 

3" 5Clone 

10.1 8.8Desiree 
7.1 5.8CI-4343 
8.1 6.6LT-5 
9.3 6.8171-240.2 
8.9 5.4LT-7 
7.1 7.9Pentland crown 
7.3 5.1DTO-28 
8.5 8.5DTO-33 *
 

Clone effect 
Interaction effect" ns 
C. V. (%) 37 

7 3 

kg fresh tubers/m: 

5.4 12.8 
5.4 14.9 
6.9 14.9 
4.9 17.5 
5.5 14.9 
5.7 10.1 
2.3 6.8 
6.6 9.7 

19 

San Ramon 

5 7 

16.2 16.7 
12.6 11.1 
9.7 11.1 

16.0 15.5 
18.4 17.4 
9.8 10.6 
7.1 6.3 

10.3 9.9 

a3, 5, and 7 indicate different irrigation regimes or row number from the line source (3 = wettest). 

b Interaction effect was between clones and irrigation treatment. 
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Figure 1. Meteorological data for Lima and San Ramon locations during the growing seasons (1987).(Means of 4-day moving averages for all variables.) In Lima, zero precipitation occurred during the growing
season and relative humidity was 
not measured during March and April due to instrument failure. 

Table 2. Correlations between seasonal applied water (mm)and

water use efficiency (kg dry tubers/m3 ) for test clones in Lima 
 E= K Ep

and San Ramon. 

c" 


Correlation coefficient where EP was class A pan evaporation.Correlation__coefficient 
 Tubers from rows 3. 5. and 7 were harvested, six
 
Clone 
 Lima San Ramonb plants per row, at maturity and fresh and dry weights

were measureO. WUE (ratio of nital fresh weight per unit

Desiree 0.496 
 - 0.813* area divided by E expressed as depth of water in kg/m3 )CI-4343 0.290 0.444 was calculated in each stress environment and location.LT-5 0.081 0.683' During the growing season various meteorologicalB71-240.2 0.407 -0.110 measurements were made. Hourly data were recorded

0.572" -0.736"LT-7 using a CR-2 IX data logger (Campbell Scientific, Logan,Pentland crown 0.iII 0.560 Utah).
DTO-28 0.557" 0.569 
DTO-33 0.046 0.836*" 
Pooled 0.26644 0.502* Results and Discussion 
4Number of observations for each clone was 12 and all clonalvalues were used (N = 96) to obtain the pooled value.bNumber ofobservations for each clone was 9 and for the pooled 

Sensitivity of potato clones to water-stressed environments was further demonstrated In this study in the
value was 72. For clones LT-5 and DTO-33. a quadratic poly- two warm tropical locations where minimum soil temnomal model was fitted. peratures ranged between 20 and 25aC during the 
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growing season (Fig. 1). Seasonal WUE among clones 
based on fresh tuber yields (WUE fresh) ranged between 
2.3 and 10. 1 in Lima and between 6. 3 and 17.5 in San 
Ramon (SR) (Table 1). Irrigation regimes at rows 3,5. and 
7 (378. 331. and 270 mm in Lima and 437, 403, and 369 
mm (with 152 mm of rainfall) in SR induced variable 
WUE (fresh) among clones. Although nonrandomization 
oftreatments precludes valid mean comparisons, effects 
on trends in WUE were analyzed. Clonal differences for 
WUE (fresh) were significant in two locations but treat-
ment X clone interactions were not significant in Lima. 
Absolute WUE (fresh) values were higher in the three 
water regimes in SR. All clones except DTO-28 were more 
efficient in SR in the wettest (Row 3) water regime (Table 
1). Drought patterns in the two locations were not 
similar due to higher rainfall preventing continuity of 
extreme soil stresses (Fig. 1), differences in air humidity, 
and the relative cooling effect of soil water. Total sea
sonal radiations were 1547 and 1612 MJ/m 2 in SR and 
Lima, respectively. In Lima, due to wind. significant 
differences in water applied were noted on east and west 
sides of the line source. Moreover, the physiological-age 
differences of tubers (Lima - 9 and SR - 3 months) may 

have contributed to location differences in WUE (fresh) 
among clones. However, clones with higher WUE (fresh) 
were similar in both locations. DTO-28 and DTO-33 

higher WUE at moderate irrigation regime. 
A positive linear association' was noted between 

WUE (on dry tuber weight basis) and water supply 
among pooled clonal data (Table 2) within the range of 
irrigation levels tested. Most clones were efficient water 
users in drier environments. Different WUE (dry) trends 

were noted in Desiree and LT-7 (International Potato 

Center bred heat-adapted clone), where the slopes were 

negative in Lima and positive in San Ramon. The WUE 

(dry) was linearly correlated with water regime except in 

SR where LT-5 and DTO-33 showed a significant quad-
ratic relationship indicating that, for some clones, over-

irrigation may not return higher yield gains. Among the 
few clones tested, inherent genotypic diversity for WUE 
and adaptation to warm. dry tropical conditions was 
illustated. In general, three response patterns based on 
fresh and dry tuber yields were shown by individual 
clones: improved WUE in drv environments, reduced 
WUE. and relatively stable WUE among a cross section 
ofwater regimes, depending on location, indicating pos
sibilities to select clones adapted to a range of environ
ments. WUE data were on a short duration (86 d) crop 
exposed to a progressive drought which occurred prior to 
tuber initiation. WUE response of these clones to an 
early drought. where retarded canopy development 
occurs, may be different and deserves further analysis. 
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Introduction. 

China is one of the countiies with large arid and 
semiarid areas. In the dryland areas of the semiarid 
regions, which cover 21.7% of the total lard (Niu et al.. 
1983), the main problem for crop production is the 
shortage of available water, and therefore, soil man-
agament mainly involves water management. Full stor-
age of water in soil, rational use of it, and conservation 
of the stored water constitute the chief methods of soil 
management. 

Full Storage of Precipitation in Soil 

Most soils in the semiarid regions possess a high 
water storage capacity, especially for those developed on 
loess. They can store 590 to 600 mm of water in the top 
2-m layer (Zhu, 1984). The factor that limits rainwater 
storage in soil is not that the precipitation exceeds the 
soil water storage capacity, but that the intense and 
concentrated rainfalls surpass the soil infiltration rate, 
causing runoff and serious soil erosion. Thus. using 
different methods to increase the infiltration of 
precipitation in situis important not only for later use by 
plants, but also for controlling erosion. For this purpose, 
many agricultural methods have been employed in this 
area. 

Tillage Methods Suitable for Storing Water 

Tillage practices described here are pit cultivation 
and furrow cultivation. Pit cultivation was originated 
from OU TIAN (cultivation in pits recorded in an ancient 
book FAN SHENG ZHI SHU (Fanshengzhi's book), which 
was written 1900 years ago during the Han dynasty. 
Furrow cultivation was derived from DE TIAN (alteration 
of cultivation in furrows) and was widely used in the 
Ming dynasty between 1368 and 1644 A.D. Both sys-
tems have been tested, improved,and extensively used 
in different semiarid regions. The procedure of furrow 
cultivation is as follows: digging or plowing the land 
along contour lines on sloping land or straight lines on 
level land to make furrows at a certain distance: applying 
fertilizers in the furrows; deep plowing the furrows; 
cracking the soil blocks; compacting the loose soil and 
smoothing the surface; and planting crops in the fur-
rows. The soil dug from the furrows is used to make 

ridges along both sides of the furrows ifon flat land or on 
low sides if on sloping land. Sometimes, small cross 
ridges in the furrows are also made. The ridges and the 
rest of the field are kept fallow. After harvest, the furrows 
are moved to the place occupied by the former ridges. 
and the original furrows are changed into ridges. In this 
way, after about 2 to 4 years. depending on the time left 
for fallow, all the soil on the land has been used as 
furrows and improved. Pit cultivation uses the same 
procedures except one digs pits instead of furrows. The 
furrows and pits are able to concentrate and store water 
for plant use. and. therefore, can increase crop produc
tion. Experiments from Dinxi and Yanan (ShaaiiAgri

cultural Academy, 1973) showed that by digging furrows 
or pits, water in the soil was increased by 10%. and the 

crop yields were increased by 20 to 50%or even doubled. 

Summer Fallowing 

In most semiarid areas, summer fallow is put into 
practice to store more water for the next crop's use, at 
least for ensuring its germination. 

This practice is combined with deep plowing in the 
summer, which controls weeds, keeps soil loose in the 
rainy season (from July to October), enhances water 
infiltration, reduces runoff, and thus stores more water 
in the soil. Li (1982) found that the production of wheat 
(Triticum aestivum L.) in the Weibei Loess Plateau greatly 
depended on summer fallow. Nearly half of the water 
consumed by wheat came from stored water in the fallow 
period. Planting two crops per year resulted in lower 

yields than did planting only one crop per year (Table 1). 

The Most Effective Use 

of Stored Water 

Historical and current facts have shown that with 
the same rainfall, fairly high crop production is obtained 
for some farmers, but not for all, depending on whether 
they have made best use of stored soil water. 

Raising Soil Fertility 

The Shaanxi Economic Institute analyzed the rela
tionship between grain production and precipitation for 
Mizhi county from 1956 to 1977, and found that there 
was no good correlation between them. Shan (1983) did 
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Table 1. Crop yields for different cropping systems (Li, 1982). 

First year Second year Third year Total yields 
Cropping system Wheat Corn Wheat 

I crop a year 3.00 3.20 
2 crops a year 1.45 1.45 1.10 

the same work for Guyuan County and obtained a very 
low correlation (r= 0.17) (Wang, 1983). Why was there no 
good relationship between the two variables as expected 
in semiarid regions where precipitation is the limiting 
factor affecting agricultural production? After studying 
the potentials of different factors lor Guyuan County, 
Shan (1983) pointed out that the climatic-production 
)otential was ahout 5.52 Mg/ha, but the soil-production 

potential was only 0.75 Mg/ha. The practice in some 
places (Shanxi Agnclultural Bureau, 1983) showed that 
for wheat, the water use efficiency (WUE) (defined as 
harvestable yield produced per mnm precipitation in a 
unit area) was 10.2 kg/ha/mmin soil with more than 10 
g/kg organic matter, while it was 3.36 kg/ha/im in soil 
with less than 10 g/kg organic matter. Li (1982) found 
that the WUE changed with the yield level. All the results 
have shown that soil fertility controlled crop production 
to a certain extent and, therefore, tile WUE. With low 
water use efficiency, precipitation was not well corre-
lated with yield. In fact, most dryland soils are poor in 
plant nutrients. Soil surveys indicate that in the Weibei 
Loess Plateau, half of the cultivated land lacks available 
N and 1/3 of the land is deficient in available phospho-
rus. Thus, raising soil fertility is a key rieasure in 
increasing the WUE. Arranging alfalfa (Medicagosativa) 
in rotation for 3 to 4 years successfully improves soil 
fertility and production of the following crop for 2 to 3 
harvests, and a rotation involvingalfalfa has been adopted 
In many places. Application of fertilizers of course, is 
more efficient, ar. I e Kperiments showed that crop yields, 
as well as the WUE, were increased with increasing 

Table 2. The effect of depth and time of fertilization on wheat 

yield and water use efficiency (Li Shengxlu. 1978, unpublished
data). 

Type of fertilizer 
Organic manure Superphosphate 

(75 Mg/ha) (75 kg P/ha 
Treatments Yields WUE Yields WUE 

Mg/ha kg/ha/mmn Mg/ha kg/ha/mm
Depth 

Without Fert. 2.26 4.81 2.78 5.00 
In top 0-10 cm 2.79 5.17 3.57 6.23 
In top 0-20 cm 3.56 6.21 4.38 7.63 

Time 
Without Fert. 3.20 5.58 
Before sowing 3.86 6.73 
In next spring 3.33 5.81 

Corn Wheat Corn in 3 years 

Mg/ha 

2.04 8.25 
1.45 0.66 0.93 7.03 

fertilizer rates. Without application of fertilizers, whcat 
yield was 3.47 Mg/ha, and the WUE was 9.50 
kg/ha/nmi. After application of"20.0 and 40.0 Mg/ha of 
organic fertilizer, yields were increased to 5.51 and 6.38 
Mg/ha, and the efficiency was raised to 13.1 and 15.0 
kg/ha/nn, respectively. We also found that tile best 
way of fertilization in this area was to apply fertilizers 
earlier, dceepe'r, and as base fertilizers (Table 2). 

Choice of Suitable Crops 

Choice of drought-resistant crops seems to be an 
economical way to use the limited stored water and to get 
a certain high productionI. Ihe dominant dryland crops 
of China are wheat, grain sorghun ISorghur bicolor(L.) 
Moench], millet (Panicurnmiliaceun),proso (1. miliaceurn 
var. compacrn), potato (Solanmurn tuberosuot L.), and 
sweet potato (Ipornoeabatatas).Zhang and Shan (1983) 
found that sorghum and proso were the most drought
resistant crops. Iowever, the DinxiAgricItural Institute 
(1983) calculated the production-stability coefficients of 
different crops based on the inverses of the deviation 
coefficients oftheiryields in Dinxi region tor many years, 
and found that millet (3.67) -ind] wheat (3.44) were more 
stable than proso (2.49). Despite no agreement in the 
order, all these crops are considered to be drought
resistant crops. The discovery of ancient millet and 
proso seeds in Shaanxi and Shanxi has prove(-d that the 
two crops were planted in the IL)ess Plateau as early as 
6000 to 7000 years ago. According to records in ancient 
books, wheat has been cropped in the Loess IPlateau for 

at least 2000years, grain sorghum was introduced there 
during the Tang dlynasty, and sweet p)otato was intro
duced during the Ming dynasty. Of these crops wheat is 

prcury thy of dent. Iation tois wrugt
particularly worthy ofmientioln. Iln addition to its drought
resistance, its growth cycle is adapted to the climate. It 

is sown in autumn and uses water stored during the 
rainy season, which is generally enough for winter and 
early spring use. Then there is a high probability that 
more rain will occur for a certain harvest. For this 
reason, wheat has been treated as a stable and suitable 
crop for dryland farming. 

Sowing Crops by Suitable Methods 

Using suitable methods for sowing to ensure germi
nation and a certain density of plants is the prerequisite 
for full use of the limited water. As in some semiarid 
regions, a shortage of soil water often occurs when wheat 
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is sown late. Early sowing is often done when soil water Sulde Experimental Station for Soil and Water Conser
is adequate. For this reason, early maturing varieties of vation (1983) found that, by harrowing at soil-thawing 
crops are adopted when the crop is sown late, so that time, the soil stored about 15 mm more precipitation In 
they can be harvested early and enough water will be left the 0- to 70-cm layer. 
in the soil for sowing wheat. "Borrowing water" for 
sowing may result in a good harvest, when the top soil is Hoeing after Rain 
dry, by plowing to move the dry soil on both sides of the 
furrows and sowing seeds into the wet soil of the furrows The proverb "hoes have water" gives an idea about 
and compacting it. One can get water in the subsoil to the farmers' view of this practice. Hoeing is done generally 
top soil for sowing by cracking soil blocks and compact- after rain, sometimes when the soil is dry, to store 
ing loose surface soil. This procedure is frequently used precipitation. The depth of cultivation depends on the 
when the top 4 to 5 cm of soil is dry, but the subsoil is stage of growth of the crop and rainfall. The first cultiva
at a water content at which compaction does not occur. tion is shallow (< 10 cm). the next is deep (about 20 cm). 

and the last is again shallow. Wu et al. (1983) proved that 
hoeing after rain definitely conserved water, and the

Reduction of Soil Water Loss by effect is greater in the weedy fields (Table 3). 
Evaporation 

No-tillage on Land Covered by Sand 
reare adopted in dryland

Different cultivations 
gimes to control weeds and reduce evaporation losses by In Gansu and Qinghai provinces, no-tillage has 
loosening the soil surface to form a dust mulch. Al- been practiced since the Ming dynasty on fields covered 
though there are controversial views about this practice, by coarse sand and gravel as mulch, and the so-called 
a lot or work done in China confirms its positive effect on sand land amounts to more than 130,000 ha. The only 
water conservation. agricultural operation on this land is sowing by drilling 

crop seeds into the soil under the sand, which is some 5 

Harrowing or Smoothing Soil under Suitable to 10 cm in depth. In this way, soil temperature is 

increased, more rainfall is stored, evaporation is re-Water Conditions 
duced, water and wind erosion are controlled, and, 

In addition to preparation of the seed bed, harrowing therefore, soil water content is higher than at any time 

and smoothing are often used for water conservation. without sand (Table 4). Generally, on this land, the crop 

Harrowing is practiced when the soil water content is yield is doubled as compared with other land (Huang, 

high and the surface is wet, and smoothing is conducted 1983). 

either after plowing or after a small rain, or when the soil 
water content is low and the surface is dry. They may be 
combined or separated. depending on soil water. Special References 
attention has been paid by farmers to harrowing or 
smoothing the soil in early spring when the soil begins Dinxl Agricultural Institute. 1983. Dinxi diqu handi lunzuo 
to thaw. By these operations, evaporation can be re- wentide tantao (The problem of dryland rotation in Dinxi 
duced and condensed water can be conserved. The region.). 2:287-290.1nL.Shanand P. Niu (eds.),The selected 
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General land (not 

covered by sand) 68 62 71 79 88 85 102 
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Introduction 

The area of soil erosion in Loess Plateau, China, is 
about 430,000 km2, in which 280,000 km 2 Is seriously 

eroded with soil losses in excess of 5,000 Mg/km 2 

annually. The eroded area is called the Loess hilly region, 
which belongs to the semiarid zone with an annual 
precipitation of 300 to 500 mm. In this area. only rainfed 
agriculture should be practiced. 

The Loess hilly region in southern Ningxia is typical 
of the Loess Plateau. The productivity of farmland is low 
with average yields of 0.75 Mg/ha for most crops under 
dry farming. It is generally accepted that drought is the 
major constraint that prevents increasing grain yields in 
the region. Improvements have been undertaken !n 
cropping patterns, tillage, and cultivations to increase 
grain yield under drought conditions. The productivity 
and water use of major food crops in this region have 
been compared and studied in different areas and under 
different climatic conditions to understand farmland 
production potential, the possibility of achieving self-
sufficiency in food production, and the necessary tech-
nical approaches. 

Research Methods and Conditions 

The experiments were conducted under the follow-
ing conditions and treatments: three typical climate 
years (198 1-1983), six locations, and two types of topo-
graphy with different fertilities. The crops used in the 
experiments were the major food crops of the region--
wheat (TriticumaestivumL.), proso (Panicummiliaceum), 
and millet (Setaria italica)-and were all locally and 
widely cultivated. Each plot was 0.067 ha after the same 
preceding crops. The 3oils were all the loamy loessal 
soils. Land preparation, sowing, planting density, and 
field management for each crop were done according to 
local custom. 

In combination with agricultural zones, the experi-
ments were conducted in six locations. Each experimen-
tal location was arranged in accordance with two land 
types--flat land, also known as Yuan land (organic 
matter content 6.0 to 14.2 g/kg, total N 0.5 to 1. 1 g/kg, 
available P 5.0 to 13.1 mg/kg) and hill land (3 to 80 

sloping lands with ridges bui't, organic matter 6.0 to 
11.2 g/kg, total N 0.3 to 1.0 g/kg, available P 3.8-10.5 
mg/kg). Thirty Mg of organic fertilizers, 75 kg of urea, 
and 75 kg of superphosphate per ha were applied to the 

flat land, but only 15 Mg of organic fertilizers without 
chemical fertilizers were applied to the sloping land. 

The rainfall in the 3 years was as follows: during 
198 1. rainfall was 301 (o 508 mm. There was a drought 
in the spring, but heavy rainfall in the fall caused a yield 
reduction in that year. The climate was favorable for 
wheat growth the following year. In 1982, a dry year, 
rainfall was 195 to 285 mm. The drought lasted from 
spring to fall, which caused a general yield reduction in 
the autumn crops. In 1983, the optimum year, rainfall 
was 335 to 508 mm. Water was harvested and climatic 
conditions were favorable for growth of both summer 
and autumn crops. Nutrients in the 0- to 20-cm soil 
(plowed) layer, soil water (to the 2-m depth, determined 
by the gravimetric method), biolog.cal yields, and grain 
yields were deteimined during the growing season. 
Crop-water consumption was calculated from the soil 
water balance. 

Experimental Results 

Productivity and Water Use by Major Food 
Crops 

The average experimental results (Table 1)obtained 
from two kinds of land types in six locations for 3 years 
indicated that proso yield was 11. 1%higher than that of 
wheat, and millet yield was 4.6% higher than that of 
wheat. Largely owing to climate variations in the 3 years 
from 1981 to 1983, the high and low sequences ofyields 
of different crops produced contrary results from year to 
year. The differences in yields of three crops were not 
statistica', significant (P < 0.05). 

Nevertheless, the climatic conditions in these 3 
years in the areas of the southern part of Ningxia were 
fairly typical, falling into three kinds of climatic years. It 
was, therefore, considered that as faras the whole period 
was concerned, there existed a tendency toward yield 
differences among crops. The coefficient of variation for 
wheat yield was smallest so that wheat was the most 
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stable crop. Proso was the next most stable, while the 
variation of millet was the largest. The use efficiency of 
stored soil water by wheat was the highest, using 57.7% 
of soil water stored prior to sowing plus rainfall during 
the growing period. The next most efficient was millet. 
using 52.9%. Proso only used 47.8% of the available 
water. 

Crop Productivity and Water Use Efficiency 
for Different Land Types 

It can be seen from Table 2 that, on the highlv fertile 
flat lands, proso yield was the highest, :eing 39.6% 
higher than that of wheat and 13.3% higher than that of 
millet. Under low fertility (hilly lands), wheat yield was 
the highest, being 25.8%higher than that of proso and 
19% higher than that of millet (P < 0.05). This clearly 
shows that proso needs fertile conditions, while wheat is 
adaptable to conditions of variable fertility. As far as 
water use is concerned, evapotranspiration of the three 
crops on land with low fertility was 5.2 to 9.7% lower 

than on land with high fertility. However, the difference 
in water use efficiency is greater, being 25 to 50%higher 
on land with high fertility than on land with low fertility. 
This indicates that high fertility can improve wai - use 
efficiency of crops. An;9ng different crops, water use 
efficiency by proso varies the greatest on land of different 
fertilities. In the case of high fertility, water use efficiency 
by proso was highest of the three crops, but in the case 
of low fertility, water use efficiency of proso is low (Table 
3). 

Productivity and Water Use in Different 
Years 

Yields and water use efficiency of three crops in 
different years vary greatly with only small differences in 
evapotranspiration. In 198 1, there was a sev2re drought 
in the spring resulting in a lack of subsoil water. As a 
result, wheat growth was seriously affected and had the 
lowestyield andwateruse efficiency. Temperatures were 
higher in that particular year and the frost-free period 

Table 1. The average productivit- ":id water use by major fooA " crops in the Loess hilly region, 

Grain yields Evapotrans- Water use Use efficiency 
piration efficiency of soil water 

Variat) ,n
 
Crops Mg/ha coef. (%) mm kg/mm/ha %
 

Wheat 1.07 100.0 59.7 295.0 100.0 4..'0 100.0 57.7 
Proso 1.19 111.1 74.5 247.0 83.7 5.00 117.9 47.8 
Millet 1.12 104.6 80.8 300.0 101.7 3.75 83.3 52.9 

' Percentage expressed relative to values for wheat. 

Table 2. Average productity of major food crops on lands with different fertility, 1981-1983, Ningxia. China. 

Land types Fertility Crops Yields Coef. of Variation 

Mg/ha % % 

Flat lands High Wheat 1.17 100.0 66.3 
Proso 1.63 139.6 61.3 
Millet 1.44 123.2 76.3 

Hilly lands Low Wheat 0.94 100.0 48.4 
Proso 0.77 79.4 64.7 
Millet 8.12 84.0 67.0 

Table 3. Average water use efficiency (WUE) of major crops on lands with different fertility, 1981-1983. Nin,xia, China. 

Flat lands or Yuan lands Hilly lands 

(High fertility) (Low fertility) 

ET WUE ET WUE 

Crops mm % kg/mm/ha % mm % kg/mm/ha % 

Wheat 310 100.0 4.8 100.0 280 100.0 3.6 100.0 
Proso 254 81.9 6.6 137.5 239 85.4 3.3 91.7 
Millet 308 99.4 4.4 90.6 292 104.3 3.2 85.4 
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was also longer so that a good harvest of millet was adopting two common tillage and fertilization measures. 
obtained. Also, in 1982. there was a severe drought in i.e., increased use of stored soil water and improved use 
the spring, but there had been heavy rainfall in the fall efficiency of water. 
in 1981 so that subsoil water was fairly good. As a result, 
wheatyield was high in that year. In 1982, there was also Major Constraints Affecting Improvement of 
a severe drought with frost in the fall so proso and millet Food Crop Yields 
yields were greatly reduced, particularly the millet yield. 
which was only 33% of that for wheat. 1983 was a year The differences in crop yields in different years 
ofmodevate rainfall and it was reflected in the yield levels reflect climatic constraints under varied water regimes. 
of the three crops to some extent. Proso and millet yields In addition, differences in crop yields on different land 
were similar, being 30% higher than that of wheat. For types are related to soil fertility. Today. grain yields in the 
the 3 years, there wa. a 735 kg yield difference for wheat Ningxia region are low, and their fluctuations from year 
between the highest and the lowest yields. The range in to year are high. Because rainfall and other climatic 
yields for proso was 1030 kg. and that for millet was factors cannot be controlled, improving soils and land 
1280 kg. Evapoiranspiration varied among years as fertility should be taken as basic measures necessary to 
follows: wheat 213 to 297 mm; proso. 209 to 287 mm; make full use of natural rainfall and to increase farm
and millet 228 to 353 ra. land productivity. In accordance with our experimental 

results, there is a strong positive correlation between the 

yields of three crops and their evapotranspiration, but
Discussion 

Production Potential of Food Crops in the
 
Southern Part of Ningxia Yield (Mg/ha)
 

Based on 3 years of experimental results, food crops 3.75 
in rainfed lands under the present conditions can reach 
an average productive level of 1.13 Mg/ha, with an 
avcrage evapotranspiration of 280 mm and an average 3.00 0 Y(total)' -117.47 + 9.94X 

water use efficiency of 4.05 kg/mm/ha. The experimen
tal results indicated that there are close, positive rela
tions among evapotranspiration, water use efficiency, 
and crop yield. The values for water use efficiency for 2.25 

othree crops under different cultural conditions and • 
locations vary greatly. The values are as follows: wheat, 1 

1.5-17.1 kg/mm/ha; proso. 2.7-22.5 kg/mm/ha; and 1.50 

millet, 0.75-18.9 kg/mm/ha. The extreme range in 
values indicate that improving conditions under which 0.* ° " 
the crops are cultivated and increasing water use effi- 0.75I0 Wheat:y-3-19+5.85x.r-0.72 

0, Proso:y-195.79+ 12.45x. r-0.81
ciency are practical ways to increase crop yields. The use 0 Millet :y- 226.5+ 11. 55x, r0.82 

of stored soil water by the three crops is 52.806 on the
 
average with a range of 26 to 76%. Crops under these 100 200 300 400 500 ET (mm)
 

conditions do not make full use of stored soil water: a. Yield on land with high fertility.
 

therefore, increasing evapotranspiration from stored
 
soil water is another practical way to Improve crop Yield (Mg/ha)
 

yields. 3.0c
 

Better knowledge of the high and low limitations of 
water use efficiency on crops in a region may allow 2.25 Y -51.07 + 4.73X 

estimation of the production potential of a crop under total) 

local conditions. Based on our experimental results and 
practical experience, water use efficiency on land with 1.5( " ° 

high productivity is 7.5 kg/mm/ha in this region while 
that on land with the highest productivity is 11.3 kg/ 
mm/ha. If 6.8 is used to calculate water use efficiency. 

79 
607ga ' . P Wheat: y--36.83+4.73x.r-o.crop yield will be 1.88 Mg/ha, and if 11.3 is taken to 0 " Z O 0 Pros: y-34.69+4.43x,r-0.73 

calculate water use efficiency, crop yield will reach 3.00 0 t0,aMille:y--81. 6
8+4.95x~r0.6B 

Mg/ha. On this basis, full use of stored soil water should L _ o. ' " ET (nir)0*aET_(mm)


be accelerated by raising the present soil water use of 100 200 300 400 500 

52.8% to 70%. That is. if the usable amount of water can 1). Yield on land with low fertility. 

be increased by 90 mm, crop yields can show a corre- Figure 1. Relation between crop yields and 
spending increase. It is quite possible to achieve 1.88 Mg evapotranspiration on land with different 
on the average in this region in the near future by fertilities. 

http:68+4.95x~r0.6B
http:y-34.69+4.43x,r-0.73
http:Proso:y-195.79
http:Wheat:y-3-19+5.85x.r-0.72
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their correlations vary with land fertilities. Figure I 
illustrates that for every 1mm ofevapotranspiration, 4.8 
kg of grain can be produced on low-fertility land, but 9.9 
kg can be produced on high-fertility land. In addition, 
more grain can be produced with lower evapotranspira-
tion under high fertility. 

Evaluation of Crop Productivity and 
Adaptability 

The yields of autumn crops. mainly proso. are 
generally slightly higher than those of summer crops, 
especially wheat. However, wheat is more adaptable to 
the land than is proso. Wheat suffers less from frosts and 

has high use efficiency of stored soil water. In addition, 
the economical and edible values of wheat are high. 
Accordingly, as far as the whole region is concerned, it is 
suitable to keep larger areas sown with summer crops 
than with autumn crops. 

As far as the three crops are concerned. wheat and 
proso are adapted to this region. Although millet holds 
a great potenlal for yield increase, it is affected by 
temperature and limited by frost so that its yield fluctuates greatly, and is an unreliable crop in most locations 

in this region. Thus, millet is suitable for cultivation in 
only parts of this region until early maturing millet 
varieties are bred and selected. 
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Introduction 

The development ofcotton roots (Gossypium hirsutuni 
L.) affects the ability of the plant to extract the water 
needed forgrowth and transpiration. For example, it has 
been demonstrated that water stress results in an 
increase !n the root to shoot ratio (Malik et al., 1979). 
This increase is often attributed to a reduction in the size 
of the shoot rather than an increase in the root. However, 
in instances where the dry mass of the roots were shown 
to increase, the impact on the ability of the root system 
to supply water was not conclusive. Total system resis-

tance to water uptake is more closely a function of root 
absorbing area and volume of soil explored than of root 
mass. Increased root length will generally result in an 
increase in the absorbing area of the root and decrease 
the distance water must flow through the soil to the root. 
Therefore, increased root length should reduce the 
system's resistance to liquid phase water flow. 

The objective of this paper was to contrast the 
development of cotton root systems grown under dry-
land and irrigated conditions in a semiarid climate in 
order to assess changes in rooting characteristics that 
could impact liquid phase resistance. 

Materials and Methods 

The results reported in this paper were obtained 
from a factorial field experiment conducted at Halfway, 
Texas (longitude 1021, east, latitude 34() 10' north), 
during 1986 and 1987. In these experiments, the effects 
ofirrigation frequency and amount on cotton growth and 
yield were evaluated. For our purpose, only two treat-
ments will be considered: dryland (no additional water 
applied past the preplant application) and highest fre-
quency, lowest quantity, irrigation. Waterwas applied to 
alternate diked furrows using a LEPA (Low Energy 
Precision Applicator) (Lyle and Bcrdovsky, i981) irriga-
tion system at 2- and 3-day intervals in 1986 and 1987, 
respectively, to replace 40% of estimated ET in the 
irrigated treatment. 

Cotton (var. Paymaster 145) was planted on 23 May 
and 13 May in 1986 and in 1987, respectively, after a 
preplant irrigation sufficient to bring the surface soil 

(Olton loam, fine, mixed, thermic Aridic Paleustoll) to 
field capacity was applied. Appropriate cultural prac

tices were used to control insects and weeds during the 
experiment. Nitrogen and phosphorus were added to the 
plots at a rate of 96 and 70 kg/ha, respectively. 

Theabove-groundpcrtionoftheplanitsweresampled 
weekly throughout most of the growing season to meas
ure leaf area. biomass by components, and phenological 
development. Root growth was measured weekly, using 
the mini-rhizotron system (Upchurch and Ritchie, 1984) 
for depths below 0.3 m and using soil cores for the 
surface 0.3 m. 

Results and Discussion 

The results can be generalized into a few major 
characteristics ofcotton-root-system development under 
dryland compared to irrigated conditions. Root density 
under dryland conditions generally increased, rooting 
depth increased slightly, and rooting intensity (total root 
length per unit land area) increased (Fig. 1). These 
characteristics were observed in both years of this study. 
However, in contrasting root-system development be
tween years, a significant impact of rainfall during the 
growing season was observed. During 1986, a relatively 
wet growing season, rooting intensity and rooting depth 
decreased when compared to 1987, a relatively dry 
growing season. This effect was apparent in the develop
ment of the root system by DOY (day ofyear) 195 (Fig. 1). 

In both years, the dryland rooting intensity was 
higher by DOY 205. This difference was maintained 
through the end of the sampling period. In 1986, a 
difference of approximately 1.5 km/m 2 occurred, and 
was consistently maintained through DOY 232. In 1987, 
this difference was approximately 2 km/m 2 by DOY 
210, increased to 4 km/m 2 by DOY 215, but was 
reduced again to 2 km/m 2 by the end of the growing 
season. In 1986, rooting intensity reached a maximum 
of 8 and 6 km/m 2 for the dryland and irrigated treat
ments, respectively. However, the maximum rooting 
intensity was increased for both treatments In 1987 to 
12 and 8 km/m 2 for the dryland and irrigated treat
ments, respectively. 

The dryland root system was consistently deeper 
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Figure 1. Rouating intensity (total length per unit 
land area) and rooting depth versits day of year for 
(a) 1986 and (b) 1987. squ~are symbols represent 
rooting Intensity and refer to the left-hand axis, 
triangles represent rooting depth and refer to the 
right-hand axis. Solid and open symbols represent 
irrigated and dryland treatments, respectiv.ly, 

than the irrigated root system in both years. Also, the 
difference in rooting depth decreased over time and was 
fairly small at the end of the growing season. For the 
dryland treatment in 1986, the maximum rooting depth 
was 1.6 m. In 1987, the maximum depth was 1.9 m. The 
difference ini maximum rooting depth between the dry-
land and irrigated treatment was 0.1 m in both years. 

Root length density versus depth for four dates 
during j987 are shown in Figure 2. Profiles of root length 
density versus depth consistently appear as a V-shape. 
Rooting density near the soil surface is relatively low, 
increases almost linearly to a maximum density at some 
depth, and then decreases early linearly to zero at the 
maximum i1ooting depth. The depth at which the maxi-
mum density occurs increases through time, as does the 
maxdmum depth of the root system. As the depth of 
maximum density moves down in the profile, the density 
increases to DOY 216. This pattern of root growth was 
used to simulate water use of cotton by Lascano et al. 
(1987). 

Conclusions 
The results from these experiments are consistent 

with other observations that we have made of root 
development under dryland conditions. These results 
suggest that the cotton root system grown in a semiarid 
climate under dryland conditions Is more dense (higher
rtclegth ondtin deelosudensityland itesit)root length density and rooting intensity) and develops 
deeper in the profile than irrigated cotton. There is an 
interaction between root development and the environ-

EST ..... ..... .... 6 
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.
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Day 216 DOY247 
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Figure 2. Root length density versus depth for 4 
days during 1987. Solid and open squares 
represent irrigated and dryland treatments, 

reipectively. 

mental condition during the growing season. The differ
ences between dryland and irrigated treatments are 
consistent in different years, but the magnitude of the 
difference is reduced when there is significant rainfall 
during the growing season. 

The increased size of the root system under dryland 
conditions is likely a response of the plant to partition 
photosynthate to the organ that can relieve the water 
stress. Increased development of the root system is 
accompanied by a decrease in leaf-area development. 
This combination results in a decrease in water use 
(reduced leaf area) and increased supply (deeper root
ing). Increased rooting intensity reduces the distance 
water must flow through the soil before being absorbed 
by a root. 
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Introduction 

Wheat (Triticum aestivum L.) cultivation is often 
subject to water deficits due to a highly variable and 
predominantly summer rainfall pattern. The rainfall 
during the winter months of June, July. and August is 
very low and contributes little to the subsoil water status 
(Table la). Autumn and spring rainfall is essential for 
wheat production as it ensures a good supply of soil 
water during seedling establishment and the grain-
filling period, respectively. 

Frost can be expected from mid-April to mid-Sep-
tember while heavy frost occurs during June and July. 
The average maximum daytime temperature during the 
winter is well above 100C (Table Ib). Large differences 
between day and night temperatures occur during the 
winter(Table Ic). The evaporation from May to August is 
relatively low (Table Id), but during the summer months, 
daily evaporation of more than 10 mm/day for 2 or 
more days in succession is common and affects grain 
yield adversely. 

Soil water is conserved during the summer by 
practicing the dust mulch cultivation technique after 
moldboard plowing during January/February. Wheat is 
planted with a press wheel planter with at least 320 mm 
between rows and at seeding rates of 10 to 30 kg/ha, 
depending on the tillering capacity of the cultivar and 
planting date. The ideal type for these conditions should 
have a long coleoptile, numerous seminal roots, a crown 

situated relatively deep below the soil surface, and a high 

water use efficiency. 

Methods and Materials 

Coleoptile length is determined according to the 
method of Singels and Joubert (1981) in petri dishes at 
40C in the dark. The distances from seed to crown and 
crown to soil surface and also seminal root development 
were determined in a greenhouse where plants are 
cultivated in 3 liter containers filled with pottiiig soil 
according to the method proposed by Van Deventer and 
Joubert (1983). 

Extensive cultivar and cultivar x seeding rate trials 
are planted annually at Bethlehem in which grain yield 
and yield components are determined and water use 
efficiency studies are conducted. Soil water status is 
determined during the growing season with a calibrated 
neutron moisture meter. The results indicated in Tables 
2 and 3 are representative samples of the data obtained, 
and are furnished for illustrative purposes. 

Results and Discussion 

Root Development 
Coleoptile lengths of cultivars have been found to 

differ significantly (Table 2). Van Deventer and Joubert 
(1983) reported a significant correlation between grain 

Table 1. The average (34 years) monthly rainfall, maximum and minimi m temperatures, and evaporation at Bethlehem, South Africa. 

J F M 

Rainfall in mm 116 89 71 

Maximum temperature (day average) in "C 
27 26 25 


Minimum temperature (night average) in "C 
13 13 11 

Evaporation (monthly total) in mm 
225 195 172 
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yield and coleoptile length. All promising breeding mate-
rial is screened for coleoptile length according to the 
method used by Singels and Joubert (1981) and lines 
with coleoptiles shorter than 60 mm are considered 
unsuitable for dryland production. The distance from 
the crown to the soil surface also varies significantly 
between cultivars (Table 2). Singels and Joubert (198 1) 
reported that this measurement was the shortest in the 
case of long straw cultivars such as Scheapers 69 and 
longer in the case of short straw cultivars. resulting in 
the ability of short straw cultivars to develop secondary 
roots deeper in the topsoil. The probability of a crown 
that develops relatively deep below the soil surface to be 
in contact with moist soil is higher. This ensures good 
crown root developments and soil water can be utilized 
more efficiently. Seminal root number does not vary 
much between the cultivars evaluated, but Scheepers 
69, which is drought tolerant, has significantly more 
seminal roots than the other cultivars ( Van 
Deventer and Joubert. 1983). A large number of seminal 
roots is important for plant survival during dry seasons 

Table 2. Coleoptile length, crown depths, and seminal root 
number of different wheat cult!vars. 

Coleoptile Distance Seminal 
Cultivar length A" 13" root number 

mm 
Scheepers 69 63 be 51 a 12 e 4.1 a 
Betta 64 abc 40 b 24 cd 3.1 b 
SST102 56 ab 31 cd 25 be 3.1 b 
SNK108 68 a 43 ab 25 be 3.0 b 
SST107 67 ab 50 a 17 de 3.0 b 
Karee 61 c 29 d 32 b 3.0 b 
Wlge 61 20 e 41 a 3.0 b 

Average 61 29 24 3.1 

A = distance from the seed to the crown, 
bB = Distance from the crown to the soil surface. 

Different symbols indicate significant differences in 
columns at the P < 0.05 level (LSD Tukey). 

Table 3. The effect ofseeding rate (kg/ha)on grain yield ofwheat 
cultivars grown at Bethlehem, South Africa. 

Seeding Yield 
Cultivar rate 1983 1984 1985 

Scheepers 69 10 1.99 3.81 2.65 
20 1.59 4.50 2.62 
30 1.61 3.92 2.62 

Belinda 10 2.28 3.42 2.75 
20 2.51 3.82 3.05 
30 2.64 3.91 2.96 

SST102 10 1.83 3.90 2.70 
20 1.62 2.84 2.70 
30 1.57 4.43 2.84 

NS, NS NS 

NS - not significant (LSD Tukey P < 0.05). 

when crown roots could develop as late as the flag leaf 
stage. 

Seeding Rates 

The primary purpose of a seeding rate is to establish 
an optimum number of ears per square meter according 
to the yield potential of the environment. Ten to 15 ear
bearing tillers per plant are usually formed by cultivars 
with a long growth period (140 - 160 days from planting 
to anthesis) (Purchase and Joubert, 1986). In Table 3, 
the grain yield of three long growth period cultivars 
recorded over a 3-year period is presented. No significant 
differences were recorded between the three seeding 
rates. The lowest seeding rate of l0 kg/ha is probably not 
low enough as it did not result in a significantly lower 
yield. On the other hand, it is the lowest seeding rate that 
can effectively be established with most of the commer
cial wheat planters. 

Grain Yield and Water Use Efficiency 

Significant differences in grain yield occurred be
tween cultivars for the first planting date (85-06-14), but 
not between cultivars for the second planting date (85
07-22) (Table 4). The mean yield for the second planted
trial was also considerably lower than that for the first 

trial. No significant differences in WUE were found 
between cultivars in either of the trials, although the 
mean WUE for the first planted trial was noticeably 
higher than that for the second planted trial (Purchase. 
1987). 

The high mean yield and high mean WUE for the 
first-planted trial could probably be ascribed to the 
phenological response of the cultivars whereby a bal

ance was attained between preanthesis growth and 
water use that set, at anthesis, a yield potential that 
could be met by the remaining soil water and precipita
tion to support growth during grain filling. It is apparent 
from the data furnished (Table 4) and other data avail
able that agronomic practices such as the choice of 
cultivar and planting date can lead to increases in grain 

Table 4. Water use efficiency IVUE) and grain yield of wheat 
cultivars at two different planting dates. 

Cultivar Planting date 

85-06-14 85-07-22
 
Yield 
 WUE Yield 
 WUE
 

Mg/ha Mg/ha/mm Mg/ha Mg/ha/mm 

Betta 2.46 0.011 2.13 0.011 
SSTI02 2.98 0.013 2.03 0.010 
Karee 2.58 0.012 2.32 0.013 
Wilge 2.33 0.012 2.30 0.011 
Flamink 2.29 0.011 2.01 0.010 
Tugela 2.89 0.013 2.42 0.012 

Mean 2.59 0.012 2.20 0.011 
LSD, (P < 0.05) 0.57 0.003 0.73 0.003 



yield, which would necessarily favorably affect the WUE 
of dryland wheat cultivation in the summer rainfall 
region of South Africa. 
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Introduction Results and Discussion 

One way to improve crop production in arid lands is The solid line in Figure Ia shows the dry weights per 
to make use of natural adaptations of plants to water plant ofwell-watered pots at the end of a drought period. 
stress either by plant breeding or by adjusting the This i3a growth curve and serves as a control. In 
management of crop production. Plants exhibit different 
mechanisms of adaptation to water stress. In recent 1 2 
years. research has concentrated on osmotic adjust
ment, whereas the ability to recover from drought and -


still produce yields has found little attention. This paper J.
 
reports the yield response of wheat following a 3-week
 
period of drought at different stages of development. C
 

Method and Material 0 1J, 0 .. 

Two wheat plants (Triticum aestivum L., cultivar . E 
Besso) were grown in cylindrical plastic pots, 10.2 cm in V .. a = b 
diameter and 39.7 cm in length, which were filled with 0. C 

a 1:2 mixture ofsand (2-3 mm) and compost. Except for o c M HH R 
the intentional periods uf drought, the plants were 
irrigated at sufficient rates to avoid the buildup of water 0
stress. The plants were fertilized weekly with 1-strength 
Hoagland solution I at a rate of 50 ml per pot during the E6 
first month and 100 ml thereafter to maturity. The 0

" Iplants were grown in a growth chamber with a 16-hour C 

photoperiod. The temperature program was sinusoidal 
with 230/120 maximum/minimum temperatures. The 130 C 

plant density was 360 plants/n. Water was withheld - - 3

from 20 pots at different stages of development. At the a .|0 
end of each 3-week period of drought, 10 of these pots 0

.A 

were harvested and 10 were re-irrigated and grown to d 
maturity. In addition, 10 control pots were harvested at C)V
the end of each drought. period. Thirty control pots were o1 - R - C H M 0 
left until the end. The pots were placed on carts which C GH M 0 R 

were rotated twice per week in order to insure exposition Drought Initiation Stage 

to a more umiform average climate in the growth cham- Figure 1. Responses of wheat plants to a period of 
ber. drought applied during different growth stages. 

Drought was initiated at the two-leaf stage (C: 1), at Solid lines: control plants at the end of each 
the end of tillering (G/H:4), at the appearance of the last period of drought; dashed lines: final yields of 
leaf (M; 10), at the beginning of flowering (0; 10.5), and at treated and re-irrigated plants; dotted lines: yield 
the beginning of grain filling (R; 10.8). The letters and of treated plants at the end of the drought period. 
numbers in parenthesis refer to two frequently used Part: (a) total biomass per plant, (b) number of 
descriptions of growth systems (Large, 1954; Buchner tillers per plant, (c) length of shoots, (d) dry weight 
and Sturm, 1971: Auihammer and Fischbeck, 1973). of spIkes. Stage: C-two-leaf, GH-end of tillering, 
Soil water potentials were measured with gypsum blocks M-appearance of last leaf, 0-beginning of 
and leaf water potentials with psychrometers. flowering, R-beginning of grain filling. 
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addition, the dry weights of treated plants immediately total biomass was still less than half and spike weight
 
at the end of tile drought period are given as well as the less than one-third.
 
yield of those plants that had been re-irrigated and Irrigation brought no recovery after a drought that
 
carried to the end. The bar labelled -contr.l" represents was started at the emergence of the last leaf or later.
 
the final yield of control plants. The same conventions Injury must have been very severe and, presumably.
 
hold for tile presentation ofthe 1nberof tillers (Fig. 1 b). many tissues were (lead.
 
the shoot length (Fig. Ic). and the dry weight of spikes The water use efficiency (WUE) calculated for the
 
(Fig. Id). total final biomass decreased for the two early drought
 

A 3-week drought period initiated at the two-leaf treatments (from which there was some recovery after
 
stage results in severe injury. Only about half of the tile water stress was removed). The WUE was higher
 
biomass of the control is obtained and It is obvious that than for the control when drought periods were applied
 
the reduction is caused mainly by the smaller number of at later stages. i.e.. lor the cases where rewetting was not
 
tillers rather than by shorter plants. This is not unex- followed by a recovery. The water use efficiency calcu
pected because growth in length of the wheat plant is lated for tile spike weights is best for the control plants
 
unimportant during this stage. The re-irrigated plants and shows a mininmun for plants that suffered from a
 
seem to recover almost completely front the effect of the scarcity of water during the flowering stage.
 
drought. The final shoot length was equal to that of the The results clearly demonstrate that plants growing
 
control: total biomass. nunber of tillers, and spike in soil can withstand a 3-week period of drought with
 
weight were almost the same as that of the control, less damage during early stages of dcevelopment. Al-


A 3-week drought period starting at the end of though damaged severely by the drought. they show a 
tillering was more injturious. At the end of the drought high potential of recovery by forming new tillers after the 
period, the total bionmass of the control plants was about stress has been renmoved. However. no conclusions 
four times greater than that of the treated plants alld, in should be made regarding the sensitivity of tissues to tile 
contrast to the earlier treatment, shoot length was also intensity ofothe drought because the final water poten

affected becatise water was scarce during the shoot tials in the soil at the end of the drought treatment 
extension stage. Although the treatmient was started at became more negative as the season developed (Fig. 2). 
the end of tillering. the number of tillers was reduiced. This is no (ioubt due to larger plants transpiring more 
Apparently, some of the tillers must have died because water per unit time. As a consequence, the older plants 
of the lack of water. Those plants that were reirrigated were subjected to a lore severe stress during the 3-week 
reached nearly the sane height as the control plants. period. 
Total biomass l)rodidction and spike weight recovered to 
about 60% of the control. The increase in the number of 
!illers upon irrigation is of particular interest. At the end 
of the drought period. the control plants already showed , 
some spikes (Fig. Id). Rewetting thus occurred at a 2 -03 0 p 
relatively late sti.ge of' developmlent. Nevertheless. the 
number of tillers v'as increased by about 60%. It seems 4P 
that the wheat plhnt can recover from drought by V0 43 

forming new tillers at a stage of' development when K, :m 
"
 tillering has normally oeen long completed. It is an _ 2. o. / : 0 

interesting question whether drought indtices the initia- C.7.. 
tion of new tillers or only the growth of dormant initia
tions that had been formed previously. Stark an(1 Long
lev (1986) obsc.red a similar renewed tillering after 
irrigation ofa dry soil. 0 

The must severe reduction of the final yield occurred 0 -,, 

when water was withheld from the time the last leaf 
began to open. The final biomass was reduced to 20% 
and the weight of spikes was reduced to less than 10%. 
Since the peak of the water stress must have coincided 
with flowering, it is clear that water stress has a most 01 

serious effect during the beginning of tile generative 
phase. This is In agreement with the findings of a C G H M 0 R 
number of other investigators such as Slatyer (1973). 

l)rought applied later in the growing season (at tile Drought Initiation Stage 
beginning of flowering and at the beginning of grain 
filling). led again to higheryields. Presullably, the injury Figure 2. Soil water potentials at three different 
was smaller because more of tile final yield had been soil depths (value at the lines) at the end of the 
produced by the time the stress started. At the end of the drought periods which were started at different 
last drought period, final shoot lengths and numbers of stages of development of wheat plants. (See Fig. 1 
tillers nearly equalled those of the control plants, but for stages.) 
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Turgor pressures, calculated as differences between 
the total water potential and the osmotic potential of the 
expressed leaf sap, are available only for the end of the 
first two treatments. They indicate much smaller turgor 
pressures for the treated plants, which means that the 
plants did not adjust osmotically. 

The results have practical consequences for farming 
In arid and semia:ld climates. Drought during early 
stages of growth has less severe consequences. and 
supplemental irrigation is not as necessary as it is 
followi ig an equally long dry period during the flowering
stage. Secondly, since the WUJE based on spike weights 

was highest for the control plants, it follows that the 
most efficient use of water could be achieved when 
plants are grown under optimum water relations. These 
conclusions are based on limited information. Before 
any generalization is permissible, much broader experi
mental support must be established. 
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Introduction 

In the semiarid pampas ofArgentina, wheat (Triticum 
aestivumL.) is the most important crop. Precipitation in 
this area is usually moderate (590 mm/year) and unpre-
dictable, varying from year to year. Most of the rainfall 
occurs during the autumn and the spring months, and 
summers are generally dry and hot. Dry winds often 
cause rapid soil water depletion during spring and 
summer. Wheat is cultivated under water-limited condi
tions. Fallow usually begins in February-March, but it is 
not very effective for water conservation (Puriccelli, 
1978). Full-season winter wheats are sown in June-
July. depending on cultivar and climatic conditions, and 
are harvested at the the end of December.2 Sowing , and row
densities vary between 180 and 220 seeds/n 

spacings between 15 and 23 cm. 
The present study was undertaken to investigate the 

yield performance and water use of wheat at different 
seeding r-tes and row spacings under dryland condi-
tions in the semiarid pampas. since there are contradict-
ing reports of other world regions. 

Materials and Methods 

Treatments consisted of factorial combinations of 
three sowing densities with three row spacings: 100, 
200, and 300 plants/M 2; 15, 20. and 30 cm apart. The 
cultivar used was Chasico INTA, a hard red winter wheat 
of high tillering capacity adapted to this zone. The 
experimental design was complete randomized with four 
replications. Each plot consisted of seven 6-m rows from 
which only the three central rows were harvested. 

Grain-yield data and yield components were ana-
lyzed separately for each experiment. The Tukey mul-
tiple range test was used ( P < 0.05) to find mean 
differences. Ears/M 2 were counted in each plot at har-
vest over one 3-m row section, except ipthe 1984 trial in 
which itwas computed from grain yield, numberofseeds 
per spike, and seed weight data. Otheryleld components 
were measured on 10-ear amples in 1984 and 1985, 
and on 15-ear samples in 1986. 

After stand establishment, plants were counted in 
three 1-m sections of row within each plot to assess the 
plant population. A top-layer sample of soil (12 cm deep) 
and a deep sample (80 cm) were taken from each plot 

four times during the growing season: at seeding, at the 
end of tillering, at anthesis, and at harvest. Water 
content was measured gravimetrically. 

Results and Discussion 

Seasonal patterns for rainfall varied widely over the 
3 years and this caused important differences in yield 
and yield components. In 1984, precipitation over the 
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Figure 1. Grain yield and spike number/m 2 for five 
triais. Each point represents a 12-data average. 
Points followed by the same letter within a trial 
are not significantly different 
(P < 0.05). 
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growing seasoi was soniewhat high and well distrib- nitliber/Il 2 Was enhaiced with higher seed rates while 
ulted. all other yield comnponents were signilcanitly re(ltced. 
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grain losses during threshing. obtained with narrow (15-20 cm) row spacings. 
The statistical analysis of the 36 soil-sample sets In this region, ear number/m 2 is not related to yield 

revealed that only deep samples at the end of tillering in within the studied plant densities. 
Trial II. and top-layer samples at anthesis In Trial Ill, 
differed significantly when varying sowing rates. In both 
cases, as expected, soil water percentag. was higher in References 
100-plant treatments and diminished with sowing den
sities. Nerson, H. 1980. Effects of population density and number of 

No significant interaction between seeding rate and ears on wheat yield and its components. Field Crop Research 
row spacing was found within the studied ranges over 3:225-234. 
the 3-year period for yield, yield components, or soil Puricelli, C. A. 1978. Eficiencia hidrica de los barbechos v sus 
water percentages. efectos sobre los rendiinientis de los cultivos en un sector de 

It was concluded that tinder these trial conditions (3 la region panipeana argentina. Inf. Teenico No. 88. INTA
years. five trials, one cultivar), there is no advantage in EERA Marcos Juarez. [Fallow efficiency and its effects upon 
increasing sowing density between 100 and 300 viable yield in the panipa region o! Argentinial l5pp.

Stickler, F. C. 1961. Row width and seedinginfluencing winter wheat yield rate as factorsand components of yield. 
is not advisible to have rows more than 20 cm apart to Transactions Kansas Academy of Science 64:1-6. 
take advantage of rainy years. when better yields are 
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A system of broadcasting seed on untilled land 
followed by one plowing (moldboard or disc) is practiced 
on more than 95% of the area cultivated in the Mahal-
apye area of eastern Botswana (MOA, 1985). Sorghum 
(Sorghum bicolor[L.] Moench.) is the dominant crop both 
in mixed and sole plantings, and has produced an 
average of 161 kg/ha in monitored plots over five sea
sons under this system, with a coefficient of variation 
(CV) of more than 120%. 

Variable and often low annual rainfall (60-year 
aL'erage of 465 mm for Mahalapye) with erratic intrasea-
sonal distribution is a major hazard for rainfed produc-
tion. The yield response to rainfall, on a district average 
basis, was calculated by Vossen (1987). Average farm 
sorghum grain yields were closely related to total season 
variation, but with a heavy weighting for January-
February rainfall. These calculations indicated that 
traditional yield averages only reach 250 kg/ha with an 
above average 500 mm (P < 0.35) at Mahalapye. During 
droughts, area yield averages fall to reach 100 kg/ha 
(MOA, 1985). 

DLPRS (1985) showed a good linear relationship 
between sorghum plot yields and seasonal rainfall with 
an incremental increase of 3.5 kg/ha/mm above a 
minimum rainfall threshold at 60,000 plants per ha. 
This corresponds to an average return of 2.9 kg/ha/mm 
at 300 mm rainfall per season. This is approximately five 
times the average return measured on-farm. Gaining a 
better understanding of the discrepancy between re-
search station and farm results, as well as of differences 
occurring between farms, is a major challenge for the 
Botswana research program. 

Soils, weather, and management interact to affect 
soil water and crop potential. Except following tillage, 
surface bulk denisities tend to be high. Those of certain 
Luvisols reach more than 1.8 Mg/m 3 (Soil Conservation 
Service - USDA, 1987). Plowing will temporarily increase 
infiltration of several soil types, as measured by wetting 
depth in the soil, by more than 35% early in the season 
(ATIP, 1986). The effect of landscape on soil water 
retention and availability in eastern Botswana is not well 
documented. 

The purpose of this paper is to evaluate practices 
occurringin the traditional farming system that relate to 
water conservation and improved rainfall use efficiency, 

particularly during droughts. Included are early plow
ing, double plowing, and land selection. The effects of 
these management and landscape/soil factors are 
compared with several rainfall variables to determine 
their relationship to grain yield and to rainfall use 
efficiency. 

Materials and Methods 

Data for this study were obtained from 80 farmer
implemented trials conducted over a five-season period 
( 982-87) in three village areas. A comparison ofplowing 
systems was superimposed onto the farmer's normal 
practice. Non-treatment variables were set at a typical 
level or left to the discretion of the farmer. 

Tillage comparisons were between large adjacent 
strips with farms constituting replications in the analy
sis. Harvest outcomes were assessed on a standard 
sample of 96-M2 plots using a quadrat sampling proce
dure (Siebert, 1985). 

Sorghum (cv. Segaolane on all but three compari
sons) was used at all sites. Plots were planted by 
broadcasting at a uniform seeding rate of 6 kg/ha. 
Thinning or gap-filling was not done on measured areas, 
as plant establishment was considered to be part of the 
response to treatments. 

Two basic tillage systems were included. These were 
a broadcast seeding followed with a single moldboard 
plowing (single plow-planting), and an early plowing 
followed by a broadcast seeding after some accumula
tion of water in the soil profile and a second plowing 
(double plowing). Not only were single and double plow
planting compared, but in 38 comparisons, two dates of 
single plowing were implemented. The first was on the 
first day of plowing in the double plowing system and 
measured the opportunity cost to the farmer of plowing 
only instead of plow-planting on that day. The second 
single-plow-planting occurred on the planting day of 
double plowing and measured the technical advantage 
of double plowing over single plowing. 

Soil, landscape, and weather were evaluated by 
research staff. Soil texture, soil pH. restricting subsoil 
strata, and slope were measured at all sites. Surface 
drainage ratings were maade in consultation with host 
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farmers. Double-ring-Infiltration rates were measured not yet plowed. Such heavy weed growth results In 
on a sub-sample of sites. Locations in the landscape additional water losses and poor broadcast single-plow 
were determined from aerial photographs. Seven land- seedbeds. Farmers who are dependent on hired traction 
type categories were tentatively Identified. are most affected by delayed operations (ATIP, 1986). 

Five rainfall parameters were calculated for each During this study, total season rainfall averaged 
planting. "RF season" gives rainfall from September 1 to just above 300 mm (P < 0.24). Individual field amounts 
harvest. "RF preplw" gives rainfall prior to first plowing, ranged from 200 to 450 mm. This was not a sufficient 
"RF crop" from planting to harvest, "RF plow" from first range to permit the establishment of a yield response for 
plowing to harvest, and "RF plw-plt" for the period of a full range ofseasons. Partitioning of season rainfall (RF 
water conservation between early plowing and plow- season) into pre-plowing and crop growth components 
planting when double plowing, gives interesting indications of how two tillage systems 

utilize rainfall (Table 1). Single plow-planting yields are 
only related to rainfall during crop growth. In double

Results and Discussion plowing, early sole plowing contributes a water conser
vation phase that, along with rainfall during crop growth, 

Early plow-planting and early plowing have been translates into the level of grain yield. These results show 
consistently linked with good single plow-plant and that early plowing (plow-planting or sole plowing) and 
double plowing yield outcomes (Table 1). This relation- not early planting result in higheryields during drought. 
ship is important for area farming. Monitoring farm The plowing treatment in these comparisons should 
activities has shown that, even though field work can not be considered independently of the date of first 
begin in October or early November, more than 50% of plowing. Double plowing has consistently given higher 
the cultivated area is single plow-planted after Decem- grain yields than single plow-planting planted on the 
ber 15. On average, following this date, more than 50% same day, though this comparison does not consider 
of total seasonal rainfall has fallen before plowing. that first plowing occurs earlier in double plowing. 
Land cover by weeds averaged 59% by this date for land Earlier single plow-planting could provide nearly the 

same benefit and be less costly to farmers. When the 
Table 1. Correlation coefficients for the relationships between plowing-treatment effect is adjusted for first plowing
sorghum grain yields and dates of plowing, dates of planting, date, double plowing provides no statistically significant
and rainfall parameters. benefit. In an ANOVA with the residuals of grain yield 

Grain yield regressed on plowing date as a response to plowing 
treatment, the probability for significance of the benefit 

Management and Single Double of double plowing is 0. 179. 
rainfall factors plow-planting plowing Overall Results given in Table 2 show that land type catego

ries relating to soil texture and depth along with topog-
Date of planting -0.48 * -0.41*0* -0.41"* raphy, are a major determinant of grain yield and 
Date of plowing -0.44000 utilization of rainfall. Highest kg/ha returns per mm of 
RF season 0.14 0.17 -0.17 seasonal rainfall in Table 2 compare reasonably well 
RF crop 0.440** 0.30 * 0.18 with expected research results where levels of manage-
RF plowed 0.37*** ment and input are much higher.
RF plw-plt 0.24* Negative effects on rainfall utilization are due to 

*P < 0.05, 04P < 0.01. 00* P < 0.001. alluvi.'al and to restricted upland Luvisol land types. 

Table 2. Effects of land type and plowing treatment on sorghum-grain yield, coefficient of variation for grain yield, and grain yield 

per mm total season rainfall. 

Single plow-planting Double plowing 

Land type Yield CV. Return Yield CV. Return 

kg/ha % kg/ha/mm kg/ha % kg/ha/mm 

Alluvial fiat 33 181 0.11 82 120 0.27 
Lower slope 551 56 1.75 627 49 2.08 
Middle slope 232 67 0.91 302 94 1.09 
Upland sandy loam 112 104 0.33 179 80 0.53 
Upland deep coarse 

loamy sand 309 36 1.08 512 34 1.58 
Upland ferric Luvisol 232 81 0.65 129 80 0.38 
Upland calclc Luvisol 44 223 0.13 45 245 0.14 

Mean 181 0.60112 224 108 0.73 
LSD (0.05) 45 570.13 0.18 
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Drainage problems at many alluvial sites (less than 0.5% 
slopewithsandy-claytosandy-clay-loamsurfaces)persist 
even in drought. The potential for major water runor Is 
underscored by the frequency of intense showers even 
during drought. Showers of 65 mm or more during a 24-
hr period are expected at least once in 75% ofall seasons 
(ATIP 1986). Area farmers generally lack the resources to 
provide drainage on these soils. Nevertheless, manage-
ment of these soils deserves attention because of their 
relatively high fertility status, 

Luvisols with restricting sub-soil strata are common 
in the Mahalapye area. Ferric (within 50-75 cm of 
surface) and (petro-) calcic (within 60-90 cm of surface) 
layers cause problems because they limit water storage 
capability and restrict rooting. This explains the failure 
of these soils to respond to additional water from double 
ploving. Plinthic concretions in the case of ferric Luvi-
sols do not impede water movement as much as they 
limit root exploration, 

The situations of lower (0.5 to 1.5%) to middle (I to 
2%) slopes on well-defined pediplains and upland deep 
coarse loamy sands provide for relatively successful 
utilization of rainfall, although the method of utilization 
differs considerably. Grain-yield levels on these sites are 
higher and more consistent during drought than on 
other types. 

Coarse, deep loamy-sand profiles have low (0.05 
cm 3 /cm 3 volumetric) water-holding capacities, but with 

a total water storage spread of more than 3 m. Wetting 
to depth is more rapid in these soils than in heavier
textured sandy foams. Rooting is also assumed to be 
easier. The poor land capability rating of such soils in 
Botswana should be reconsidered. A positive response to 
double plowing indicates the importance of tillage for 
water infiltration on these soils in spite of their coarse 
texture. Under high rainfall, the limited storage capacity 
of these soils may reduce the benefit derived from early 
plowing. 

Lower slopes and, to a lesser extent, middle slopes 
possess soil profiles with sufficient clay content to store 
water at medium depths, but with adequate surface and 
internal drainage to provide a satisfactory air regime for 
sorghum. Water runon from watershed areas on the 
same field or above the field contribute to the water 
status in these soils. The combination of drainage, water 
storage, and water runon characteristics of these sites 
would indicate a high potential for production in a range 
of rainfall circumstances. Farmers would do well to 
focus investments of other inputs, such as fertilizers. 
into these land types with less limiting soil water status. 

Upland sandy loams are highly variable as are yield 
outcomes on this land typc. Subsoil textures vary from 
sandy loam to sandy clay loam with considerable vari
ation in water holding capacity. Water movement at the 
surface is more determined by micro-relief factors than 
by macro-topography. 

Table 3. Multiple linear regression models for on-farm sorghum grain yields overall, under traditional plow-planting, and under 

double plowing. 

Independent variables 

Planting date (Julian) 
RF season (mm) 
Calcic Luvisol dummy 
Upland deep loamy sand dummy 
Middle slope dummy 
Lower slope dummy 
Plowing treatment dummy 

Planting date (Julian) 
RF season (mm) 
Upland calcic Luvisol dummy 
Upland ferric Luvisol dummy 
Upland deep loamy sand dummy 
Middle slope dummy 
Lower slope dummy 

Plowing date (julian) 
RF season (mm) 
Upland deep loamy sand dummy 
Upland sandy loam dummy 
Middle slope dummy 
Lower slope dummy 

•P < 0.05, 0*P < 0.01, **P < 0.001. 

b (i) 

-2.57 
0.69 

-80.67 
244.49 
113.44 
377.76 
112.00 

-2.71 
0.64 

-62.85 
98.16 

225.00 
123.30 
397.06 

-1.33 
0.99 

409.20 
85.97 

245.21 
491.14 

s (b) 

Overall model 
0.38 
0.19 

29.57 
33.81 
25.87 
36.50 
20.32 

Single plow-planting model 
0.42 
0.23 

34.37 
50.95 
38.57 
31.79 
43.25 

Double plowing model 
0.56 
0.34 

85.10 
43.49 
53.56 
69.49 

t-value b (0) Model R2 

-6.7 
3.7 

-2.7 
7.2 
4.4 * 

10.3 * 
5.5 

159.0 0.572*0 

-6.1 
2.8 ° 

° -1.8 
1.9* 
5.8 
3.9 * 
9.2 ° 

199.4 0.6400* 

-2.4 
2.9 " 
4.8 
2.0 * 
4.6 " 
7. 1 ° 

-100.6 0.6030* 



In Table 3. the relative importance of management 
factors, rainfall, and land type are evaluated for single 
plow-planting, double plowing, and combined grain 
yields. R2 values for the multiple regression models are 
good given that distribution of rainfall during the crop-
ping cycle is not considered. Early operations are Impor-
tant, as is seasonal rainfall, in determining grain yield. 
These results also show that land-type categories given
in this paper are useful determinants of grain yield 

under drought. 
According to these findings, several statements can 

be made for resource-poor farnmers in the Mahalapye 
area. Farmers should Increase the area plowed early in 
the season. To achieve this, plowing and planting opera-
tions can be separated. Sole plowing for later double 
plowing is a good option for days in the early season 
when soil water is not adequate for plow-planting. As
row-planting resources become available, early plowingfollowed by row planting should be encouraged. Double 

plowing should not be focused on certain upland soils 
with restricted water storage capacity. Given the vari-
ation in water availability and yield potential, research 
can now focus on targeting crop interventions for spe-
cific land types. 
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Introduction 

Sorghum [Sorghum bicolor (L.) Moench]is the lead-
ing cereal grain in Africa and is important in many other 
parts of the world. It is grown mainly in hot and dy 
regions. Even though sorghum is classified as a drought-
resistant species, the major environmental factor limit-
ing its range of adaptation is drought. Information on the 
physiological response oisorghum to drought is lacking. 
Sorghum breeding programs have been based on selec-
tion for yield alone rather than physiologicalcharacters 
that control yields, 

Landraces (primitive sorghums) might be used as 
links between wild species and present-day (adapted) 
sorghums to improvegrowth under environmental stress. 

Little work has been done with landraces, although there 
have been reports on the comparative physiology of wild 
progenitors and modern cultivars of crop plants, espe-
cially wheat (Triticumsp.and rice (Onjza sativa)(Blum. 
1987). B!um and Sullivan (1986) studied landraces of 
sorghum that evolved along rainfall gradients in Africa 
and found that landraces from dry regions had higner 
drought resistance than those from humid regions. 

Aside from that study, almost io experimental work 
has been carried out with different groups of sorghum 
grown under dry conditions. Therefore. the objectives of 
this work were (1) to determine 'he physiological re-
sponse of wild. primitive, and adapted sorghums to 
drought and (2) to see if the wild and primitive sorghums 
might be sources of increased drought resistance for 
sorghum breeding programs. 

Materials and Methods 

Sixteen genotypes of sorghum belonging to one of 
three groups (wild, primitive, adapted) were used 

(Gaosegelwe, 1988). Only 4 of the 16 vill be presented In 
this paper: a wild sorghum, "12-26." from Egypt (S. 
bicolor spp. arundinaceum var. virgatum): a primitive 
sorghum. "Segaolane," from Botswana; and two adapted 
sorghums, "IA-25" and "KS-65." known to be drought 
sensitive and drought resistant, respectively (Kirkham, 
1988). 

Two experiments were done under greenhouse 
conditions. In the first and second experiments, seeds 
were planted or 11 July 1986 and 9 May 1987. respec-
tively, ano started to emerge on 15 July and 15 May, 

respectively. Seeds were planted in pots (21 cm diam.: 21 
cm ht.) with a commercial greenhouse mixture (Sun

shine Mix, Swecker-Knipp. Inc., Topeka. Kansas), which 
was kept well watered until 25 August 1986 or 11 June 
1987, after which half of the pots were well watered and 

the other half were not. Stomatal resistance of the lower 
leaf surface was measured with a diffusion porometer 
(first experiment: LI-60 Autoporometer and LI-20S Sen
sor: second experiment: Li- 1600, both made by Li-Cor, 
Inc., Lincoln, Nebraska). In the second experiment only. 
leaf water potential was measured by using a hydraulic 
press (J-14 Press. Campbell Scientific, Inc., Logan, 
Utah). Height was measured during each experiment. 
Plants were harvested ol 15 November 1986 and 15 
August 1987. and, in the second experiment, dry matter 
and grain yield were determined. (They were not deter
mined in the first experiment because samples were 
accidentally thrown away.) 

The design of both experiments was a split-plot (two 
watering regimes), with main plots being randomized 
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Figure 1. Stomatal resistance of adapted, primi
tive, and wild sorghums grown in 1986 (left) and 
1987 (right) under well-watered or water-stressed 
conditions. Vertical bars = +SD; half of the bars is 
drawn for clarity. If a SD bar fell within a symbol, 
the bar is not shown. Arrows indicate days on 
which plants were irrigated. For each symbol, n = 
18 (1986) and n = 3 (1987). 
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TIME, DAYS AFTER FIRST EMERGENCE Table I. Dry matter and grain yield of adapted, prinitive, and 
20 30 40 50 wild sorghns grown in 1987 under well-watered or water

or I 11 stressed conditions.0 	 I. -r '" 

Well Water 
WELL WATERED Genotype watered stressed 

Dry inatter, g/plant 

Wsensitive 	 Adapted, drought 32.0 d"1 26.9 cd(IA-25) 

Adapted, drought0 resistant (KS 65) 28.8 d 21.7 be
-2 Primitive (Segaolane) 21.4 be 26.6 ed
 

w 	 Wild (12-26) 9.3 a 15.2 b 

Grain yield. g/plant
 
0 Adapted, drought


+ 	 sensitive (IA-25] 10.90 b 5.64 b 
WATER STRESSED Adapted, drought 

resistant (KS-65) 9.84 b 5.82 b 
Pi mitive (Segaolane 6.77 b 8.04 b

-1 Wild (12-26) 0.12 a 0.31 a 

1 	 'Values followed by the sanie letter for cac'h ineasurement (dry
matter or grain yield) do not dilter significantly at the 5% level. 

P -2-Z well watered had a higher water potential (- 1.63 MPa.Wavg. 	 of KS-65, IA-25. Segaolane. 12-26) than plants that 
0 were drought stressed (-2.31 MlPa, avg. of the four 
CL genotypes) (Fig. 2). Water potential of the drought-
W 	 sensitive genotype was lower than that of the other three 

genotypes. This agrees with Kirkham (1988). who found 
that a drought-sensitive genotype (IA-25) had a lower 

.DRUDUITISKMN1I~('U'M 	 water potential than a drought -resistant genotype (KS
4 Umlw DDfOUN4R2ETAEhSAD 	 65). 

Height of well-watered plants; was not significantly 
different from that of the water-stressed plants (Fig. 3). 
The wild and primitive sorghums were taller than theFigure 2. Water potential of adapted, primitive, adapted sorghums. Except for KS-65 and 12-26. dry

and wild sorghums grown in 1987 under well- matter of well-watered sorghum was similar to that of 
watered or water-stressed conditions. For vertical water-stressed sorghum (Table 1). Also. grain yield was 
bars and arrows, see legend of Figure 1. For each not affected by drought (Table 1). The wild sorghum
symbol, n = 3. yielded the least amount of dry matter and grain. The 

complete blocks (three blocks). The 1986 experiment drought-resistant and drought-sensitive sorghums 
had each pot repeated six times within each block (576 yielded similar amounts of dry matter and grain under 
pots total in the experiment). and the 1987 experiment both well-watered and water-stressed conditions. 
had each pot repeated one time within each block (96 
pots total in the experiment). Discussion 

Water-stressed sorghum looked wilted and the soil 
Results looked dry before irrigations, unlike well-watered sor

ghum. which did not show these signs of stress. Yet
In both years, plants that were water stressed had stomatal resistance. water potential, height. dry matter,

the same stomatal resistance as those that were well- and grain yield of water-stressed sorghum were usually
watered (Fig. 1). Stomatal resistance of one group of similar to those of well-watered sorghum. These results 
sorghums (wild. primitive, adapted) was not consistently emphasize that sorghum is a drought -resistant plant. 
higher or lower than that of another group. Stomatal Water stress did not reduce grain yield. The physiologi
resistance of the drought-resistant sorghum. KS-65, cal responses to drought, as indicated by measurements 
was not significantly different from that of the drought- of stomatal resistance and water potential, were the 
sensitive sorghum. IA-25. same for all groups of sorghum, except for the drought-

Plants that were drought stressed had the same leaf sensitive, adapted sorghum, which had a lower water 
water potential as plants that were well watered, except potential than the others. These data suggest that water 
on the fifth measurement day, when plants that were potential, rather than stomatal resistance, might be 
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Figure 3. Height of adapted, primitive, and wild 
sorghums grown in 1986 under weli-watered or 
water-stressed conditions. For vertical bars and 
arrows, see legend of Figure 1. For each symbol, 
n= 18. 

used as an easy and fast (c. 20 s/sample) way to screen 

for drought-sensitive genotypes. The results also indi
cated that the wild and primitive sorghums were not 
more drought resistant than the adapted sorghums. 
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Introduction 

Water is considered a major constraint for cultiva-
tion of corn (Zea mays L.) during the winter season 
(October through May) in the northwest Indian Plains. 
The temperatures during December, January, and early 
February are low, sometimes falling below 01C. Conse-
quently, growth is slow until the onset of warm weather 
in mid-February. Lvapotransplration (ET) rates initially 
are moderate (1.0-1.5 mm/day), but increase rapidly 
during the vegetative growth and later reproductive 
growth stages (6.0-10.0 mm/day). Antitranspirants are 
considered effective for conserving water under such 
conditions. Arnon (1975) reported that there is need to 
reduce transpiration to aminimum to get high water-use 
efficiency. Das and Santakumari (1975) observed that 
the amide form of alachlor and butachlor led to rapid 
closure of stomata within 2 hours after application. 
Santakumari et al. (1977) further reported that alachlor 
at 20 mg/L on 2-week-old maize remarkably reduced 
transpiration up to 20 days after spraying. Likewise, 
atrazine reduced traiispiration of maize up to 50% 
(Smith and Buchloltz. 1962), increased moisture in the 
plants after 12 to 24 hours (Wills et al., 1963), and 
increased grain yields under limited water conditions 
(Fuehring, 1978). But long-chain fatty alcohols affected 
growth adversely (Roberts, 1961). 

Materials and Methods 

A field experiment was conducted using a random-
ized block design in four replications, with a plot size of

2
19.8 M ,during 1981-82, 1982-83, and 1983-84 at the 
Punjab Agricultural University, Ludhiana, India. Treat-
ments comprised four antitranspirants: alachlor (2-
chloro-2',6-diethyl-N-[methoxymethyl] acetanilide), 
concentration 20 mg/L: atrazine (2- chloro-4-[ethylam-
inol-6-[isopropylamlno)-s-triazine], concentration 20 rag/-

L: mixtalol (Hindustan Lever Pvt. Ltd., Bombay, India) 
containing a high proportion of C31. C.. and C40 long-
chain aliphatic alcohols, concentration 1 mg/L: and a 
water-spray blank. The antitranspirants were sprayed 
thrice at monthly intervals, from mid-February on-
wards, using 500 L of spray/ha. The crop was irrigated 

at CPE = 100 mm (CPE =cumulative pan evaporation 
minus the effective rainfall over each irrigation cycle) 
and the water quantity was determined from water 
depletion in the 0- to 1.8-in layer. The soil was a loamy 
sand of average fertility (organic carbon, 12.3 g/kg: pH 
8.5: profile water retention (0- 1.8 i): upper available 
limit. 355 mm. -1.5 MPa potential. 122 mm). Maize 
variety partap com7,osite was used. The sowing dates 
were at the end ofOctober and the harvest dates were in 
mid-May. The plant spacing was 60 cm x 20 cm. The 
fertilizer was 120-60-60-25kg/haofN-P20,-K20-ZnSO 4
 
applied after green manuring with SesbaniaaculeataL. 
The applicatio. schedule was as fo!lows: Nin three splits 
of60-30-30 at sowing, knee high (end of December), and 
tasseling (mid-Febeuary). All other fertilizers were ap
pliedin fullat sowing or during three hoeings at monthly 
intervals. Thesoilwatercontentwasmtasuredgravimet
rically to a 1.8-m depth,leaf xylem water potential of the 
third leaf from top and facing the sun (was measured 
with pressure chamber apparatus), and PAR (photosyn
thetically active radiation) interception was measured 
with a 1-m Line Lux Meter periodically during 1030 to 
1100 hours after application of the antltranspirants. 
Detailed observations were recorded during the first 2 
years, but during the third year, the experiment was 
repeated only to confirm the yields. 
Table 1.Effect of different antitranspirants on grain yield of 
maize with irrigations at 100 mm CPE'. 

Season Pooled 
Treatment 1981-82 1982-83 1983-84 Mean 

Mg/ha 

Control 3.75 4.82 3.09 3.89 
Mixtalol 4.29 4.89 3.23 4.14 
Alachlor 4.21 5.25 3.65 4.37 
Atrazine 4.35 5.27 3.80 4.47 
Mean 4.15 5.06 3.44 -

Critical Difference(P< 0.05)
Treatment T) 0.22 0.25 NS. 0.38 
Environment(E) 02 0 - -

Tx E - N.S. 

"Cumulative pan evaporation minus effective rain during the 
irrigaticn cycle. 
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Results and Discussion conservative use of water in these plots perhaps sus
tained photosynthetic activity over a longer period dur-

Dry Matter per Plant and Grain Weight ing each irrigation cycle. 
per Cob 

Leaf Number and PAR Interception 
Plant dry matter and grain weight per cob Increased 

with use of antitranspirants. A significant response was Leaf number increased with antitranspirants. Sig
registered with alachlor and atrazine (Table 2). The nificant increases were recorded with alachlor during 

Table 2. Effect of antitranspirants on characteristics of maize irrigated at 100 mm CPE". 

a) at peak stage 

Green PAR interception Grain 
Treatment leave./plant at clay 175 Dry matter/plant weight/cob 

1981-82 1982-83 1981-82 1982-83 1981-82 1982-83 1981-82 1982-83 

No. - - V0 g g 
Control 12.0 12.5 70.2 71.5 131.8 146.9 54.9 62.5 
Mixtalol 12.0 11.3 70.7 69.1 137.3 140.7 60.5 61.5 
Alachlor 13.9 13.2 71.1 76.5 144.6 160.3 60.7 66.2 
Atrazine 13.4 14.4 72.5 76.3 148.7 165.6 62 0 67.2 
Critical Difference 
(P < 0.05) N.S. 1.4 N.S. 3.8 10.4 11.9 5.4 4.3 

b)time trends 

Leaves/plant" Dry matter/plantb 

Feb 18 Mar 18 Apr 18 At harvest Feb 18 Mar 18 Apr 18 At harvest 

No. g 
Control 8.9 11.4 12.3 11.1 27.5 103.0 124.5 139.3 
Mixtalol 9.1 11.6 11.7 11.0 27.9 105.9 126.0 139.0 
Alachlor 8.9 12.3 13.5 11.1 27.9 111.4 134.4 152.4 
Atrazine 8.9 11.6 13.9 11.2 27.1 114.2 135.4 157.2 

Cumulative pan evaporation minus effective rainfall during the irrigation cycle. 
" Mean of 2 years. 1981-82 and 1982-83. 

Table 3. Leaf water potential [y,-MI'a) of maize as influenced by antitranspirants with irrigation of 100 mm CPE" 

1981-82 1982-83 

Day Control Mixtalol Alachilor Atrazine Day Control Mixtalol Alachlor Atrazine 

117 1.10 1.10 1.10 1.10 119 1.18 1.18 1.18 1.18 
122 1.19 1.05 1.00 0.97 127 1.26 1.06 1.04 1.04 
127 1.20 1.10 0.98 0.95 131 1.30 1.28 1.01 1.00 
145 1.10 1.13 1.08 1.08 141 1.35 1.35 1.03 :.03 
155 1.35 1.09 0.90 0.87 148 1.28 1.28 1.27 1.25 
161 1.43 1.30 1.28 1.25 157 1.35 1.30 1.27 1.25 
167 1.63 1.55 1.46 1.40 163 1.46 1.40 1.25 1.24 
173 2.05 2.05 1.95 1.90 169 1.57 1.56 1.47 1.48 
179 1.60 1.58 1.53 1.56 177 1.68 1.63 1.58 1.57 
183 2.17 2.05 1.64 1.65 184 2.00 1.93 1.69 1.70 

Date and day of spray:
 
- Feb 16 (117). Mar 16 (145). Apr 13 (173) - Feb 21 (119), Mar 22 (148), Apr 20 (177)
 
Date and day of irrigation during this period:
 
-Apr 14 (174) -Mar 17 (143)
 
Rainfall (mm):
 
- Feb (47), Mar (79). Apr (56) - Feb (20), Mar (11), Apr (1231 

Cumulative pan evaporation minus effective precipitation during irrigation cycle. 
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Figure 1.Relative soil r-ater status of a maize crop 
as influenced by antitranspirantsundeT' 100 mm 
CPE (cumulative pan evaporation minus effective 
precipitation during irrigation cycle) (1982-83). 
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1982-83. PAR interception also increased with alachlorand atrazine (Table 2). The higher solar radiation effi

ciency subsequently appeared to result in a higher 

biomass and grain production. 

Water Use Pattern and Xylem Water
Potential (y,) 

The soil water status, expressed relative to initial 
soil water contents, was higher in the alachlor and 
atrazine plots than in the untreated and mixtalol-treated 
plots (Fig. 1). Trends during both years were similar and 
consistent. The xylem water potential was also higher 

with alachlor and atrazine (Table 3). reflecting conserva
tion ofwater by the treated plants. Boyer (1970) observed 
that photosynthesis ceased at -0.3 MPa and growth at 
-1.6 MPa in maize. 

Grain Yield 

Alachlor and atrazine increased the grain yields
significantly over the control, but mixtalol did not (Table 

1). Antitranspirants (alachlor and atrazine) thus had a 
beneficial effect on maize grown under limiting soil water 

conditions. They conserved water and enabled plants to 
maintain a high leaf water potential and photosynthetic 

Arnon, I. 1975. Physiological principles ofdryland crop produc
tion. p.3-124. InU.S.Gupta [ed.) Physiological aspects of 
dryland farming. New Delhi: Oxford and IBH Publishing Co. 

Boyer,	J.S. 1970.Differing sensitivity of photosynthesis to low 
water potentials in corn and soybean. Plant Physiology

46:236-239. 
Das. V.S.R.. and M. Santakumari. 1975. Stomatal behavior 

towards four classes of herbicides as basis of selectivity to
certain weeds and crop plants. Proceedings Indian Aca

demic Science B 82:385-390. 
Fuehring. H.D. 1975. Effect of antitranspirants on grain yield 

of sorghum under limited irrigation. Agronomy Journal 
65:348-351. 

Roberts, W.J. 1961. Reduction of transpiration. Journal Geo 
physical Research 66:3309-3312. 

Santakumari, M., C.S. Reddy, and V.S. Ramdas. 1977. Alachlor 
-A new potent antitranspirant on maize plants. Proceedings 
Indian Academic Science B 86:143-150. 

Smith. D. and K.P. Buchloltz. 1962. Transpiration rate reduc
tion in plants with atrazine. Science 136:263-264. 

Wills, G.O., P.E. Davis and H.M. Funderburk. 1963. The effect 
of atrazine on transpiration in corn, cotton and soybean. 
Weeds 11:253-255. 



64 Shoot Biomass Partitioning in Pearl Millet 
as Influenced by Drought Stress 

S. D. Jarwall, Phool Singh' , and S. M. Virmani 2 

'Haryana Agricultural University 
Hlsar 125 004, India and 

21nteriational Crops Research Institute for the Semi-Arid Tropics (ICRISAT) 
Patancheru P. 0., A. P. 502 324, India 

heads was similar in both years. but is discussed here forExperimental Situp 
1982 only. 

In the areas where pearl millet [Pennisetum The leaf was the major component of shoot biomnass, 

americanvn (..) Leeke) is extensively grown, rainfall is followed by stem including leaf sheaths (Figs. Ia & b) at 

23 DAE (before imposition of line source). The effect of
less than rnotential evapotranspiration in most of the 

months and is characteristically irregular within and 
between seasons (Sivakuniar et al.. 1984). Crops suffer M1 M2 

severely at times frow water shortagcs. Effects of water 600 , 4 EARHEAD 

numerous 3 STEM "deficits on pearl millet have been the topic ; ~~2 	 LEF S '-EA1H/LEAFT 
research projects recently, in view of its increasing 41 

importance as a food grain. This experiment was con- 2 

ducted on an Aflsol driing the 1982 and 1983 summer 'E 0 
seasons at the International Crops Research Institute 0 
for the Setin-Al id Tropics (ICRISAT), Patanchcru, A. P.. M3 M4 

6
600
India. The objecive was to si,,dy the effects of drought 

stress on shuot-biomiss partitioning and water-use 0 400 

efficiency in pearl ni..ct. The treatments included two 
pearl millet genotypes. P1 104 and ICH 226, and four 200 ,7 
water regimes, M I through M4,created by using a line 0. 
source sprinkler irrigation system (Hanks et al., 1976). 20 40 60 80 20 40 60 s0 

A split plot design win four replications guided the DAYSAFTER EMERGENCE 

layout, but the subplots (water regimes) could not be Figure Ia.Dry matter production and its 
randomized within main plots (genotypes) owing to the partitioning into various components under four 
limitation of the irrigation system. water regimes in the pearl millet genotype BJ 104. 

The crop was established following recommended 1982 summer season. The space between two lines 
practices and uniform irrigations for a month. Starting is the dry matter of the components mentioned. 
from 31 days after emergence (DAE), weekly irrigations 
were applied with a single sprinkler line to give variable M1 M2 

water supply so that MI received water approximately 600 4 EAREAD 
3 STEM

equivalent to the evaporation for the preceding week LEAR 
0 1 LEAFEending ol the clay on which i-rigation was applied. The 

water was applied in this order: MI>M2> M3 (M4 re- 33 

celved no water after imposition of linc source). Both the ,F 
seasons were rain-free. The order of stress was reverse 0 

M(M4> M3 >M2). Observations on dry matter partitioning 
600(g/m), fractional water deficit (fraction of available soil 

water), and final grain and dry matter yield (Mg/ha)were 0 

recorded. Standard errors for water regimes have not 
been presented as the water regimes were not random- 300 

ized. The presentations were based on mean values. 2 

20 4 0 60 80 20 40 60 80 
DAYS AFTER EMERGENCE 

Results and Discussion 
Figure lb. Dry matter production and its parti-

Biomass Accumulation and Its Partitioning 	 tioning into various components under four water 
regimes in the pearl millet genotype ICH 226, 

The pattern of dry-matter accumulation and its 1982 summer season. The space between two lines 
partitioning Into leaves, leaf sheaths, stems, and ear- is the dry matter of the components mentioned. 
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Table 1. Grain yield and total dry matter of two pearl millet
 
genotypes and four water regimes In 1982 and 1983 summer a 104 . CH 226 1 It
t- eSTAGEI Y-1484 -1 967m STA i Yz1286-1,46Bxseasons. 
 10 S EOFESTIMATE ft0.092 *\ SE OFESTIMATE 2 0090 

• 0.84. . R .0.90 

Genotype and Grain yield Total (Iry matter 08 MItreatments 1982 1983 1982 1983 * 
-M3
 

S06 £1.M
4
 

Mg/ha > 
13. 104 STAGE STAGE0 4 \ \I 

MI 2.30 3.01 5.86 7.25 >
 
M2 1.99 2.24 5.07 6.25 02
 
M3 0.41 0.86 1.54 2.91 a
 
M4 0.27 0.64 1.19 2.52 O
 

02 04 .36 08 10 a 1e1 06 0-3 10 
FRACTIONAL WATERDEFICIT . x

IC11 226 
MI 2.68 3.00 6.48 7.39 Figure 2. Relationship between relative dry matter 
M2 2.27 2.70 5.80 6.28 and fractional water deficit for the pearl millet 
M3 0.61 0.93 1.78 3.35 genotypes BJ 104 and ICH 226, 1982 summer 
M4 0.33 0.69 1.17 2.53 season. 

SE (±) 0.05 0.06 0.07 0.15
 
Significance NS NS * NS continued to be maxintim. There was a redtiu(let 
 illtile 

weight ofstenis uiider water delici illhot ht lie gelnotypes 
"Standard error ior comparing genotype means. at this stage. This indicaies a (livdersioll o* dry [nalter 

Ilol steliis to developling arlicads mder stress (Gre
water deficit was observed at 4 1 DAE (near 50% flower- gory and Squire. 1979). 'lh(proorti ll ot earliead dry 
ing)when the main conponent ofabove-grotind biotnass natter increased as tlile crop progressed owaoIds latiU
\vas stemn followed by leafexcept M4 of'ICH 226 where the it', but tile let effect of Stress wis to i(lil('e tile final 
proportion of leaf dry weight was more than stem. Tile weight of earheads. Since earliead d,\'evlopmnit is a 
dry weight of all tile comnpolents was higher in Ml and relatively rapid pr()oess and is of short (tllalioll, particl-
M2 than M3 and M4. Howev'er, the proportion of dry larly i cereals. 'oltilluelddro1ht streCss (]elreased tht 
matter partitioned to earheads at this stage was more in dry matter partitioned to earheads. 
M4 than Ml in both the genotypes (e.g., 22 and 19% in The absolite dry mlatter )er U[liit area was consid-
BJ 104 and II and 9% in ICH 226 under M4 and MI. erably reduced utndetrdrotghlI sIless. Tlie relatiollship of 
respcetively). The increase illweight of other compo- fractional water defrcit ([,VD)and relalive (l , matter 
nents was mininal under stress. (Fig. 2) indicated a linear decrease indh. [mlatter when 

At 48 DAE. earheads constituted the maximum the fIVD exceededapartilrhlvel. The rate of decrease 
proportion of dry matter in all the treatments except Ml hi dry mat ier l)roduCtinn with increasing I,'WI) was more 
and M2 of ICI1 226, where tile contribution of sterns for BJ 104 (1.97 ± 0. 09) than ICII 226 (1.47 ± 0. 09). 

Table 2. Water use and water use efficiency of two pearl millet genotypes and four water regilimes in 1982 imid 1. I ii1alIll S. 

Water use Water use efflciecnv 

Genotype and Grain Dry Iaitlter 
treatment 1982 1983 1982 1983 1982 1983 

- ha-mm kg/ha/min
BJ 104 

Ml 483 536 4.8 5.6 12.1 14.3 
M2 346 396 5,7 5.6 14.7 15.8 
M3 198 235 2.1 3.6 7.7 11.2 
M4 183 106 1.5 3.2 6.5 10.4 

ICHt 226 
M 1 492 547 5.55.4 13.2 13.7 
M2 332 383 6.8 7.0 17.5 17.2 
M3 203 242 3.0 8.83.8 12.0 
M4 192 210 1.7 3.3 6.1 9.7 

SE" (±) 3 3 0.1 0.2 0.1 0.5 
Significance NS NS " NS NS 

Standard error for comparing genotype means. 
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These patterns in dry matter reduction were reflected in 
seasonal total dry matter (Table 1). 

Grain Yield and Water Use Efficiency 

The genotypes did not differ significantly in grain 
yield (Table 1) in both the years. The reduction in grain
yield due to drought stress was apparent. The water useyiel du todrouhtaparet. Te wterusetres wa 
efficiency (WUE) of ICH 226 was higher than BJ 104 
edurncy1982 outihr 226as igherftan differ10 

during 1983 (Table 2). Singh (198 1) obtained genotypic 
differences in WUE even though most of the genotypes 
did not differ in seasonal water use. Among water 
regimes, WUE was maximum under M2 in both the 
genotypes. This could be expected because under rood-
erate drought the evaporation component ofevapotranspi-
ration, which is non-productive, is considerably reduced 
due to limited water availability in the upper soil profile

WinE , . prohie 
and contributes to increased WUE (Jarwal, 1984). In this 
treatment (M2). WUE was more for ICH 226, probably 
because the relative reduction in dry matter was less 
with increasing stress (Fig. 2). 

This study indicates the tendency of pearl millet to 
adjust to the demand of developing earheads by divert
ing dry matter to the earheads from the stems with the 
onset of drought stress. Large reductions in yield and 
WUE do occur due to continued stress. 

ad cotolite wter avaiabiit the upper sI 
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65 Measurement of Evaporation from Soil 
Under Sparse Barley Crops in Northern Syria 

S. J. Allen 
University 	of Reading 

Reading, England 

Increased yields of rainfed barley (Hordeumvulgare 
L.) grown in northern Syria have been produced by the 
application of phosphate. It has been suggested that 
enhanced early growth of fertilized plants restricts eva-
porative loss from the soil surface, thus improving water 
use efficiency by decreasing the ratio of evaporation to 
transpiration (E/T). During 1987, daily E from fallow 
and cropped (LAI < 2) soil surfaces was measured for 100 
days to crop maturity using micro-lysimeters. 
Evapotranspiration (ET) was determined by water bal-
ance from neutron probe measurements, allowing T to 
be calculated by difference (T = ET - E). The micro

lysimeters provided reliable measurements, except on 
days when large rainfalls occurred; for these cases an 
estimation procedure was devised. Fertilizer application 
had little impact on total ET, but total E was reduced by 
18%. Most E occurred during short periods after rain, so 
future efforts should concentrate on improving accuracy 
during these times. Possible improvements to micro
lysimeter design are considered. 

(Note: The full text of this paper was not made available.) 



66 
Rapporteur'sReport on Group B Papers: 

Water Conservation and Use 

M. B. Kirkham 
Kansas State University, Manhattan, Kansas 

Twenty papers from 15 countries were presented. 
The first oral paper (by Gregory from England) gave the 
agronomic definition of water-use efficiency. It involves 
two terms: (1) a management component, which speci- 
fles the fraction of the total water supply used for tran-
spiration, and (2) a plant component. called the transpi-
ration efficiency, which is the amount of dry matter 
produced per unit of water transpired. Both manage-
ment and plants are being studied around the world to 
improve water-use efficiency, as shown by the following 
summary. 

Management 

In Texas, residues are used to allow for shorter fal-
low periods. Residues decrease evaporation and in-
crease water storage (Steiner). In China, summer fallow, 
along with deep plowing, pit and furrow cultivation, 
smoothing the soil in the spring at thawing. and.hoeing 
after rain, also are done to increase soil-water storage (Li 
et al.). Soil fertilization is a key for increasing water-use 
efficiency in China (Shan) and Syria (Allen). increased 
yields of rainfed barley in northern Syria have been pro-
duced by application of phosphate. Enhanced early 
growth of fertilized plants restricts evaporative loss from 
the soil surface and improves water-use efficiency (Al-
len). 

Several studies report the effect of population and 
row width on water-use efficiency. In Argentina, narrow-
row width and low-population densities tend to be 
superior compared to wide rows and high-sowing densi-
ties for increasing yields of wheat (Gallez and Mockel). 
However, in South Africa, water-use efficiency of maize 
increases as population density Increases (Muller and 
du Preez). In Morocco, increasing the population of 
maize hastens soil-water depletion, but total water use 
is not affected by population. Maize populations of 
20,000 to 40,000 plants/ha are considered to be opti- 
mum in dry and wet years. respectively (Karrou et al.). In 
Zambia, maize is especially sensitive to drought and in 
75% of the years, drought occurs at the end of the 

season, while in 25% of the years itoccurs in mid-seaEsn 
(Chinene). 

In India, antitranspirants are being used on maize 
(Narang et al.). Soil sanitation improves grain yield of 
wheat in Israel because parasitism of the roots reduces 
water available fortranspiration (Amiret al.). In Botswana, 
early plowing is more important than planting date in 
determin!ng grain yield of sorghum (Siebert and Modi
akgotla). 

Plants 

In Australia, uniculm sorghum is being developed to 
improve water-use efficiency (Foale et al.). Stems are 
important reserves under dry conditions. For example, 
in India, the contribution of the stem to the total biomass 
of millet is less under drought because there is a 
diversion ofdry matter from stems to ears (Jarwal et al.). 
In addition to stems, deep rooting is important for crop 
survival under drought, including millet in Niger (Payne 
et al.). In Texas, density of roots and rooting depth of 
cotton are increased under dryland conditions as corn
pared to irrigated conditions (Upchurch et al.). In South 
Africa, where wheat is grown on stored water from 
planting to the flag-leaf stage, characteristics of the 
coleoptile are critical to maintain the plant during the 
dry period. Long coleoptiles, numerous primary roots, 
and crown-depth development are emphasized in the 
breeding program (Smit et al. . 

Time ofdrought occurrence determines yield. Oertli, 
in Switzerland, found that if drought occurs at emer
gence of the last leaf of wheat, or at later stages, the crop 
is damaged beyond recovery, even if plants are re
irrigated. 

In Kansas, genotypic differences in drougnt resis
tance of sorghum have been observed and leaf-water 
potentialcanbeusedtoidentifydrought-resistantplants 
(Gaosegelwe and Kirkham). Significant clonal differ
ences in water-use efficiency exist for potato in the warm 
tropics (Peru) (Ekanayake and Midmore). The genotypic 
differences suggest that plants can be bred for better 
water use in dry environments. 
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Introduction 

Technological opportunities for water harvesting 

development projects have arisen out of a locally per-
ceived need for achieving an optimal lifestyle. Millions ofceivd ned or ahieingtions? 
hectares exist in the semi-arid and arid regions which 

lay dormant and seemingly unattended, waiting for the 

life giving ingredient-water. Utilizing water harvesting 

techniques. rainfall of a few millimeters collected on a 
catchnent basin can be equivalent to several hundred 

millimeters of rainfall when supplied to a restricted 
cultivated field. The technology of water harvesting 
points to a simplistic expedient pathway. For example, 
with an average rainfall of only 80 mm and h ratio of 
catchment basin to cultivated field of 4 to 1, 400 mm of 
water are available for crop growth and another "Green 
Revolution." In such situations, it becomes too easy to 
confuse what is technologically possible with what is 
economically and culturally feasible. 

Planning Considerations 

The technological possibilities for water harvesting 

are defined largely in physical terms-adequate catch-

ment areas, suitable cultivated soils, logical damsites, 

and storage areas, etc.-without consideration of costs, 

social acceptance, labor requirements, distances, and 

performance within the envisioned projects. Within the 

International Center for Agricultural Research in the 

Dry Areas (ICARDA) team, it. has been found useful to 

view water harvesting options within a system frame-

work. Each project is evaluated using basic questions 

which establish criteria for choosing a particular tech-

nology (Moris and Norman, 1984), such as: 

A. ProductionPolicy 

1. 	Produce locally or buy from abroad? 
2. 	What staples? What urban/rural subsidies? Pricing 

policy? 
3. What degree of fluctuation can the indigenous soci-

ety tolerate? 

B. 	 Balancebetween WaterHarvestingFarming 

andRangelandTechnologies 

1. Comparative cost of production? 
2. What technical opportunities for each? 
3. Balance of effort between each? 

C. Choice of Crops 

1. 	Introduction of crop production (water harvesting) 
versus rangeland? 

2. Available technology packages and input implica

3. 	Existing returns, potential, and experience? 

4. 	Foreign investment component? 

D. Kinds of Water CaptureSchemes 

I. 	 Full versus partial, total versus supplemental? 
2. 	Large-scale versus small-scale? 
3. 	Locally managed versus farmer managed? 

E. ProjectImplementation; Where, When, 

1. Phases of development? 
2. 	Location of projects? 
3. 	Sources of farmers, staff, and expertise? 

Depending upon the answers, water harvesting 

farming may take various forms even if the concept is 

eminently appropriate. The technology for delivering 

water onto cultivated fields has been enormously refined 

and diversified and, there are now remarkably few 

situations where there is only one feasible scheme for 

water harvesting development. The options often differ 

in investment cost, associated social risks, labor inten

sity, and necessary management skills, all key consid

erations in a poor, possibly degraded environment. 

Nonetheless, many field projects are encumbered with 

bad technical solutions which are inappropriate in their 
immediate context.
i m geentt h 

A management technique for collecting natural rain

fall from a modified or treated area to maximize runoff 
from a specific site to a cultivated field is termed water 

harvesting. Water harvesting ensures that a greater 
percentage of runoff is used beneficially in an efficient 
agricultural system. The objective of this paper is to 
describe water harvesting technology which uses col
lected runoff water for storage in soils, behind dams, or 
in wadis (gullies); for artificial recharge to aquifers; or 

captured in-place on contour ridges, terraces, or tied

ridged agricultural fields. Basic criteria are suggested 
which are essentially the same for designing water 
capture schemes irrespective of the eventual use of the 
water (Perrier. 1986). 

The common elements of water capture schemes to 



236 Water Conservationand Use 

maximize runoff are a catchment basin, conveyance 
device, storage facility, and cultivated field. These ele-
ments provide a multi-purpose concept when collecting 
and storing runoff but require high levels of resource 
management and capital investment to sustain crop 
production and ensure economic gain. 

Data collection is an important step in the early 
phases of any project for water harvesting. The need is 
for collection of extensive records of daily rainfall and 
evaporation for evaluation of probability and water bal-
ance methods to appraise designated are,- '.. Probability 
and statistical analysis of daily rainfall data is needed to 
provide an accurate estimate (10- to 25-year rainfall 
recurrence values) of the size, shape, and configuration 
of catchment basins as well as ridges and berms. Most 
areas chosen for water harvesting tend to be associated 
with low population densities or nomadic societies with 
little interest in climatic information gathering. Gener-
ally, some form of weather generator is needed to supply 
minimal information for design purposes. 

To aid in choosing a catchment basin, a "user 
friendly" runoff model called Catchment Area Runoff 
Evaluation (CARE) has been developed and verified for 
simulating hydrologic characteristics. Data from many 
stations throughout the arid and semi-arid climates are 
being put on diskette for easy access. They can be used 
in lieu of on-site measurements. To speed model im-
plementation. default values of parameter estimates are 
stored for use when primary data files are not available. 
The user must supply the geographic location, site, 
length of water flow path, and characteristics of the 
catchment basin surface (whether soil or surface seal-
ant) with default overrides where deemed necessary. 
CARE takes hydrologic parameter input data and oper-
ates sequentially as precipitation information is read. 
From minimal input data. the model will simulate daily, 
monthly, and annual characteristics of runoff, 
evapotranspiration. deep percolation, temperature, and 
soil water. 

Water capture schemes are usually employed in 
areas of 50 to 300 mm of rainfall. When average rainfall 
is 100 mm or less, the distribution of rainfall is critical. 
In desert regions of Mediterranean climates, the rainfall 
distribution approaches normality over time and is 
usually suitaLle for implementation of water harvesting 
technology. At low amounts of annual rainfall, the 
number and intensity of runoff storms which occur 
during the growing season are extremely important. In 
regions where rainfall is greater than 300 mm, water 
harvesting technology can be used to control and man-
age surface runoff to prevent soil erosion. In addition, 
these techniques are used for reclamation of severely 
eroded wadis and improvement of degraded areas. 

When runoff is maximized, the catchment basin 
collects water for distribution onto cultivated areas to 
supply enough water for crop growth. For example, the 
soil surface ofan area could be formed into large furrows 
or ridges which would direct surface water into chan-
nels. The ridged soil surface could be compacted or 
sealed with asphalt, oil, paraffin, salt, etc., to restrict 
infiltration. When a catchment basin is properly de-

signed and constructed, runoff from light rain showers 
can be collected. 

A threshold value of a catchment basin under natu
ral conditions may require rainfall of at least 10 mm 
before runoff would occur (Ball, 1937). If a catchment 
basin has a compacted soil surface, then a threshold of 
6 mm would be needed before runoff occurs, i.e.. 6 mm 
of rainfall is lost to the processes of wetting, infiltration, 
and evaporation. If the runoff surface is ridged and 
paved with asphalt (a more efficient but costlier catch
ment surface), then the threshold value could be less 
than 3 mm. Three types of catchment basins can be 
modified to increase the quantity of runoff: topographi
cal, soil, and im~permeable coverings. A specific catch
ment basin should have asurface treatment designed for 
maximum runoff and minimum maintenance. 

The simplest catchments involve some form of to
pographical alteration. Collection areas can be cleared of 
brush and rocks with small ditches cut on the slope to 
divert runoff water to direct field application or storage. 
Or, with a minimum ofmaterials and labor, large quan
tities of water can be captured at low costs with the 
placement of rock lined ditches at the lower edge of rock 
outcroppings for conveyance to storage or a cultivated 
field. A more complex example of the use of topography 
is the "roaded catchment" of Western Australia where 
large areas ob-re land are shaped and compacted into 
parallel ridges (Laing, 1931). Catchments using topogra
phical techniques may be characterized by lower costs 
but could have low runoff efficiencies. Soil types and 
topographic features must be properly matched if these 
catchments are to be effective. Soils unsuitable for 
constructing surface catchments are loose sands and 
gravels or expanding lattice clays (self-mulching). Hol
lick (1982) notes that slope angles and overland flow 
distances must be designed to avoid water erosion 
damage to the catchment surface. 

When using so.i surface treatments for water har
vesting catchment basins, the soil is usually sterilized to 
reduce plant growth. To reduce infiltration, bitumen, 
salt, water repellent chemical, or paraffin wax is applied 
to the soil by spraying the surface or mixing it in the top 
5 or 6 cm. Potentially, soil surface treatments can 
provide low cost crop water but these methods require 
careful management and are dependent on specific soil 
and climatic characteristics which have not been totally 
satisfactory in the past. 

There is no reason to construct a catchment basin in 
direct association with the cultivated field. Ditches, 
plastic main lines, diversion boxes, etc. can be made to 
convey runoff directly to cultivated fields. Water applica
tion can be metered with gated pipes or from head 
ditches using metal irrigation tubes, hoses, and plastic 
pipes for uniform application of runoff. 

A storage facility is required for water harvesting 
farming whether it uses the soil, tied-ridges or micro
catchment basins, a cistern, or a check dam (small dams 
constructed across wadis to create storage behind the 
dam walls). Efficient water storage is the primary objec
tive and is associated with various water uses, e.g., 
livestock, commercial, domestic, or supplemental irriga



tion for agricultural crops. Normally, the intended use of 
the water will influence the design. Final recommenda-
tions for selection of a system design will depend on cost 
and local conditions, e.g., chemical and physical proper-
ties of soils; accessibility of personnel. equipment, and 
materials; availability of surface sealing materials; costs: 
and, maintenance requirements for effective life of sys-
tem. 

Ridges and depressions increase the potential for 
storage of water on the surface and provide for runoff 
trapping for infiltration and storage of water in the soil 
profile. In rangeland areas, capturing water and holding 
it in place serves as a simple technique to minimize 
runoff for forage production. This concept ofzero-runoff 
implies that rainfall remains on the soil surface until it 
infiltrates for future plant use. 

In some wa. r harvesting designs, the cultivated soil 
is the water storage container, i.e., direct runoff farming. 
The collected water is diverted or directed onto the 
cultivated area during rainfall. Generally, the quantity of 
runoff exceeds the infiltration rate of the soil and ridges 
are placed around the cultivated area to retain the water. 
Overflow from fields can be conveyed by canals for 
storage or through diversion boxes for use on other 
fields. The effectiveness of this scheme depends on the 
water demands of the crop, the amount and distribution 
of rainfall, the infiltration rate, and the water holding 
capacity ofthe soil. Specific designs of this type of runoff 
collection can have a high risk as crops could fail in dry 
years or could be badly damaged by flooding during 
storms. 

Schemes which have been used for retaining rainfall 
in place are called tied-ridges (Boa, 1966). Tied-ridges 
consist of covering the soil surface with closely spaced 
ridges In two directions at right angles, so that the 
ground is formed into a series of rectangular depres-
sions. Tied-ridges can be an effective system but they 
help to produce increased yields only when rainfall is 
greater than infiltration. If the infiltration rate of the soil 
is adequate to replenish the soil water in the root zone 
during rainfall orwithin a day after rainfall, then whether 
surface water is captured or permitted to runoff may be 
immaterial. There are a great many mechanical devices 
available for both animal traction and tractor power 
especially designed to make tied-ridges in a single opera-
tion. Ridges may be formed by tractor or oxen with 
ridgers (listers); however, ties can be constructed by 
hand. Usually, ridges are formed parallel to one another, 
planted on sides or tops, and tied or dammed in the 
furrows. 

Tied-ridges can be constructed as micro-catchment 
basins of 30 cm in depth. In general, the difference 
between the two systems of tied-ridges and micro-
catchment basins involves rainfall distribution and in-
tensity, soil type, slope, and maintenance and labor 
requirements. In some areas the ridges are left in place 
throughout the dry season to catch early rains, minimize 
runoff, and permit early cultivation ofthe soil. Under no-
till practices, the tied-ridges remain from 2 to 3 years 
with only minor maintenance; however, these systems 
are usually hand-seeded and hand-weeded. 
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In other dryland areas contour berms or desert 
terraces are made: deep furrows are dug on the contour 
where soil is placed on the downhill slope to form 
terraces or berms which collect runoff. In general, these 
capture schemes are better applied to large land areas or 
shared holdings where mechanization and land leveling 
equipment are available. 

Microcatchment basins such as vees or eyebrow 
terraces are used in many regions for establishing trees 
and shrubs on land which cannot be used for more 
conventional types of water harvesting. Vees are ar
ranged in a cascading formation injuxtaposition of each 
other to permit excess runoff to flow from one vee to 
another (Shafiq et al.. 1986). Vees are suitable for steep 
or sloping soils which can be compacted for rainfall 
collection in the upper portion of the vee. The catchment 
area of the vee is determined by the amount of annual 
rainfall and the water requirement of a particular crop. 
e.g., for an average annual rainfall of 140 mm, a vee of 
4:1 would be required for mature olives or figs and the 
dripline area must be considered. The ridge height of the 
vee in desert areas should be at least 30 cm with the ridge 
compacted and covered with stones or gravel to protect 
the ridge from wind erosion. 

Water capture schemes can be used for groundwa
ter recharge. Groundwater is water that has percolated 
down through the soil and collected in sponge-like layers 
of rock, sand, and gravel. These saturated formations, 
called aquifers, are sometimes a few meters below the 
soil surface, sometimes a kilometer deep. The volume of 
groundwater stored in an aquifer and the amount which 
can be extracted from it depends evi the material ofwhich 
the aquifer is composed and other factors. 

A declining water table can occur with low rainfall 
and, therefore, less than normal groundwater recharge. 
As new wells are begun in a particular area, some 
farmers suffer an increase in depth to the water table 
with a consequent increased cost of pumping. Water 
harvesting can be used to entrap storm water runoff 
from surrounding hills, wadis, and streams to provide 
sources for groundwater through recharge wells. Runoff 
stored as groundwater can be pumped later for supple
mental irrigation of crop production. 

Materials and labor are of primary concern when 
selecting a water harvesting technique. The economic 
factors of alternative water sources or materials to be 
used for catchment and storage must be considered in 
determining the costs of construction and maintenance. 
Not all catchment basin designs require the same labor 
skills or type of maintenance (Frasier, 1975). Mainte
nance on small scale rainfall capture schemes can 
require 1 to 2 man days about four times per year. The 
storage facility and conveyance device must be included 
in any maintenance program. For compacted soil treat
ments on catchment basins, weed growth should be 
eliminated and soil erosion prevented. Some materials 
and installation techniques have high capital costs and 
require skilled labor especially for the impermeable 
catchment basin or storage facility. For many installa
tion designs, there are several combinations of catch
ment and storage sizes which provide the required 
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quantity ofwater without high capital costs, but they are 
labor intensive, 

Farmer acceptance ofwater harvesting Is an impor-
tant factor in the success of any technology transfer. 
Under comparable conditions, farming with water har-
vesting always requires more physical effort than rainfed 
farming. If the design presents the faimer with too great 
a burden and too little profit, it will likely fail. In areas 
where water harvesting is not fully understood or ac
cepted because ofsoclo-economic factors, system design 
is extremely critical and immediate success is manda-
tory. The scheme must be designed to conform with the 
local labor supply and implemented with materials 
which have a minimum maintenance requirement and 
maximum effectiveness. The selected design must sup-
port a positive economic alternative to existing condi-
tions if farmer acceptance can be expected. 

Swnmary and Conclusions 

The use of water capture schemes can alleviate 
climatic risk by increasing choices for soil and crop 
management which can stabilize crop water require-
ments and, therefore, yields. The simulation model 
CARE uses climatic data and information on soils and 
crop physiological characteristics to provide a method to 

estimate runoff and evaluate catchment basin design. 
With water capture schemes, rainfall runoff can be 

used directly on cultivated fields, retained in soil, or used 
with supplemental irrigation when stored in excavated 
ponds, check dams, or recharged aquifers. Calculation 
of statistical parameters and probability analysis on the 
10- and 25-year recurrence rainfall can provide design 

criteria for constructing and optimizing the catchment 
basin, conveyance device, storage facility, and cultivated 
field. 

Farmer acceptance of these techniques and per
formance of water capture schemes depend upon the 
effectiveness of the catchment basin, cultivated soil, 
selected crop, climatic factors, and labor and material 
costs. 
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Background 

The primary environmental factor limiting dryland 

crop production in Botswana is low and erratic rainfall. 
effects on Botswana's agriculture were summa-

Climatic 
rized best by Pike (1971), ".. the general pattern of 

rainfall is unreliable with a coefficient of variation of 
annual means between 20 - 80% and the often delayed 
onset of the rains, the high frequency of prolonged dry 
spells during critical growth periods and extreme local
ization of storms all combined in their various ways to 
make dryland agriculture and range management a 
hazardous undertaking." 

Average annual rainfall varies from 250 mm in the 
southwest to over 650 mm in the northeast (9halotra, 
1987). In the main crop production region along the 
eastern border, mean annual rainfall is 550 mm with a 
coefficient ofvariation (C. V.) of 45%. The C. V. for rainfall 
in December, January, February, March, and April, the 
cropping season, are 64, 63, 78, 77, and 114%, respec-
tively. Rainfall primarily comes from convective systems 
which can produce localized storms of high intensity, 
Rainfall events greater than 20 mm contributed 50 to 
55% of the seasonal rainfall, yet represented 10 to 12% 
of the total events (Bhalotra, 1987). 

Sorghum (Sorghum sp.). Botswana's primary cereal 
crop. was planted on more than 150,000 ha last year 
(1987). National average grain sorghum yields are re-
ported to be 0.25 Mg/ha. although yields of over 5 Mg/ 
ha have been recorded. Consistently low yields discour-
age farmers from investing in their arable enterprise and 
preclude adoption of technological innovation. With 
approximately 85%of the population involved in agricul-
ture, the government stressed the importane of arable 
agriculture in its National Development Plan VI, 1985-
91 (Minlstrj of Finance, Government of Botswana). It 
identified as priorities self-sufficiency in cereal grains 
and the promotion of the arable sector as a source of em-
ployment for Botswana's rapidly expanding labor force. 

To meet this challenge, technologies are needed to 
reduce the effects of low and erratic rainfall and to break 
the link between low yield and low investment. One 
technology being studied is water harvesting (WH). The 
Department of Agricultural Research, the International 
Sorghum and Millet Collaborative Research Support 
Program (INTSORMIL), the United States Agency for 

International Development (USAID) sponsored Agricul
tural Technology Improvement Project (ATIP), and the 
regional Land and Water Management Project under theSouthern African Development Coordinatng Committee 

WH mreseSADCC) Areccurently pcollab or inn 

Waterharvesting Evaluations 

in Botswana 

Research was based on the assumption that grain 
yields could be stabilized if the root zone was at its 
available water holding capacity before planting. For 
example, with 150 mm of available water, sorghum 
could develop through the vegetative period. After this 
stage, incident rainfall plus harvested runoff would 
determine grain yield. Chances are about 80% ofgetting 
runoff during the grain fill period. 

The research objectives were to: 1) evaluate the 
influence of WH on sorghum grain yield potential and 
yield stability. 2) compare different WH systems, and 3) 
evaluate the management implications of WH within the 
traditional farming system. 

WH was divided into two categories: a) microcatch
ment systems that concentrate local on-field runoff by 
means of contour terraces or contour plowed strips, and 
b) macrocatchment systems that utilize runoff water 
from a catchment outside the farmer' s field. Microcatch
ment systems tested were: a) contour band plowing 
(CBP), alternating contour plowed and unplowed strips 
2 m wide: b) deep ripping and surface molding (DR/SM), 
50-cm deep ripping on 150-cm centers with the surface 
shaped to shed water towards the rip line, c) bench 
terraces 3 m wide sloped at 5% with sorghum planted at 
the base of the slope; d) ridges 30 to 40 cm high and 1.5 
m wide with the planting area between the idges; and e) 
band plowing with ridge, same as CBP, but with a 30-cm 
high ridge on the downhill side of the plowed area. Grain 
yields achieved by all designs were similar, but since c, 
d, and e were tested on a limited basis, only systems a 
and b will be discussed. 

Macrocatchment systems were tested at a Sebele 
site, D. 1, and Mahalapye, A. I and A.2 (Table 1.). The 
designs were based on topographic surveys and imple
mented using tractor-drawn equipment and hand labor. 
Spillways and other water control structures were built 
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Table 1. Soil characteristics at waterharvesting sites in E. Botswana. 

Site Texture Available pH Soil
 
0-40 >50 cm WHC (CaCl) depth Infiltration P
 

cm/cm cm cm/hr mg/kg
 
Macrocatchmentsb
 

A.1-Moganetsi SCL SC 0.14 7.1 >125 15.3 n.a.: 
A.2-Kgope SL SCL 0.10 5.5 >125 5.9 n.a. 
D.I-Matshwani SL SCL 0.12 5.0 >150 7.1 2-3 

Microcatchments
 
A.3-Khumalo SL SL n.a. 4.8 75 n.a. 2
 
A.4-Mmereki SL SC n.a. 5.4 120 n.a. 4-7
 
A.5-Mothomotshwana SL SCL n.a. 4.6 110 n.a. 5-6
 
B.l-Mathanqwane SL SL n.a. n.a. 70 n.a. n.a. 
C.l-Ranontsho SL SCL 0.13 7.5 n.a. n.a. 21-25 
D.2-Nkale LS LS 0.04 4.5 >150 14.3 4-6 
D.3-Sebele-B34 SL SCL 0.10 5.5 90 n.a. n.a. 
D.4-Sebele-Bk9 LS SCL n.a. 5.0 110 n.a. n.a. 

SCL = sandy clay loam, SC = sandy clay. SL = sandy loam. LS = loamy sand. 
bCodes A, B. C, and D represent sites at Mahalapye. Francistown, Kanye. and Sebele, respectively. 

n.a. = not available. 

Table 2. Rainfall and sorghum grain yields in various water-harvesting systems., 

Microcatchments 

Site Year Rainfall Trad CBP DR/SM Macrocatchments 

mm 	 Mg/ha 
A. 1 	 86/87 294 0.63 1.0 
A.2 	 86/87 226 0.47 0.4 
D.1 86/87 330 0.40 failed 1.2 

87/88 597 0.60 1.4 
D.2 	 86/87 320 failed ----------

87/88 n.a. failed----------
A.3 	 85/86 266 0.08 0.02 0.02 

86/87 240 ----------- failed----------
A.4 	 85/86 289 0.16 0.13 0.00 

86/87 240 ----------- failed ----------
A.5 	 85/86 222 0.01 0.01 0.00 

86/87 n.a. -----------. failed-----------
B.1 85/86 358 0.46 0.09 0.09 

86/87 340 0.11 0.16 0.03 
C.1 	 87/88 850 n.a. failed 
D.3 	 85/86 228 0.34 0.27 

86/87 325 0.02 0.06 
D.4 	 85/86 243 0.17 0.44 

86/87 330 0.05 0.15 

, See Table I for site and soil information. 

using stones and sandbags. Runoff water was directed entered the area from a series of shallow erosion chan
onto the cropped area by damming adjacent channels. nels. 
The cropped areas were 0.5 to 1.0 ha and were situated Soil characteristics for all sites are shown in Table 1. 
on land identified by the farmers as having above Data presented in Table 2 are mean grain sorghum 
average yield potential. Site A. I and D. I were located on yields from replicated (n =2 or 4) on-station and on-farm 
middle slopes of a pediplain having a slope of 2 and 1.5%, trials. The sorghum (Sorghumbicolor(L.) Moench] varie
respectively. Major drainage channels were located ties used varied according to farmers' preference; how
immediately adjacent to these sites. Site A.2 had a slope ever, the variety most commonly used was 'Segaolane'. 
of 0.6% and was situated below a hilly area. Runoff 



Discussion of Results 

The grain yield potential using WH techniques 

depends on the type of system. Overall the macrocatch-
ment systems demonstrated higher grain yield poten-
tials than any microcatchment system. The grain yields 

from the microcatchments were similar to traditional 
yields in magnitude and stability. No yield stability 

assessment was made for the macrocatchments due to 

the limited number of sites. 
Weeds were a problem In the microcatchment sys-

tem at all sites. For instance, a single hand-weeding 

required 150 to 250 person hr/ha versus 45 hr/ha for 
traditional systems. This obviously affects the farm 

labor balance and almost certainly requires draft power. 

For these systems. either the entire cropped area must 

be cultivated, or the catchment area must be diligently 
weeded before and after planting. Tractor draft was 
essential for the deep rip system because of the power 

required for ripping. Post-ripping cultivation was re-

quired to prepare a suitable seedbed and for weed 

control. The seedbed preparation was particularly im-

portant since without it, emergence and early vigor were 

poor. Grain yield advantages were detected on loamy 
sands but not on the sandy loams. In its present 
configuration, this system is most appropriate for trac-
tor draft farmers. 

Anaerobic soil was a problem in both the micro- and 
macrocatchment systems and was usually related to the 

micro-relief. In the low areas, post-establishment flood-

ing resulted in stunted, yellow plants which never fully 

recovered. Infiltration rates of 7 to 15 cm/hr resulted in 
standing water for no longer than 24 hours. This length 
normally should not be detrimental to sorghum. There-
fore, while anaeroblosis was suspected, other factors, 
like low nitrogen, could be involved. 

The problems associated with the macrocatchment 
systems were related to system design, and runoff 
volume and velocity. Contour ridges were breached at all 
sites in all seasons. Reasons for this included: a) ridges 
that were too low or misaligned. b) inadequate discharge 
volume on spillways, and c) major runoff from sources 
outside the primary catchment. Of these, the last was of 
paramount importance since it tended to concentrate 
amounts ofwater far beyond what was expected from the 
primary catchment. 

In terms of macrocatchment design criteria, two 
conclusions seem obvious. First, all possible sources of 
runoff must be identified and appropriate diversionary 
structures must be built to protect the cropped area. 
Second, water must be concentrated into by-pass chan-
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nels to control the quantity of water entering the cropped 
area. Wide channels are preferable to narrow channels 

to reduce the velocity of the water. Also, channelization 

permits management of several cropped areas inde
pendently by directing flow into subsidiary channels 

which serve separate areas. Management of this partlcu
lar design requires a full-time resident farmer, a limita
tion under Botswana' s semi-permanent farming sys
tem. 

The effects of various soil characteristics on yield in 

the microcatchment systems were not readily apparent. 

Results from site D.2, which failed in both 1986/87 and 

1987/88, suggested that the combination of low WHC, 
low pH, low P. and a high infiltration rate are not 

compatible with WH. Two observations from data in 

Table 1which relate indirectly to WH were soil depth and 

fertility. Soil depth was generally greater at sites identi

lied by farmers as having above average yield potential. 
This suggests that yield stability is related to soil depth. 

Low P levels at many sites support results from prelimi

nary fertilizer studies which showed that yield potentials 

under WH were limited by the soil's low nutrient status, 
especially phosphorus and nitrogen. 

WH has demonstrated a potential to improve grain 
yields under Botswana' s conditions. However, adaptive 
research must continue to identify appropriate designs 
and agronomic practices. Future WH research will ex
amine modified vei sions of these microcatchment sys

tems and explore design criteria for the macrocatchment 
systems. Yield response to fertilizers and soil amend

ments will be studied for both catchment systems. 
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Introduction 

Over the past 20 years, millet (Pennisetumsp.) and 
sorghum (Sorghumsp.) production has decreased in the 
Sahel (Little et al., 1987) resulting in massive famines 
and population migration. The primary causes of crop 
failure are sandy infertile soils and insufficient and 
irregularly distributed rainfall. Unless management 
practices are developed to make more efficient use of 
rainfall, the increasing food requirements of this region 
can no longer be met on a sustained basis, 

Contour Strip Rainfall Harvesting (CSRH) is a poten-
tial management technique to conserve and make more 
efficient use of rainfall. The objectives of this study were 
to determine (1) whether CSRH has potential to increase 
millet and grain sorghum production and (2) the effect of 
fertilization and plant density on CSRH. 

Materials and Methods 

The experiment was conducted in Niger (WestAfrica) 
at Kala Pate, N'Dounga, and Chikal (Payne. 1987), which 
received 464, 354, and 218 mm of rainfall and had soil 
pH values of 4.5. 6.3, and 5.7, respectively. 

The CSRH technique consisted of a series of parallel 
and alternating runoff areas covered with polyethylene 
sheets and cultivated strips. Runoff areas and cultivated 
strips were 100 cm wide on millet plots and 80 cm wide 

on sorghum plots. 

Pearl millet (PennisetuntamericanumL. K. Schum) 
and grain sorghum (Sorghumbicolor (L.) Moench) were 
cultivated under identical environmental conditions. 
Factors in the split plot experimental design included 
two levels of water management (CSRH and traditional), 
two levels of fertilization (none and 22.2 kg P205/ha 
before planting plus 45 kg N/ha in split applications) 
and plant densities of 10,000 and 15.000 seed hills/ha 
for millet and 11,000 and 16,000 seed hills/ha for sor
ghum. Cultural practices and harvesting were done 
manually as on local farms. 

Soil water was determined gravimetrically. Root 
distribution was measured in situ after harvest using 
the trench method (Bohm, 1979). The face of a trench 
(100 cm wide x 250 cm deep) was divided into grids of 10 
by 10 cm and washed to expose the root ends which were 
later counted. 

Results and Discussion 

The effects of the different factors on millet grain 
yield are given in Table 1.At all sites, CSRH and fertilizer 
significantly increased grain yields, but plant density 
had no effect on millet yield. Figures 1, 2, and 3 show that 
the interactions between CSRH and fertilizer resulted in 
significant increases in millet yields at all locations. 

Sorghum grain yield response patterns were similar 

Table 1. Millet grain yield as affected by rainfall management, fertility, and plant density at the three locations. 

Site 
Treatment Kala Pate N'Dounga Chikal 

kg/ha 
Rain management: Traditional 464 al 923 a 401 a 

CSRH 1019 b 1667 b 644 b 

Fertilization: 	 No fert. 641 a 1135 a 476 a 
Fertilization 841 b 1455 b 569 b 

Plant density: 	 Low 786 a 1216 a 518 a 
High 697 a 1374 a 527 a 

Mean 	 792 1280 523
 

Means within location and treatment followed different letters are significantly different (P < 0.05). 
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Table 2. Grain sorghum grain yield as affected by rainfall management, fertility, and plant density at the three locations. 

Site 
Treatment Kala Pate N'Dounga Chikal 

kg/ha 
Rain management: Traditional 321 a' 1140 a 288 a 

CSRH 501 a 1814b 312b 

Fertilization: No fert. 274 a 1204 a 255 a 
Fertilization 547 b 1751 b 345 b 

Plant density: Low 334 a 1035 a 257 a 

High 486 a 1920 b 346 b 

Mean 411 1477 300 

"Means within location and treatment followed by different letters are significantly different (P < 0.05). 

7x 600. 

400 


-E ..... 
0 

0 0 

Traditional CSRH 

Figure 1. Millet grain yield as affected by the 
interaction between rainfall management and 
fertilization at Kala Pate. Bars within water 
management treatment capped by different letters 
are significantly different (P< 0.05) 
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Figure 2. Millet grain yield as affected by the 
interaction between rainfall management and 
fertilization at N'Dounga. Bars within water 
management treatment capped by different letters 
are significantly different (P< 0.05). 

to those of millet (Table 2). However, unlike millet, plant 
density had a significant effect on sorghum grain yield at 
N'Dounga and Chikal. Grain yield increased from 1035 
to 1920 kg/ha at N'Dounga. and from 257 to 346 kg/ha 
at Chikal with the higher plant density. The largest yield 
increases were due to fertilization and rainfall manage-
ment. 
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Figure 3. Millet grain yield as affected by the in
teraction between rainfall management and fertill
zation at Chikal. Bars within water management 
treatment capped by different letters are signifi
cantly different (P< 0.05). 
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Figure 4. Wetting front of the different water man
agement systems at N'Dounga. Time axis is di
vided into pentades (Periods of 10 days) starting 
the first day of June. 

The mean sorghum grain yield was higher than 
millet at N'Dounga (1477 versus 1280 kg/ha). This 
indicates that under more favorable soil and rainfall 
conditions, sorghum has a higher grain production 
potential than millet. At other locations, millet yielded 
more than sorghum, indicating that millet is better 
adapted under low soil pH (Kala Pate) or low rainfall 
conditions (Chikal). 
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Figure 5. Root distribution of millet at the end of 
the growing season as affected by water 
management treatments. Number capping each 
bar represents the total number of root ends 
observed in the corresponding soil layer. 

The wetting front was always deeper in the soil 
profile (Fig. 4)with CSRI-1. It reached 250 cm at the end 
ofJulv ,ith CSRH and. in traditional management, it did 
not reach that level until the end of August. Tihe root data 
supported the wetting front data (Fig. 5). Without CSRH, 
mLximum and effective rooting depth were 200 and 1 10 
cr: with CSRI-. these depths were 300 and 220 (in. 

respectively. Soil water content was always higher with 
CSRH (Fig. 6). CSRH provided 4 1%more total water 'and 
64% more available water than the traditional method. 
This is comparable to the 50% increase obtained by 

Dunham (1983) using a technique of soil hill-in-furrow 
and black polyethylene sheets. 

Summary and Conclusions 

soil water storage. Abou~t 41% more water was harvested 
by CSRII as compared to the traditional method. Millet 
grainyield increased 119% at Kala Pate. 8 I%at N'Dounga, 
and 61% at Chikal. Sorghum grain yield was increased 
56, 59. and 19%. respectively. Fertilization significantly 
increased grain yield at all sites. Positive interactions 
between fertilization and CSRII indicated that a high 
level of either facto: in the absence of the water was 
ineffective. The CSR1i technique offers promise for more 
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Figure 6. Soil moisture content at Kala Pate under 
the water management treatmcnts. Time axis 
represents pentades (periods of 10 days) starting 
the first day of June. 

efficient use of the limited rainfall received in the Sahel, 
especially when used in conjunction with N and P 
fertilizers where soil chemical problems are not severe. 
Research is needed on materials that can be used to 
adapt this technique economically and socially to in
crease food production in the Sahel. 
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History of Rainfall Collection 

Rainfall collection for agricultural purposes is an 
ancient art in use since the first half of the Bronze Age, 

about 4,000 years ago. The Nabateans in the Negev 
Desert were able to produce sufficient food for them
selves and for the caravans that crossed the desert. They 
built "wadi" terraces in small riverbeds to collect runoff 
from hills where precipitation was as little as 100 mm. 
Runoff was also directed towards lower areas to irrigate 
established crops. 

Evidence shows that rain has been collected in 
various Mediterranean countries, as well as in some 
American and Asian countries for agricultural, live-
stock, and human purposes. Technologies have been 
developed empirically rather than scientifically (Anaya, 
1981). 

Microcatchment is a generic term for rainfall collec-
tion structures or microbasins which increase water 
availability to crops and reduce the risk of drought. They 
also increase unitary yields and the income of farmers. 

Land Availability 

There are about 1.4 billion ha of arable land in the 
world, 21 million of which deteriorate each year. Since 
the surface layer is the most fertile, soil erosion drasti-
cally and continuously reduces the amount of arable 
land. In addition, 3 million ha of non-arable soil are lost 
to erosion every year (Anaya, 1981). 

The world's population increases by 80 million per 
year, so there is a constant challenge to raise unitary 
yields of basic grains to satisfy the growing demand for 
food products. 

Estimates place the world population at 6.35 billion 
people by the year 2000, with a total cultivated area of 2 
billion ha under rainfed conditions and 302 million ha 
under irrigation (Anaya, 1981) 

Mexico currently farms 22 million ha of its land, 75% 
under rainfed conditions. This is a potentially dangerous 
situation since, given the projected population of 110 
million by the year 2000 and an upper limit on farmable 
land of about 25 million ha, the country will have an 
average of only 0.23 ha per capita at its disposal. If 
adequate measures are not taken, famine will surely 
result. 

In 1980, consumption of corn (Zea mays L.), beans 

(Phaseolussp.), and rice (OryzasativaL.) was 238, 20, 
and 6.0 kg per person, respectively. In 1986, it was 168, 

16, and 5 kg per person. a reduction of 29, 20, and 20% 
respectively. 

Drought in Mexico 

Droughts are unavoidable, provoke natural 0Isas
ters, reduce yields of agricu!tural crops, and affect 
human cultural patterns. Unfortunately, studies of cli
matic change do not provide an adequate understanding 
of cycles of recurring droughts. 

In Mexico during the pedlod from 1521 to 1910, 127 
droughts took place. The strongesi was in 1901 when 
drought lasted 3 years and affected the central part of 
the country. In 1923, 1925, and 1927, severe droughts 
occurred. In 1982, due to a severe dry condition, Mexico 
had to import 7 million Mg of basic grains. 

The Mexican Government Goals 

The Mexican government has estab'iished the follow

ing policy: l) to produce enough food and fiber to meet 
the needs of a growing population, 2) to raise crops that 
can be exported, and 3) to increase the income and 
general welfare of the rural people. The 20 years from 
1950 to 1970 were the boom years in Mexico for food 
production. However, in 1987, 7 million tons of basic 
grains were imported. 

Research on Rainfall Collection and 

Soil 'WaterConservation 

Rainfall collection and soil water conservation tech
niques represent the basic infrastructure for permanent 
production systems under rainfed agricultural condi
tions. They increase water availability for plants and 
reduce th- drought effects. In situ rainfall collection 
means the collection, transport, and storage of precipi
tation runoff in the root zone. Collection should be 
related to social, economic, and ecological conditions. 
Some important variables are a) rainfall: amount, inten
sity, distribution, and frequency for at least 10 years; 
b) water use, seeding date, plant geometry and plant 
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density; c) soil: depth, water storing capacity, runoff 
coefficient; d) tillage and mulching systems: and e) 
microcatchment sizes (Anaya, 1977; Lal. 1975; National 
Academy of Sciences, 1974: Tovar, 1978: Antezana, 
1978). 

Research in the Graduate College 

Since 1972, the College of Postgraduates has been 
developing research projects in areas whose average 
precipitation of 450 mm does not satisfy the water needs 
of crops. The college has emphasized production of basic 
grains, especially corn and beans (Anaya, 1981). 

After 9 years, researchers from the college con-
cluded that in areas of low rainfall and shallow soils, the 
risk of loss due to drought is reduced by using micro-
basins to collect rain for corn production. In support of 
this conclusion, they have proposed that an equation 
developed by Anava et al. (1977) become the basis of 
regional farming technology. The equation, used to 
calculate the opti mum size of microbasins, is applied 
here to rows of plants, or plants cultivated in furrows. 
Modified furrows are constructed with plows adapted for 
such use. The equation is: 

D = Dr + (C-P) D 
KP 

D = 	Microbasin area (viewed as a unit cross-sectional 
area) equals the distance between rows, in cm, for 
crops like corn and soybeans: or the width between 
planting areas (strips), in m, for field crops like 
barleys, grasses, and wheats; or the surface area of 
tree wells, in m2 , for such trees as fruit trees; 

Dr = Root area (viewed as a unit cross-sectional area) 
correponds to the diameter in cm of the planting 
zone for row crops; or the width in m between strips 
for field crops: or to the land area in m2 that tree 
roots occupy. Maximum vegetative development for 
the plants should be considered; 

K = 	Soil runoff coefficient: 
C = 	 Consumptive use (in mm): andP = 	 Precipitation based on a 50% probability during the 

vegetative cycle (in mm). 

Designing Agricultural Implements 

A low-cost implement was designed to construct 
microbasins for rainfall collection. An extension was 
added to the moldboard sG that appropriate inclinations 
and shapes of furrows can be made. The plow can be 
pulled by animals or tractors. 

The modified plow was used in 1979 to produce feed 
corn commercially on a 5-ha experimental plot in Ti-
zayuca, Hidalgo. The corn was planted in modified 
furrows where distances between rows were 80 cm, 120 
cm, and 160 cm. These modified furrows were compared 
with the 80 cm normal furrow (the control furrow). Itwas 
found that the 80 cm modified furrow yielded 22% more 

than the control furrow: the 120-cm modified furrows, 
60% more than the control furrow; and the 160-cm 
modified furrows, 35% more than the control furrow. 

Research to Date 

First research efforts used a runoff area-to-root area 
ratio to determine the optimum size microcatchments 
(Anaya and Tovar. 1975; Cohen et al., 1967; Evenari et 
al., 1971: Martinez and Cepeda, 1970: Zingg. 1966). 
During the second stage, researchers proposed mathe
matical and statistical models based on precipitation 
characteristics, crop conditions, and soil physical prop
erties for rainfall collection and soil water conservation 
(Antezaza, 1978; Ballivian, 1979: Campos. 1982; Car
ranza 1973: Duarte et al., 1986: Nunez, 1982; Ortiz, 
1975; Ponce, 1987: Terrazas, 1977). 

The third stage of the research is related to the 
design of microcatchments as a function of predicted 
rainfall levels. In addition, field studies should consider 
crop type ranging from those adapted to drought to those 
requiring adequate water (Martinez et al., 1987). 

In Sandovales, Aguascalientes, four probability lev
els of rainfall (10, 45, 55, and 90%) were considekred to 
design the microcatchment lengths which were as fol
lows: 0.68, 1.10, 1.57, and 2.09 m: six areas per plant 
were ,tudied (0.17, 0.21, 0.24, 0.27, 0.30 and 0.34 M 2 

). 

The design of treatments was a partial factorial with 12 
treatments. Rainfall during the vegetative cycle was 374 
mm. Results indicated that larger areas per plant pro
duced greater soil water availability and better yields of 
corn. The best cost-benefit ratio was obtained with a 
microcatchment size of 2.09 m and 0.34 m2 per plant. 

Research on rainfall collection and utilization repre
sents an important solution to increase yields and 
prevent famine in the world. 

Basic Infrastructure for
 
Rainfed Agriculture
 

Rainfed areas with sloping terrain require four basic 
steps to establish permanent production systems; first,control erosion; second, maximize rainfall utilization; 
third, improve soil fertility: and fourth, select the crop 
best adapted to the circumstances. 

Rainfall utilization is an important way to fight 
desertification. Large scale application of available tech
niques is required to achieve optimum water use. 

Recommendations 

Establish pilot projects by constdcring diverse so
cial, economic, and ecological conditions, and develop
ing and demonstrating rain-collection technologies and 
soil water conservation practices that can serve as 
models for farmers of similar areas. 

Exchange ideas and experiences with scientists, 
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Introduction 

The Trans-Pecos and South Plains regions of Texas 
receive mean annual precipitation of 220 and 470 mm 
per year, respectively (Texas Water Development Board, 
1968). Irrigation is required for crop growth in thelrans-
Pecos. Irrigation systems were developed on the South 
Plains during the 1940's to increase and stabilize crop 
yields (Beaumont, 1985). Since irrigation costs are in-
creasing due to reduced pumping efficiency, decreased 
water supplies, and increased fuel costs (Jones et al., 
1985), farmers are using better water conservation 
methods. 

Maintaining infiltration will decrease losses of rain 
and/or irrigation water to evaporation and runoff. Infli-
tration may be limited by surface "seals" forming as a 
result of raindrop impact (Rbmkens et al.. 1986) and 
ionic dispersion (Agassi et al.. 1985). In preliminary 
infiltration tests, water quality (ion concentration) was 
observed to affect infiltration amount (IA)in Texas soils 
(P.W. Unger, pers. comm., Bushland, TX.). Data from 
cther studies show that increasing electrolyte concen-
tration (EC) and/or reducing exchangeable sodium 
percentage (ESP)increases saturated hydraulic conduc-
tivity (K.) (Shainberg et al., 1981) and infiltration rate (IR) 
of simulated rainfall into laboratory columns (Agassi et 
al., 1981). 

It is hypothesized that reductions of Kdue to water 
EC will cause proportional reductions in IAand IR. Data 
comparing the influence of water EC on IAdirectly to K., 

for Texas soils are not available. The objective of this 
study was to determine the effect of different water 

qualities on K., IR, and IA for two soils. 

Methods and Materials 

Water quality effects on K,, IR. and IA were deter
mined on anAcuffsoil (fine-loamy, mixed, thermicAridic 
Paleustoll) from Lubbock, Texas (33042'N, 101 047W) 
and a Hoban soil (fine-loamy, gypsic, thermic Typic Gyp
siorthid) from Pecos, Texas (31020'N, 103030"W). Soil 
texture was determined according to Day (1965) and 
selected chemical properties were measured using the 
methods of Bower and Wilcox (1965). The Acuff soil has 
a lower EC and fewer sodium ions than the Hoban soil 
(Table 1) due to leaching by more frequent rainfall and 
the use of higher quality irrigation water (Texas Water 
Development Board, 1968). 

The K, was determined by the constant head method 
(Klute, 1965) using the same water used in the infiltra
tion measurements, either well or rain water. Reverse 
osmosis (RO) or deionized (DI) waters which resembled 
the EC of rainwater were used in lieu of rainwater in the 
Pecos field and Lubbock lab experiments. Selected chemi
cal properties of the well, rain, DI, and RO water are 
reported in Table 2. At Lubbock, rain water from fre
quent spring rains was devoid of sodium while the DI 
water had a small amount of sodium causing a greater 
sodium saturation percent (SSP). RO water used at 

TabA 1. Selected chemical and physical properties of the soils used in this study. 

Location Chemical, Texture 
and soil pH EC Sodium SAR ESP Sand Silt Clay 

meq/i mol/l g/kg 
Lubbock:
 

Acuff 8.7 10.01 0.78 0.38 7 430 270 300 

Pecos:
 

Hoban 8.2 34.70 19.73 6.00 7 140 540 320 

EC = electrolyte concentration, SAR = sodium absorption ratio, ESP = exchangeable sodium percent. 
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Table 2. Selected chemical properties of the different waters used in this study including electrolyte concentration (EC). sodium 
absorption ratio (SAR}, and sodium saturation percent (SSP). 

Water source, pH EC Sodium conc. SAR SSP 

meq/l mol/l 
Lubbock 

Well 8.1 20.34 1.45 0.49 7 
Purified Dl 7.9 0.09 0.09 100 
Natural rain 7.8 0.58 0.00 0.00 0 

Pecos 
Well 7.7 57.27 17.17 3.97 31 
Purified RO 7.9 2.95 0.47 0.50 20 

* DI = delonized, RO = reverse osmosis. 

Table 3. Infiltration rate and amount after one hour of simulated rain and saturated hydraulic conductivity at low EC (L-EC) and 
well water. 

Infiltration 
Amount Rate Hydraulic conductivity 

Soil L-EC Well LSD, PWWb L-EC Well LSD PWW L-EC Well LSD PWW 

mm % mm/hr % mm/hr % 
Acuff 

Lab 27.6 40.3 1.3 68 13.9 19.5 2.3 71 54.3 81.4 8.2 68 
Field 49.6 63.9 4.0 78 29.1 45.1 6.3 65 .. .. .. .. 

Hoban 
Field 12.9 28.5 2.7 45 2.9 13.2 3.4 22 0.07 0.57 0.06 12 

,LSD = Least significant difference, P =0.05.
bpWW (percent of well water) = (Io,:. EC water data / well water data) x 100. 

Pecos was low in EC but the sodium absorption ratio 
(SAR), and SSPwere similar to the well water at Lubbock. 
Well water at Lubbock had few electrolytes and little 
sodium, resulting In a small SAR and SSP. Well water at 
Pecos had a much higher EC but not enough sodium to 
have a SAR that might limit irrigation. 

Infiltration into the Acuff soil was measured using 
both laboratory and field methods. On-ly field methods 
were used to measure Infiltration into the Hoban soil. In 
the laboratory experiment, the air dried (water content = 
0.03m 3/m 3)Acuff soil was sieved to pass a 2 mm screen 
and packed into 0.5-m long x 0.3-m wide x 0.15-m deep 
columns to a density of approximately 1 Mg/m 3. Soil 
columns were placed on a turntable beneath the rainfall 
simulator. In the field, both soils were tilled with mold-
board and disk plows to a depth of 0.2 m leaving a 
roughened surface. Mean field soil water content meas-
ured to a depth of 0.25 m in 0.05-m Increments was 0.03 
and 0.11 m 3/m 3at Pecos and Lubbock. The experiments 
were conducted within a frame 1 m wide by 1.2 m long 
by 0.2 m high under a rotating disk rainfall simulator 
(Morin et al., 1967). Simulated rainfall was applied for a 
period of 60 minutes to each test area at an intensity of 
approximately 80 mm/hr at Lubbock in field experi-
ments and 50 mm/hr in the Lubbock laboratory and 
Pecos field experiments. The amount of runoff and 
elapsed time of the rainstorm were measured during all 
experiments. Infiltration amount and rate was the differ-

ence between applied rainfall and measured runoff. The 
data were analyzed using a randomized complete block 
design with three replicates ofthe two water treatments. 

Reslut= and Discussion 

The IA, IR, and K, were significantly greater in both 
the Acuff and Hoban soils using the well water from 
Lubbock and Pecos than when using rain or low EC 
water (Table 3). Similar EC effects on rain infiltration 
were shown indirectly as a function of electrical conduc
tivity by Agassi et al. (1981). IA and IR Into the Acuff soil 
were reduced to a similar degree with the low EC water 
in both lab and field experiments regardless of the high 
SSP of water used in the lab. Low EC and high SARs or 
SSPs of infiltrating water will cause dispersion of the soil 
thus decreasing K,, IR, and IA (Shainberg et al., 1981). 
These data suggest that the low EC of rain and DI water 
reduces infiltration. The values of IAand IR for the Acuff 
loam in the lab were different from those measured in the 
field because ofhigher rainstorm intensity and probable 
differences in surface conditions. 

IA, IR, and K of the Acuff and Hoban soils differed 
due to physical and chemical properties of the soils 
including texture and EC, and experimental conditions 
such as the rain intensity. No direct comparison between 
soils of water quality effects on water movement was 
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made due to these differences. However, IA, IR, and K. 
can be compared for these soils by reporting treatment 
responses as a percentage of the well water effect, PWW, 
(P/W x 100). In the Acuff soil the PWW of IA, IR, and Ks 
was 68, 7 1, and 68% In the lab test and 78 and 65% for 
IA and IR In the field test (Table 3). These data show a 
consistent reduction in the IA, IR, and K, when compar-
ing the use of low EC water to well water in both lab and 
field experiments. Changes in the infiltration of water 
with low EC into the Acuff soil mzy be qualitatively 
estimated from corresponding Ks data. 

The PWW of LA. IR. and K.for the more saline Hoban 

silty clay were 45. 22, and 12%. These values were much 
smaller than the Acuff soil because the higher EC of the 
Hoban soil causes greater response to the lower EC ofthe 
RO water. As noted by Bolt (1978), interactions between 
the soil and water having a low EC (during the rainy 
season) will depress hydraulic conductivity because of 
the charge effects of the expansion of clay to greater 
distances into the soil solution Comparisons between 
the PWW percentages of the IA, IR. and K, from the 

a 	 wPhysical
Hoban soil were not consistent. Therefore, observations 
of K3 do not appear to be easily related to infiltration of 
low EC water. 

The absence of electrolytes (within the EC ranges 
tested) in infiltrating water significantly decreases infil-
tration of rain and K,,. In the Acuff soil, the reduction of 
infiltration with low EC compared to well water was 
related qualitatively to the reduction ofK.. The reduction 
of infiltration of rain simulated with low EC water into 
the more saline Hoban soil was less than the corre-
sponding reduction in K, using low EC water. The 

reduction in infiltration of simulated rain into the Acuff 
or Hoban soils was equal to or less than the reduction of 
Ks . 

Conclusions 

Water with low EC reduces IA,IR, and K.more than 
water with higher EC (within the ranges tested). High 
quality water with low EC reduced the K.of the Acuff by 
an equal percentage as the IA and IR. EC effects on 
infiltration of rain Into more saline soils such as the 
Hoban may not be predicted from the changes of K,. 
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General Conception 

Most of the rain in semiarid zones falls at high 

intensities, ausing runoff and erosion. Thus, a signifi-
cant portion of an already insufficient amount of water 
does not percolate into the soil, even though the water 
content of the soil is far from saturation. It is not 
generally realized that the runoff from an arable field can 
reach 30 to 50% of a single rainstorm. The development 
of soil and water conservation technologies will enable 
farmers to utilize increased amounts of rainwater. 

Water losses by runoff occur wherever the rainfall 
intensity exceeds the infiltration capacity of the soil. 
provided there is no physical obstruction to surface flow. 
In many cases, limited soil infiltrability is caused by 
surface crusting rather than by deeper profile proper
ties. 

The amount of runoff from cultivated bare soils can 
be calculated from infiltration rates expressed mathe-
matically and rain intensity data. Long-term rainfall 
data for a region can be used to calculate the probability 
distribution of runoff amounts. The results of runoff 
predictions serve as a guide for selecting a desired tillage 
system. 

Infiltration Functions 
The soil infiltration rate can be mathematically 

described as a function of the cumulative rainfall and a 
number of soil parameters. Morin and Benyamini (1977) 
described the infiltration rates (i,) of rain into bare soils 
by: 

t= if + (i - if) exp(-ypt) 

Where: i,= Initial infiltration rate of the soil, mm/h: if= 

final (constant) infiltration rate of the soil, mm/h; t = 
time from the beginning of the rain. h: y = soil coefficient 
related to aggregate stability during crust formation 1/ 
mm; and p = rain intensity, mm/h.-

Equation [1) describes the effect of building up a con-
tinuous crust over the surface. The relatively imperme-
able crust Is the main factor controlling the infiltration. 

In order to calculate the infiltration functions for 
different soil crust conditions, field rainfall simulation 
experiments were conducted in which simulated rainfall 
of different intervals was measured.The conditions stud-
ied were: 

a) Initially dry uncrusteo soil (first rain on dry seedbed). 

b) Initially dry crusted soil (second rain after 7 days), 
and 

c) Initially wet crusted soil (second rain after I day). 

Figure 1 (aub.c) presents the infiltration rate as a func
tion of the cumulative rainfforaalcicLuvisol(oess)soil 
as measured in the field by a rainfall simulator. 
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Figure 1. Infiltration rate as a function of 
cumulative rainfall for different rain storm cycle. 
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Calculation of Surface Runoff 

Surface runoff predictions were calculated by com-

bining the appropriate infiltration equation with rainfall 
data taken from recording rain gauge charts. The inte-
gral of Eq. I I J which describes the infiltration rates, gives 
the total amount ofrainfall that can infiltrate into the soil 
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Figure 2. RainfaFFinfiltration and runoff rates for 
the 26/01/84 rain storm in Shoresh. 
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during a given time. In the same way. the amount of 
infiltration during any time segment of a storm is given 
by: 

F(dt)i = ifdti + (ii - in!--p1 [exp(-yDi) - exp(- yDi- 1)] 12] 

where: F(dt)i potential infiltration (mm) of any time 
segment (dt)i(h) with the rain intensity pi (mm/h-); Di = 

10=LiTX(j=1 to n)plti. the cumulative rainfall up to the time ti 
(mm); other symbols are listed in Eq. (1I]. 

The surface runoff of a storm with varying rainfall 
rates can be calculated by Eq. [31 which is evaluated for 

individual time segment, taking into consideration 
only the excess rainfall rate above the infiltration 

rate, but also whether surface detention and surface 
storage are filled up prior to runoff initiation. Equation 
[3] is: 

Ri=1,1 
n 
(pidti+SDi-I-F(dt)i-SDm) [31 

i=l i=1 

I1 - surface runoff (mm); SD, - surface storage and 
detention (mm)for the time segment dt,: SD1 - maximum 
surface storage and detention (mm): and other symbols 
are noted above. 

Values of SD., are iterated from an initial value of 
zero to any desired predetermined value. The SDmValue 
for a particular soil and tillage condition may be deter
mined empirically using a rainfall simulator. 

For the specific case of the basin tillage (Unger, 
where the surface storage is concentrated in only 

a part of the total surface area, one must modify the term 
Fidt2 in Eq. [31 and define it as F'dt), as follows, when: 

Fdil > p,*dt : F' (dt1 = K*Fdti + p*dt,(1-K) [41 
and when 
F(dtj < pi*dti F di F(d( 15] 
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Figure 3. Predicted and measured runoff in wheat fields on calcic Luvisol soil. 
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Figure 4. Probability of a maximal, monthly storm runoff, for December. Diked fields and common tillage 

(Kefar Menahem). 

where: K is that portion of area occupied by the basins. 
Figure 2 (ab)presents the runoff calculation method. 
The infiltration rate decreases sharply with the increase 
in rainfall intensity. The effect of the surface storage and 
detention (SD,} on the runoff is considerable. In Figure 
2a. the SDm was 0.5 mm and the runoff was 12.0 ram. 
compared to 1.0 mm when SD was 10 mm (Fig. 2 b). 

A comparison between predicted and measured 
runoff for each rainstorm is presented in Figure 3. A 
close correlation between predicted and measured run-
off was found for a variety of soils and soil surface 
conditions. 

Long Period Evaluation 

Ideally, an evaluation of alternative tillage and 
management practices for a region should be based on 
actual long-term observed runoff data. However, In 
many cases, such data are not available, while standard 
meteorological data are much more easily obtained, 
Since, in actual practice, management decisions have to 
be made whether firmly based recommendations have 
been developed, we think that design specifications 
based on historic rainfall records and present soil char-
acteristics, will provide the best recommendation, 

Figure 4 demonstrates the Importance of surface 
storage to control runoff.The runofffor December storms 

from cotton (Gossypium hirsutum L.) or wheat 	(Trticum 
aestiuoin L.) fields on a Vertisol with a normal storage 
capacity of I m. reached 92 mm and 29 mm for 10% 
and 501 probability. respectively. Increasing 	the stor
age to 20 mm ly constructing bed basins eliminates the 
runoff completely for 50 probability, and reduces the 
runoff for 10% probabilitv to 49 amm. Basin tillage with 
ridges reduccs the runoff at 10% probability to only 20 
mam. 

Alternative soil management systems can be evalu
ated prior to execution on the basis of the predicted 
probable runoff values. infiltrability. surface storage, 
and rainfall patterns. thus yielding optimal design speci
fications from limited data. 

Basin Tillage System Studies 

Maximizing infiltration of rainfall in the fields Is the 
most effective way to minimize runoff and erosion. The 
basin tillage system (tied-ridges. (liked furrows) with its 
large surface storage capacity Is a promising means for 
achieving this goal. 

Surface storage capacity and basin construction 
specifications can be calculated according to the pre
dicted runoff for any specific region. Two important rules 
are: 1. the basin should not be isolated from the soil beds 
and a slightly convex bed should always lead the runoff 
to the basin. 2. the dike crest should always be higher 
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Figre 5. Basin tillage systems, B. Ridges for potato or other row crops with the
A. Wide beds for cotton or wheat with the furrow furrow dam cultivation. Storage capacity 60-70 
dam cultivation. Storage capacity 20-30 mm mam. 
(depends on the cultivated depth). 
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Introduction 

Furrow diking is the practice of building small 
temporary dikes across furrows to conserve water for 
crop production. Since they reduce runoff, they may also 
aid in erosion control. The Erosion-Productivity Impact 
Calculator (EPIC) (Williams et al., 1984) furrow diking 
model allows construction of dikes for any ridge spacing 
at any interval down the furrows. Dikes may be con
structed or destroyed mechanically on any day of the 
year. If estimated runoff for a particular event exceeds 
the dike storage volume, overtopping occurs, and all of 
the estimated runoff is lost. If not, all of the rainfall 
infiltrates and is available for plant use. When runoff 
destroys the dikes, the model rebuilds them automati-
cally. Rain storms that do not overtop the dikes cause 
settling and thus, reduced storage volume. 

Model Description 

The dike storage volume is estimated by assuming 
the furrow and the dike are triangular and the dike side 
slopes are 2: 1. Given the dike and ridge heights, the dike 
interval, and the slope down the furrow, the volume can 
be calculated directly. There are two possible dike con-
figurations that require slightly different solutions. 
Normally, the dike interval is relatively short (1.0-3.0 m) 
and the slope along the furrow is relatively flat (< 1.0%). 
When the dike is full, water extends from the top of the 
downslope dike up the furrow to a point above the toe of 
the upslope dike. The volume is calculated using cross
sectional areas at the toes of the two dikes. This ap-
proach computes the volume in three parts (between the 
top and the toe of the downslope dike; between the toes 
of the two dikes; and between the toe and the water line 
on the upslope dike). Beginning at the center line of the 
downslope dike, the volume equations are: 

DV, = 1/2 (H) (D2) (W2 ) [I] 
DV1 = 1/4 (DI - 4H) ((D2)(W2) + (Da)(W 3)) [21 
DVI = 1/4 (XD- DI + 2H)((Da)(W)) (31 

where DV is the dike volume between cross sections in 

In3 , H is the dike height in m, D is the water depth in m, 

W is the water surface width in m, DI is the dike interval 
in m. XD is the distance from the center of the downslope 
dike to the water line on the 	upslope dike in m, and 
subscripts 2 and 3 refer to cross section 2 and 3. Cross 
section 2 Is at the toe of the downslope dike and cross 
section 3 is at the toe of the uprlope dike. Water depth 
Is calculated with the equations: 

D2=H-2(S)H) 	 141 
D3 =H-S(DI-2H) 	 [5] 

where S is the slope in m*m' along the furrow. Water 
surface width is a function of depth and ridge spacing, 
RS,in mm. 

(D 1 
W HRS [6]J 

The distance XD is computed 	with the equations: 

XD=DI-2(H-DZ) 171 
DZ=H-(S)(XD) (81 

where DZ is the water line elevation on the upslope dike. 
The constant 2 in Eq. 7 comes from the assumed 2:1 dike 
sideslopes. Simultaneous solution of Eqs. 7 and 8 yields 

XD = Di/( 1+2S) 	 191 

Substituting D, W, and XD into Eqs. 1, 2, and 3 and 
summing gives: 

DV = 	1/4 (RS/H) (H2(1-2S)2(DI-2H) 
+(H-S(DI-2H) 2 (DI/ 1+2S - 2H)) 1101 

Equation 10 is divided by the total surface area of a 
furrow dike unit to convert volume from M 3 to mm. 

DV = (250/(DI)(H)) (H2(l-2S)2(DI-2H) 
+ (H-S(DI-21-) 2 (DI/1+ 2S - 2H) [11] 

The simpler and more unusual dike configuration Is 

when the upslope water line does not extend to the toe 
of the upslope dike. Only one cross section Is involved 
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and the volume is computed in two parts. Equation I is 

used to calculate the most downslope volume, and the 

upslope volume is calculated with the equation:
 

DV 2 = 1/4 (D) (W2) (H) (1/S - 2) [121 

Adding Eq. 1 and 12, substituting D and W, and convert-

ing from m3 to mm gives: 

DV= 250H2(l-2S)2/((S) (Di)) 1131 

Thus, the average dike volume ofa field is estimated with 

Eq. I or Eq. 13 as dictated by slope and dike height and 

interval. However, no field is exactly uniform in slope; 

dike and ridge heights vary, and furrow and dike side 
slopes may not be triangular. Therefore, the model 


provides a user-controlled dike efficiency factor to allow 

for varying conditions across a field. The dike efficiency 

factor also provides for conservative or optimistic clike 

system design. 

Model Results 

The EPIC furrow diking model results for cotton 
(Gossypium hirsutum L.), grain sorghum [Sorghum bi-
color(L.) Moench], and wheat (Titicumaestivum L.) at 23 
lovations in New Mexico. Texas. Oklahoma, and Louisi
ana are shown in Table I. The locations were selected to 
examine a range ofclimates from sub-humid to arid and 
soils that vary widely in sand, silt, and clay content. This 
paper examines two types of benefits which accrue to 
furrow diking: (1) increased crop yield due to water 

Table 1.Locations where furrow dikes were simulated with EPIC. 

Soil 
MLRA County series 

no. 
42 Eddy, NM Harkey 
42 Reaves. TX Reagan 
77 Roosevelt, NM Amarillo 
77 Hale. TX Pullman 
77 Castro. TX Pullman 
77 Texas. OK Richfield 
78 Kent, TX Miles 
78 Childress. TX Woodward 
78 Dewey. OK St. Paul 
80A Garfield, OK Grant 
80B Stephens. TX Throck 
81 Kimble. TX Nuvalde 
82 Llano, TX Perdemales 
83A Medina. TX Knippa 
83A Medina. TX Uvalde 
83B LaSalle, TX Duvall 
84A Okla. Ok Stephenville 
84B Parker, TX Windthorst 
85 Bosque, TX Denton 
86 Ellis, TX Houston Black 
86 Bell, TX Heldon 
87 Burleson, TX Axtell 
133B DeSota. LA Ruston 

conservation and (2) reduced soil erosion. Both types of 
benefits vary with the type of soil, climate, and crop. 

Yield Increases 
Furrow diking is not likely to result in large yield 

increases every year. Some years have adequate rainfall 

to grow the crops without water conservation and other 
years may be so dry that there is no water to conserve. 
Increased yields in 50% or more of the years simulated 
was considered beneficial. The level of yield increase was 

categorized into two ranges, 1to 20% (slight to moderate) 

and greater than 20% (considerable benefit). 

Soils high in clay tended to have larger yield in

creases with 93% experiencing yield increases in excess 
of 20% in 50% of the years simulated (Table 2). All soils 

experience at least some increase in yield with a fre

quency of 50% or greater. 

Grain sorghum experienced more frequent large 

increases in yield than wheat or cotton. All three crops 
had at least some yield increase with a frequency of 50% 
or greater (Table 2). 

The yield increases were more prevalent in the areas 
of rainfall between 500 and 750 mm with 62% experienc
ing considerable increases (Table2). However, all rainfall 
levels had some benefit. An accompanying paper by 
Krishna and Gerik (1988) also indicates that furrow 
diking is most beneficial in the 500 to 800 mm zone. 

Erosion Decreases 

The impact of furrow diking on erosion was meas
ured in terms of the decrease in the average annual 
water erosion rate. These analyses do not reflect any 

Annual Wind clim. 
Texture pr_'cipitation factor lrr. 

mm % 
sil 295 167.9 X 
sil 295 167.9 X 
fsl 442 82.5 
cI 435 85.2 
cl 480 85.3 X 
sil 480 109.9 
fsl 488 73.5 
sil 589 60.0 
sil 643 53.6 
sil 757 23.0 
sicl 630 23.3 
cl 607 65.8 
fsl 683 34.3 
c 716 35.4 
cl 716 35.4 X 
fsl 554 78.1 
Ifs 808 18.7 
fsl 838 15.5 
c 968 21.4 
c 886 11.4 
c 838 19.8 
fsl 968 14.8 
fsl 1229 3.7 



Table 2. Percent of EPIC simulations where crop yield increased 
due to furrow diking at least 50% of the years simulated 
reported by soil texture, crop. and rainfall level, 

Yield increased, Yield increased 
Category but less than 20% 20% or greater 

Soil texture 
Sandy, loamy 69 31 

Loamy sand, silty 91 9 

Clay 7 93 


Crop produced 

Wheat 62 38 

Cotton 57 43 

Grain sorghum 38 62 


Rainfall level 

Under 500 mm 100 0 

500 - 750 mm 38 62 

Over 750 mm 52 48 


effect of furrow diking on wind erosion. There may be an 
impact due to the additional ridges in the soil surface, 
but they are not examined in this paper. The silty and 
loamy soils had the largest percentage reductions in soil 
erosion. Nearly half of all the soils had at least a 30% 
reduction in erosion (Table 3). 

The reductions in soil erosion were larger for cotton 
and grain sorghum than wheat. These crops provide less 
crop cover than wheat and, therefore, make the soil more 
susceptible to erosion. The greatest percentage reduc-
tions in erosion by level of rainfall are for the areas of 
least rainfall (Table 3). This is because furrow diking 
eliminates most runoff from low rainfall areas. 

Conclusions 

This paper identifies considerable potential benefits 
from furrow diking both in terms of yield increases due 
to water conservation and erosion reductions due to 
reduced runoff for many soils, crops, and climates. The 

nature of the benefits vary with the combination of soil, 

Simulating Furrow Dike Management 257 

Table 3. Percent of EPIC simulation where soil erosion by water 
was reduced at least 30% and 500/b reported by soil texture, 
crop. and rainfall level. 

At least 50% At least 30% 
Category reduction reduction 

Soil texture
 
Sandy. loamy 46 46
 
Loamy sand, silty 36 64
 
Clay 0 40
 

Crop produced
 
Wheat 14 36
 
Cotton 29 71
 
Grain sorghum 31 50
 

Rainfall level
 
Under 500 mm 100 100
 
500 - 750 mm 14 36
 
Over 750 mm 22 48
 

crop. and rainfall level. Using the EPIC model lets the 
decision maker examine furrow diking for his particular 
combination of soil, crop, and climate characteristics. 
He can also examine alternative furrow dike manage
ment strategies involving dike height or interval or 
construction-destruction timing. These management 
strategies and resulting yields can be evaluated using 
budget and cost-benefit analy3is to determine the eco
nomic viability of furrow diking and optimal operating 
policies. 
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Introduction 

Water conservation is of critical importance in dry-
asland agriculture. Furrow-diking, also known tied-

ridging, basin-listing, or row-damming, is a conserva-

tion technique involving construction of small dikes or 
dams at regular intervals across furrows or between crop 
rows. Furrow-diking is feasible in ridge and furrow 

systems of land management and can be applied under 
a wide variety of soil and climatic conditions. 

Basin-listingwas firstattempted In the United States 
in the 1930s (Shedd et al., 1935). However, the practice 
was largely given up by the early 1950s because of 
problems associated with slow-operating tractor speeds, 
poor weed control, and difficulty with seedbed prepara-
tion. There was a renewed interest in furrow-diking in 

Texas in the mid-1970s aa a result ol dryland cotton 
(Gossypium hirsutum L.) study at Lubbock (Bilbro and 
Hudspeth. 1977) and a grain sorghum [Sorghum bicolor 
(L.) Moench] experiment at Bushland (Clark and Jones, 
1980). Improvements in diker design (Lyle and Dixon, 
1977) and the development and use of better herbicides 
have resulted in the rapid adoption of furrow diking in 
the High Plains and other regions of Texas. 

Furrow Diking Equipment 

Commerclallyavailablefun'ow-dikerscanbegrouped 
into two major categories: 1)mechanical and 2) hydrau-
lic. Mechanical dikers can be fuither divided into wheel 
type and paddle type dikers. Wheel type dikers have a 
long arm and shovel attached to a wheel that has a 
projection at one point on it. As the wheel rotates, the 
shovel draws soil behind it and, when the projection 
raises the wheel, the shovel is lifted and a soil dam or 
dike is formed in the furrow, Paddle type dikers consist 
of two or three padd0!s mounted on a horizontal axis. As 
a paddle is dragged in the furrow, it accumulates soil, 
and with the weight ofthe soil, flips over and forms dikes. 
Hydraulic dikers often use concave disks which operate 
off the hydraulic system of the tractor. Furrow diking Is 
often combined with other operations such as cultiva-
tion, minimizing additional costs. Wistrand (1984) esti-

mated that diking, in combination with other opera

tions, costs approximately $2.50/ha. The relatively 

inexpensive purchase price of equipment ($150-250 per 

row) and lo~v operating costs make diking an economical 
operation. 

Furrow Diking Effects on Crop Yields 

Clark and Jones (1980) reported the results of a 5
year study on sorghum at Bushland, Texas. Furrow 
dikinglncreased averaqe sorghumyields 16%compared 
to non-diked yields. However, the yield increase varied 
considerably during each ofthe 5 years, depending upon 
rainfall conditions. Gerard (1987) summarized the re
suits of diking experiments conducted on 3orghum and 
cotton from 1980-85 at Chillicothe-Vernon, Texas. Dik
ing increased average sorghum yields by approximately 
50% and cotton yields by 18%. Again, the effects of 
diking on yield varied each year, depending upon the 
weather conditions. 

Because the yield increase from furrow diking is 
dependent on a number of soil, weather, and manage
ment characteristics, a mathematical modeling approach 
was used to evaluate the long-term effects of diking at 
selected Texas locations. The surface runoff hydrology 
algorithms from the Erosion-Productivity Impact Calcu
lator (EPIC) model (Williams et al., 1984) were combined 
with two crop models SORGF (Maas and Arkin, 1978) 
and CORNF (Stapper ano Arkin, 1980) and modified to 
evaluate the effects of diking. The equations used for 
computing runoff and the model validation results were 
described in an earlier publication by Krishna et al. 
(1987). It is assumed that all runoff generated Is con
served by the furrow dikes. The two models for evaluat-
Ing the effects of diking on sorghum and corn (Zea Mays 
L.) yields are called SORDIKE and CORDIKE, respec
tively. Three scenarios, non-diked (ND), diked In the 
growing season (DIGS), and diked all year (DAY) were 
simulated for five representative Texas locations: Lub
bock, Vernon, Temple, Uvalde, and Corpus Christi. 
Daily weather data for 25 years (1960-84) from each of 
the five locations were used for the analyses. The soils 
used in the simulation study were Acuff fine sandy loam 
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Table 1. Computer simulation of furrow-dIiking effects on crop yields in Texas (1960-1984). 

Simulated Crop Yields 

Sorghum Corn 

Location ND' DIGS, DAY, ND DIGS DAY 

Mg/ha 

Lubbock 
Vernon 
Temple 
Uvalde 
Corpus Christi 

1.26 
1.41 
5.28 
2.63 
2.61 

1.69 
1.90 
5.60 
3.20 
3.05 

2.05 
2.22 
5.72 
3.71 
3.24 

1.53 
3.08 
5.51 
3.75 
3.66 

1.80 
3.65 
5.69 
4.18 
4.12 

1.95 
3.88 
5.72 
4.31 
4.19 

IND: Non-Diked; DIGS: Diked in growing season: DAY: Diked all year. 

(Lubbock), Abilene loam (Vernon), Houston Black clay 
(Temple), Uvalde silt loam (Uvalde), and Orelia sandy 
clay loam (Corpus Christi). Simulated yields for the ND, 
DIGS, and DAY treatments, averaged over the 25-year 
period, are summarized in Table 1. 

Depending upon the location, diking in the growing 
season is likely to increase sorghum yields 300 to 600 
kg/ha/yr and corn yields 200 to 600 kg/ha/yr over non-
diked yields. Diking the land year-round could increase 
sorghum and corn yields by approximately 400 to 1000 
kg/ha/yr and 200 to 800 kg/ha/yr, respectively. At 
locations such as Temple, with heavy clay soils and 
ample summer rainfall, there is very little additional 
benefit from diking all year, while in semiarid places 
such as Vernon and Uvalde. year-round diking could be 
very advantageous. In 1987, a relatively high-rainfall 
year at Temple, no significant yield dffferences between 
diked and non-diked corn were measured or simulated. 

500 

MODERATE 
Ssite-specific 

MODERATE 
300 HIG 1200 

LOW 
1200 

Soo 


500 


Figure 1. Relative impact of furrow diking on 
sorplum and corn yields in Texas (isohyets in 
Mm). 

Although simulations were run for only a limited 
nimber of locations in Texas, results indicate that the 
greatest benefit from diking would be in the semiarid to 
subhumid zone having between 500 and 800 mm of 
annual rainfall (Fig. 1). In the low rainfall (300-500 mm) 
zone, there would be less runoff, and the response to 
diking would not be as much as in the 500 to 800-mm 
area. In the eastern part of the state (>800 mm rainfall), 
there is usually sufficient soil water in the growing 
season, and diking is not likely to have a significant effect 
on crop yields. 

Practical Considerations 

In heavy clay soils, diking in alternate furrows may 
be considered to avoid supersaturation problems during 
high rainfall periods; keeping wheel-rows undiked could 
also facilitate field operations. If diking is not feasible 
every year, it should be implemented in at least those 
years when soil water content at planting is below field 
capacity to ensure recharging the proillie with summer 
precipitation. Furrow-diking can be implemented in the 
growing season or for a longer period, depending uI on 

climatic characteristics. If significant 
amounts of rainfall are likely to be received before and 
after the normal growing season, it would be well
advised to keep the dikes in place during those periods 
to capture the runoff. In areas where high-intensity 
storms are possible, the dikes should be built no higher 
than the ridges. In the event ofa major runoff-producing 
storm, the dikes rather than the ridges should wash out. 
Dike spacing depends on the rainfall characteristics of a 
given area, land slope, and soil type. In general. dike 
spacing can range from I to 2 m in a furrow having a 
gradient of approximately 1%. 

Summary and Conclusions 

Furrow-diking technology, if applied properly, can 
increase crop yields under dryland conditions. The yield 
increase depends on the soil and climatic characteristics 
of a given location and the length of time that the dikes 
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are left in the field. Hydrologic and crop models were 
combined to develop mathematical simulation models 
for evaluating the effects of diking on sorghum and corn 
yields. Simulation studies were conducted using 25-

year daily weather data from five selected Texas loca-
tions. The greatest impact of furrow diking on sorghum 
and com yields in Texas is likely to be in the semiarid to 
subhumid zone that receives between 500 and 800 mm 
of annual rainfall. The simulation models developed for 
this research may be useful for evaluating furrow diking 
impacts at other locations. 
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Introduction 
There is little that dryland farmers can do about 

severe drought. However, there are numerous years of 
average and above average precipitation in semiarid 
regions when it is possible to use the rainfall more 
efficiently than with present-day dryland farming sys-
tems. Th-e potential for increasing water use efficiency is 
substantial in most wet years and in some dry years. 

Rainfall is a diffuse water supply; it is difficult to 
conserve directly, because the amount available per unit 
of land area is small and the cost of control often exceeds 
the benefit derived. Surface runoff derived from rainfall 
or snowmelt is, however, a mass water supply which is 
relatively easy to control near its point of origin. Runoff 
water can cause substantial water erosion and joins 
wind erosion as a serious tnreat to continued productiv-
ity of drylands. Land-forming practices that control 
runoff water and improve water use efficiency include 
level terraces, furrow dikes (tied ridges), and level pans 
(waterspreading). Conservation bench terraces are little 
used, bui highly effective structures for managing runoff 
water. They control water erosion, conserve runoff for 
crop use, and they are adapted to large areas of semiarid 
land. We discuss the concept and suggest improved 
design and construction methods. 

Conservation Bench Terrace 

Figure 1 shows a cross section of the conservation 
bench terrace (CBT) as compared to a conventional level 
grade terrace. The CBT employs a conventional terrace 

ridge (A)below a level bench with parallel sides (B) which 
impourids runoff water from the cropped watershed (C). 
The watershed is managed in a conventional dryland 
cropping system. but the runoff water captured on the 
level bench permits annual .- d intensive cropping. The 
CBT concept was originated by Austin W. Zingg and the 
first CBT system was built by USDA-ARS at Bushland, 
Texas, by Zingg and C. E. Van Doren in 1955 (Zingg and 
Hauser, 1959). 

The CBT system was tested at several sites in the 
U.S. Great Plains and in India. It increased water use 
efficiency and whole farm production when built on deep 
fertile soils with fine texture and moderate to slow 
infiltration rates (Hauser, 1968; Black, 1968; Cox, 1968; 
Mickelson, 1968; Haas and Willis, 1968; Haas et al., 
1966; Bhushan. 1979). The crops grown in these experi-
ments included wheat (TriticumaestivumL.)and (Triticum 
durum Desf.). grain sorghum [Sorghum bicolor (L.) 
Moench], alfalfa (MedicagosativaL.),corn (ZeamaysL.). 

and rice (Oryza sativaL.). 
The cropping system on the bench was different 

from normal dryland practice; therefore, we compared 
the systems by dollar value ofwhole farm production. We 
computed gross annual income from a 50 ha field if 
managed in each of the following ways: A) level-terraced 
or non-terraced dryland, B) bench leveled, or C)the CBT 
system reported in the papers listed above. We used 
average yields reported in each paper. Then we calcu
lated the difference in gross return between the base 
system on 50 ha and the improved system on 50 ha. The 
major capital cost in building the bench leveled or the 
CBT system is the cost of land leveling; therefore, in 
Table 1 we present the total increased, gross, annual 
income on the basis of income per hectare leveled on the 
benches. The gross return from the CBT system was 
greater where scarce runoff water was concentrated on 
small areas, for example by 2:1 watershed:bench ratios, 
than from bench leveling alone (0:1). More complete 
economic studies demonstrated that the CBT system is 
profitable under a wide variety of conditions (Jonesand 
Shipley, 1975; McMartin et al., 1970). 

The CBT system is well adapted to perennial, high 
value forage crops such as alfalfa, because the crop is 
both deep rooted and ready to utilize runoff water when 
it occurs. Annual forage crops are well adapted on the 
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Figure 1. Cross sections of the level ,:errace and 
conservation bench (CBT) showing water stored in 
the soil at Bushland, Texas, on 2 July 1957. The 
terrace ridge is at A, the level bench or terrace 
channel at B, and the cropped watershed is at C 
(Zingg and Hauser, 1959). 
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Table 1. Increased. gross, annual income from the CBT system on a 50 ha field expressed as increased return per ha leveled on the 

bench. Gross income on CBT Is compared to level terraced (L.T.) or nonterraced (non) dryland farmed base farming systems. 

Comparison for 7 CBT systems at 6 locations, in order, Hauser (1968), Cox (1968). Mickelson {968). Haas and Willis (1968). Haas 

et al., (1966). Black (1968), and Bhushan (1979). 

Bench 	 Conservation bench 

0:1 1:1 2:1 3:1Location 	 Rain. Crop(s) Base 
$/ha leveledb cm 

123 -Bushland. Texas 50 wheat, sorghum, L.T. 73 -

Hays. Kansas 58 wheat, sorghum" non 106 106 127 
114 92Akron. Colorado 34 grain sorghum 	 non 64 81 

non 191 216 - -Mandan. N. Dakota 43 alfalfa 
-Mandan. N. Dakota 43 alfalfa non 28 47 -

Sidney, Montana 38 durum wheat non - - 45 -

Dehra Dun. India 110 corn. rice non 24 81 155 268 

1Average annual rainfall during experiments.
 

bReturn from 4 watershed:bench ratios. Dollar values computed from 5-year normalized prices for 1985. Economic Research Service.
 

USDA: $/kg: wheat-$0.126, grain sorghum-$0.095, rice-$0.176, corn-$0.100. and hay (alfalfa)-$0.082.
 
IHard red winter wheat plus grain sorghum.
 

benches because some useful product is produced even Willis. 1968; Hauser. 1968). Eck (1987) found that crop 

in dry years, but grain crops require adequate amounts yields on subsoil were not fuily restored by fertilizer on 

ofwateratcriticalplantgrowthperiodstoproducegrain. drylands, and that productvity of exposed subsoil in-

Grain sorghum is well adapted to the benches because creased during a 23-year period following land leveling. 

it tolerates flooding and drought, and grows when runoff The old method for land leveling to form bench terraces 

is expected. exposed subsoil on the bench and buried topsoil under 

The CBT system greatly improved the reliability of the terrace ridge where it was not available for crop 

grain production. Jones and Shioley (1975) report,d production (Fig. 2). An improved method for bench 

tha' low grain sorghum yields (L,,s than 1100 kg/ha) construction is proposed in Figure 2B which will con

occurred I year in 2 on unterraced land, but only I year 
in 7 on the bench of the CBT system. They also reported A OLD METHOD 
that high yields (greater tliar 2200 kg/ha) were pro- e,.'TOPSOIL 

duced in only I year in 9 on unterraced land but I year - 

in 2 on the bench of the CBT system. 
Even though the CBT system is a superior terrace EROSION4 

system, it is used by few farmers. We need improved SUBSOIL 

engineering design to utiltze existing knowledge, to 
Improve profits, and to make the CBT system acceptable 4. TOPSO. 

to farmers. 

Engineering Design Requirements B PROPOSED METHOD 

TOPSOIL / . . . . . . . . . . . .--. . . . . . . . . . . . . .
 Successful CBT systems require deep fertile soil . . . ... 

with large available water holding capacity that is not STEP 1.. 
filled with water by conventional dryland farming. A 
mandatoi v requirement is a manageable water supply. 
Surface rinoff from ralnall on dryland farmed fields is SUBSOIL 

often a good water source. Winci-blown snow from ...... .... 
nearby fields may also provide a water source (McMartln STEP 2 
et al.. 1970). Moderate to low soil water intake rate 

MAXI M.Massures that surfacr runoff water can spread over all of PRODUCTiCl 
the level bench. Th cropping system should use the 	 ........
 

... ...... 
water captured on the bacnch soon after storage in the' 

" 
soil to reduce waste by deep percolation or evaporation. STEP 3 -', 


High value crops should be grown on the bench to .
 
increase profit.
 

Fertile topsoil and runoff water are limiting re

sources in semiarid regions; thus water and fertile Figure 2. The old methud for terrace construction 
topsoil should be used in the best combination for and land leveling, A, compared to the proposed 
maximum crop production. Crop yield, without added method, B, which places topsoil where the runoff 
fertlizer, on subsoil was 30 to 50% less than on topsoil water will accumulate and places subsoil in the 
on CBT systems (Black. 1968; Cox, 1968; Haas and terrace ridge. 
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serve topsoil on the bench. This improved construction 
method will combine topsoil with the conserved water to FIELD LAYOUT
 
provide an opportunity for maximum production. It will ____
 

also reduce water erosion where runoff water enters the , ,I" , x /, .
 

bench from the watershed. ," sJ" , 
Good leveling precision on the benches is required to , - - "
 

spread the runoff water evenly; this precision Is easily
 
achieved with modem laser equipment. Emergency -_ ----

outlets are required to remove excess water and prevent
 
damage to structures after very large storms. Surface
 
drainage structures are required to prevent damage to
 
young seedlings that are flooded by untimely runoff --- - H
 

evenL.
 
Crop yields are low on terrace ridges because they B
 

have steep slopes which reduce rainfall infiltration
 
(Hauser et al., 1962). Terrace ridges should be con- -

structed with steep slopes to occupy the smallest pos-

sible field area; the ridge should then be planted to - J
.
 
permanent grass cover to increase Its useful life. 

The CBT system should be designed to fit the -H
 

existing land shape and field surface slope. Figure 3 - 

shows one possible layout that maintains parallel ter
race ridges on an irregular field, but conserves runoff / ......... .
 
water in a conservation bench system. Most field rows 
 LEGENDLEGEND *. 

are parallel to the terrace ridges and most terrace ridges ....--- TERRACERIDGE -CONOU
 

are parallel. The conservation bench terrace system -- *--FE B NDMY
 

easily adapts to the parallel terrace ridge layout. Figure 3. Canservatlon bench terrace system
 

adapted to uneven land slopes to create a parallel 
terrace system.Conclusion 
Haas. H. J.. and W. 0. Willis. 1968. Conservation bench

The practice of Conservation Benching is a marvel- terraces in Nortih Dakota. Transactions of the American 
ous idea, but it !s little used by farmers. The economic Society of Agricultural Engineers 11:396-402. 
studies by others and our calculations both show that Haas, H. J., W. 0. Willis, and G. 0. Boatwright. 1966. Moisture 
the practice will make money for dryland farmers. Why storage and spring wheat yields on level-bench terraces as 
is it not used? Perhaps the biggest reason for non-use is influenced by contributing area cover and evaporation control. 
the lack ofapplication of known scientific and engineer- Agronomy Journal 58:297-299. 
ing principles. In this paper, we try to point out pertinent Hauser, Victor L. 1968. Conservation bench terraces inTexas. 
scientific knowledge and suggest improved engineering Transactions of the American Society of Agricultural Engi

neers 11:385-386. 392.design principles. Hauser, V. L.. C. E. Van Doren. and J. S. Robins. 1962. A 

comparison of level and graded terraces in the Southern 
References High Plains. Transactions of the American Society of Agri

cultural Engineers 5:75-77. 
Bhushan. L. S.1979. Conservation bench terraces for rice in a Jones, Ordie R.,and John L. Shipley. 1975. Economics of land 

subhumid climate. Soil Science Society of America Journal leveling for dryland grain production. Journal of Soil and 
43:754-758. Water Conservation 30:177-18 1. 

Black, A. L. 1968. Conservation bench terraces in Montana. McMartin, Wallace, Howard J. Haas. and Wayne 0. Willis. 
Transactions of the American Society of Agricultural Engi- 1970. Economics of forage production on level benches in 
neers 11:393-395. the Northern Plains. Journal ofSoll and Water Conservation 

Cox. Maurice B. 1968. Conservation bench terraces in Kansas. 25:185-189. 
Transactions of the American Society of Agricultural Engi- Mickelson, Rome H. 1968. Conservation bench terraces In 
neers 11:387-388. eastern Colorado. Transactions of the American Society of 

Eck, Harold. V. 1987. Characteristics of exposed subsoil at Agricultural Engineers 11:389-392. 
exposure and 23 years later. Agronomy Journal 79:1067- Zingg, A. W., and V. L. Hauser. 1959. Terrace benching to save 
1073. potential run-offfor semiarid land. AgronomyJournal 51:289
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Instituto Tecnologico y de Estudios Superiores de Monterrey,
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Introduction 

New high-value crops that tolerate rcduced amounts 
of water are needed for the semiarid northern upland 
region of Mexico. Pistachio (Pistaciavera L.) trees could 
be one such new crop. 

Microcatchment water harvesting for increasing crop 
production on drylands has been the subject of consid
erable research in recent years, and it is presently 
practiced in several countries (Evenari et al.. 1968: 
Ehrler et al.. 1978: Flug. 198 1: Mielke and Dutt, 198 1: 
and Sharma et al.. 1986). In this system, the surface 
runoff is collected from a contributing area over a flow 
distance and stored for consumptive use in an adjacent 
planted area. 

The objectives of this study were to (a)determine the 
feasibility of establishing a pistachio orchard by using a 
simple water-harvesting technique to supplement the 
inadequate precipitation and (b) better understand the 
rainfall, runoff, and soil water storage relationships. 

Experimental Conditions 

The experiment was carried out in the semiarid 
upland region of northern Mexico from 1977 to 1986. 
The 2-ha study site is located 300 km south of Monterey, 
Nuevo Leon, at the village Lagunita (24.48"N: 100.061W), 
1.750 m above sea level. 

Various climatic factors were measured only during 
the first 5 years. The rainfall ranged from 329 to 514 
mm/year, with a mean of 43 aiim/year. Annual evapo-
ration was 2,405 mm. five and a half times greater than 
precipitation. The average vernalization (<7.2"C) was 
874 h/year. 

The soil was a deep calcic Xerosol (1% slope, clay 
loam texture, pH 7.6). The site was previously coverer' 
with a small-leaved desert scrub with a predominance of 
creosote bush [Larrea tridentata(Sesse and Mocino ex 
DC.) cov).-

The 248 microcatchments consisted of 6-m diame
ter semicircular earth embankments 0.30 m high (planted 
area) connected to two parallel side embankments 9 m 
long (runoff catchment) (Figs. 1 and 2). Each tree had an 
Individual runoff catchment of about 56 n 2 and a 
planted area of 14 m2 (4:1 ratio). The water harvested in 
the planting holes from the first intense rain was used in 

planting the 30-cm-tall containerized pistachio (Pista
chio atlantica Desf.) rootstocks In April 1977. Weeds 
were removed annually. and embankments were rein
forced when needed. 
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Figure 1. Size and distribution of the 248 
microcatchments in the 2-ha pistachio orchard. 
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Figure 2. Effect of runoff as water concentrated in 
the planted area 1 day after a rain. 



Gypsum resistance blocks were installed around 19 
trees about 25 cm from the tree crown to depths of 15. 
35, and 55 cm; a soil water meter (conductivity bridge) 
was used to take readings every other day. 

The trees were spring-grafted 10 to 15 cm above 
ground level with (P. vera L.) "Kerman" (female) or 
"Peters" (male) at different times. One male tree was 
provided for 10 females. 

Results and Discussion 

Rainfall-Soil Water Storage Relationship 
Runoff effciency varied with the amount of rain and 

antecedent soil water. Water concentrated in the planted 
area the day after a rain (Fig. 2). The effectiveness of the 
microcatchment in recharging the soil profile with water 
for the first 5 years of the study is reported in Figures 
3-7. 

The even rainfall distribution from June to October 
in 1977 (Fig. 3) provided adequate soil water conditions 
for a good start of the trees planted at the end of April. 

The soil water below the 35-cm depth stayed above field 
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Figure 3. Soil water content in the root zone at.....
 
three depths in response to the indicated amount 
of rainfall in 1977. 
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Figure 3. Soil water content in the root zone at 
three depths in response to the indicated amount 
of rainfall in 1977. 
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capacity until the end of September. except for a short 
period in July. 

During 1978, the annual rainfall was 463 mm; from 
the middle of February to late November. the soil water 
below the 35-cm depth was kept above 50% of the 
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Figure 5. Soil water content in the root zone at 
three depths in response to the indicated amount 
of rainfall in 1979. 
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Figure 6. Soil water content in the root zone atJ 
 K..: 
three depths in response to the indicated amount 
of rainfall in 1980. 
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Figure~ 6. Soil water content in the root zone at 
S&AIS

three depths in response to the indicated amount 
of rainfall in 1980. 
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Figure 4. Soil water content in the root zone at Figure 7. Soil water content in the root zone at 
three depths in response to the indicated amount three depths in response to the indicated amount 
of rainfall in 1978. of rainfall in 1981. 
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area with water for adequate growth of the pistachio:.! .i)' , : 	 trees .: !.. 


After 1981, due to the deep root growth of more than 
2 m. the trees grew well even in low-rainfall years. They 
were able to use the water stored underground as a 
result of the water harvested in the microcatchments. 

Plant Growth 

By May 1986, 62 trees had been grafted for 3 to 5 
., ,years, and 64 trees for 7 to 8 years. Of the latter, 72% had 

begunbearing, but the nuts were not filled because none 
of the male trees had begun blossoming. The diameter of 

Figure 8.General view of the pistachio orchard in 	 the tree trunks varied widely. ranging from 4 to 10 cm. 
The average trunk diameter ofthe rootstock when planted1986. 
was 0.5 cm. The growth of the pistachio trees by 1986 

available water except for three short dry periods (Fig. 4). (Fig.8) is considered adequate for the existing condi-
After November 10, no rainfall was registered, and the tions. 
soil water, which had been recharged by the summer-fall 
rains, declined gradually for the rest of the year. By 
November 1978, the roots had reached a depth of 1.67 Conclusions 
m for a tree 1.52 m tall, and lateral root growth averaged 
1.10 m. 	 This study confirms the feasibility of growing this 

The annual rainfall in 1979 was the lowest-only deep-rooted perennial and drought-resistant fruit crop 
329 mm. Except for late spring, middle summer, and late in the semiarid upland of Mexico without irrigation. 
December. the water in the soil at the three depths was 
very low (Fig. 5). This rain pattern could have affected the 
budding and blossoming (March-April) and fruiting (July) References 
stages.
 

Figure 6 shows a more even distribution of the Ehrler. W. L., D. H.Fink. and S. T. Mitchell. 1978. Growth and 
number of rains In 1980. for a total rainfall of 449 mm. yield ofJoJoba plants in native stands using runoff-collecting 
The steady soil water decrease from January through microcatchments. Agronomy Journal 70:1005. 
March is related to the fact that in the previous 7 months Evenari. M.. L.Shanan. and 1-1.Tadmore. 1968. Runoff farming 
(September 1979-March 1980. the rainfall was only 143 in the desert. I. Experimental layout. Agronomy Journal 
mm. The trees apparently used the water stored in 60:29-32. 
greater quantities deeper in the soil profile, in that no Flog, M. 1981. Production of annual crops on microcatch

signs of drought were observed in the trees. ments. p. 39-42. In G. R. Dutt et al. (ed.) Rainfall collection 
The highest annual rainfall occurred in 1981 (Fig. for agriculture in arid and semiarid regions. Slough. U.K.: 

7). Although January is normally rainless, 77 mm of Commonwealth Agricultural Bureaux. 
Mielke. E. A., and G. R. Dutt. 1981. Deciduous tree and vine

rainfall occurred. From middle April to late September. fruit production using water harvesting techniques. p. 3 1
seven well-distributed rains (more than 20 mm each) 37. In G. R. Dutt et al. (ed.) Rainfall collection for agriculture 
kept the soil water above field capacity at the 55 cm in arid and semiarid regions. Slough, U.K.: Commonwealth 
depth and deeper. Agricultural Bureaux. 

Even though the amount and distribution of the Sharma. K. D.. 0. P. Pareek, and H. P. Singh. 1986. Microcatch
rainfall were very erratic, as expected. these (ata show ment water harvesting for raisingjujube orchards inan arid 
that the microcatchments generated sufficient runoff climate. Transactions of the American Society of Agricul
supplements to recharge the soil profile in the planted tural Engineers 29:112-118. 
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Introduction 

Egypt form .he northeastern comer of Africa and 
occupies nearly. /oof the total area of that continent, 
Rainfed agriculture in Egypt is concentrated mainly in 
the northwest coast region, which has a Mediterranean 
type of climate that differs from the climate of the inland 
desert area of the south. 

Location and Physical Conditions 

The northwest coast region extends westward about 
500 km from Alexandria at longitude 290 50'in the east 
to longitude 250 10' at EI-Sallum in the west. The region 
is narrow with the width varying from 5 to 40 km. It is 
bounded on the north by the Mediterranean Sea and on 
the south by an escarpment of 200 m elevation. Along 
the coast, one or more limestone ridges of consolidated 
dunes are formed. The first is at the shore line. and it 
comprises the present sand dunes (CaCO3). 

The general slope of the region runs south to north. 
Large land areas of irregular relief form a series of closed 
depressions surrounded by low hills. These areas are 
dissected by many intermittent stream beds (wadis) 
flowing from south to north. 

Soils suitable for agriculture are found in small 
areas isolated by unsuitable land. Generally, the soils 

are underlain by caliche or rock determining the depth 
of the soil. 

The rainfall of the area is low, only 100 to 150 mm 
annually along the coast, and it tends to decreas,. from 
east to west and sharply inland. Annual evaporation 
amounts to about 1500 mm, mean annual relative 
humidity at noon is about 55%. and mean annual 
saturation deficit at noon is 10 mm Hg. The area is 
characterized by high relative duration ofsunshine. 80% 
of the year. The climate has the disadvantage of seasonal 
gale-force winds and sand storms. 

Population is estimated at 200.000. All are Bedou
ins. About 30%of the Bedouins are settled. The rest are 
still living under tent conditions, moving from one place 
to another In search of g.azing land. They raise sheep 
and goats and cultivate barley (Hordeum vulgare L.) 
when rainfall is adequate. Seminomad groups cultivate 
fruit trees in valleys (wadis) and lowlands where water 
can be harvested and utilized. 

Environmental systems of production in the north
west coastal region are given in Table 1. 

Water Resources 

Water resources for agricuture in the northwest 
ater re avaicbl e in t he urfce 

coast regiorn are available in two forms, i.e. surface 
water and underground water. 

Table 1.Characteristics of the northwest coastal region production systems. 

Distance System characteristics 
inland 
from coast 

km 

0-5 Delta of the wadis: annual rainfall of 140 mm, good agronomic soils, cultivation of orchards and vegetables. 
Inhabitants are settled. 

5-15 Annual rainfall of 100-140 mm. poor soils, livestock (especially sheep and goats) and barley cropping, no reliable 
water supply. inhabitants are sedentary. 

15-50 Annual rainfall of 50 to 100 mm. grazing for sheep and goats. some barley cropping. The Bedouins are 

predominant, and there is a sedentary and nomadic mix. 

50-100 Annual rainfall about 50 mm, livestock grazing (especially camels). Nomadic Bedouin tent society. 
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Surface Water 

Surface water refers to surface or sheet runoff and 
the runoff from wadis, which are all dependent on the 
amount, density, and annual distribution ofrainfall. The 
methods existing for water management (water conser-
vation and water harvesting techniques) are dikes for 
retention of rainwater in the soil, cultivation of depres-
sions for in-place rainfall collection for crop production. 
and excavated cisterns for collection and storage of 
rainwater for domestic and livestock water use as well as 
for supplemental irrigation for tree production.

There are three types of dikes. namely earthen dikes 

formingartificial ridges, stony dikeswithout mortar, and 
cemented dikes built with stones held together with 
cement. 

The dikes have different purposes based on the 
design and location of construction. Terracing dikes 
serve to capture soil materials to build potentially fertile 
land areas and to replenish the groundwater supply, 
diversion dikes are built to direct rainfall runoff into 
areas for cultivation or to equally distribute the water to 
the largest possible area, and retention dikes are con-
structed to prevent water flow into the sea or salt lakes. 

An important strategy when designing a dike for a 
particular site is to build a continuous series of dikes 
along the length of the wadi. This allows the force of the 
runoff behind the dike to be controlled over the entire 
wadi length in stepwise fashion, thus also allowing he 
storm runoff to flow slowly enough for infiltration into 
the soil with equal distribution of water throughout the 
field. 

Cisterns or groundwater reservoirs are excavated in 
rocky sites for the storage of sheet runoff water. Many 
cisterns exist .n the coastal region with capacities rang- 
ing from 100 to 3000 m. Some of them are very old and 
are known as "Roman cisterns", while others have been 
excavated or built by farmers, 

These structures are placed below ground at the 
lowest level of streamfiow to entrap rainfall from a 
specified collection basin. Traditionally, these are exca
vated near the houses within the primary farm unit. The 
excavation is done with chisels and hammers or other 
hand tools in hard or rocky soils, with care being taken 
not to fracture the surrounding materials and to avoid 
cracks or fissures in the cistern's walls. On the other 
hand, reinforced concrete is used to build some cisterns, 
Small dikes and ditches are used to direct the sheet 
runoff to the cisterns, 

Groundwater 

Groundwater is generally available in the region, 
The water is obtained from dug or drilled wells. Dug wells 
are generally 1 m in diameter and lined with limestone 
to a depth of about 1 m. Depth of water is between 0.5 
and 1.0 m. Water lifting is done by buckets, shadoofs 
(local name), small pumps. or windmills. Drilled wells 
are usually drilled by a rotary method and are deeper 
than 20 m. The groundwater is delivered to cultivatable 
areas (over distances of 1 to 3 km) by different methods 
including pipes and open canals. 

Traditional Agricultural Production 
B 

arley 
Barley, which is a suitable crop for the region, is 

grown primarily on fields which capture sheet runoff. 
Barley yields are dependent on the amount of water 
supplied by this method. 

Barley is a multipurpose crop, ideal for integrated 
farming systems based on crop-livestock production. It 
can be utilized at various times during the growth 
stages: for grazing when in the green pasture stage. or it 
sae:frgaigwe ntegenpsuesae rican be left to mature for harvest as grain and straw to be 
fed as supplements with the stubble left in the field for 
grazing. 

Bedouins use no fertilizers and no manure for the 
barley crop. Bedouins follow traditional and primitive 
cultivation, threshing, winnowng. and bagging opera
tions. There are no consistent management practices for 
barley production. 

Fruit Trees 

The main species of fruit trees are olives (Osea eu
ropai)t figs (Ficus sp.), and almonds (Amygdalus sp.). 
Fruit trees are usually grown under the dry farming 
system. The trees are irrigated only during the first 3 to 
4 years. Thereafter. they survive on rainfall and ground
water. 

Vegetables 

The main vegetables cultivated under rainfed condi
tions are watermelon (CitruUus vulgaris), onion (Allium 
sp.). broad beans (Viciafaba). and tomatoes (Lycopersi
con esculenturn). Others produced on a small scale 
under irrigation are mint (Mentha sp.), garden rocket 
(Hesperis matronalis), radishes (Raphanus sativus), 
parsley (Petroselinumsp.). and squash (Cucurbitasp.). 

Livestock 

Different species of livestock including sheep, goats, 
camels, cattle, horses, and donkeys are raised in the 
area. Raising sheep and goats constitutes the main 
activity of the Bedouins. Skin, wool, goat and camel hair, 
and manure constitute further sources of income. Sheep 
and goats are considered the main contributors to 
livestock population in the area. The size of a flock of 
sheep and goats ranges between 40 to 50 head and flocks 
are grouped together under the supervision of one or two 
shepherds. 

Camels graze natural vegetation that is usually of 
lowquality. The size ofthe flocks can vary from 12to400 
head. Donkeys are important to the Bedouins as trans
port for family members and as animal traction to plow 
fields and to thresh grains. 

Grazing and hand supplemental feeding are the 
major sources of animal nutrition for sheep and goats. 
Bedouins depend on grazing sources: I) Natural vegeta
tion, 2) the green barley crop, 3) and stubble. Natural 
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grazing occurs in uncultivated arable lands ;beyond the 
production strips and the interspersed rangeland. The 
season for grazing is from the first of November through 
the end of May. 

Bedouins now transport large amounts of feed into 
the area instead of moving the flocks to new grazing 
lands. The major sources of supplemental feed are 
barley and wheat (Triticum aestivum L.) grains, cotton 
(Gossypiumsp.) seed cake, and barley and legume straw. 

Income 

Eighty percent of the Bedouins participate in live-
stock production (especially sheep and goats) with cul-

tivatlon ofbarley, vegetables, and trees. About 10 to 15% 

depend on commerce or transport as a source of income, 

The remainder work for the government or private 

enterprise. Often sources of income are combined be-
tween non-agricultural pursuits and agricultural activi-

ties. 

Problems Facing Agricultural
ProEI-Naggar.oduction 

The main problems facing animal production in the 
region could be summarized as follows: 

a. 	feed shortage mainly during the long dry summer 
season (7 months). 

b. 	abseice of a selection program for improvement of 

animial production. 

Ralnfed Agriculture in Egypt 

c. 	 absence of a marketing policy of sheep and g( 
products, and 

d. 	widespread diseases, especially ecto- and enc 
parasites. 

The main problems facing crop production in t 
region could be summarized as follows: 

a. 	evaluation of soil resources, 
b. 	use and management of calcareous soils which pi 

vail in the area, 
c. 	evaluation of the different irrigation systems in t 

newly reclaimed lands is lacking. 
d. 	the need for new varieties of trees which can tolen 

the prevailing conditions (climate and soil), 
e. 	sand dune fixation (through planting). 

f. 	 soil and water conservation through spreading a 
distributing the water, 

g. 	improvement of water resources, 
h. 	extension service for the Bedouins. and 
i. 	 range improvement. 

References for More Information 
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Rapporteur's Report on Group C Papers: 

Water Conservation and Use 

A. L. Black
 
USDA Agricultural Research Service, Mandan, North Dakota
 

Considerable progress has been made in identifying 
the most important components for efficient water cap-
ture and use schemes in crop production. Water har-
vesting systems developed by mechanical land-forming 
procedures have evolvcd which may be described as 
macro- or micro-water capture schemes for use on off-
site or on-site fields. The benefits of controlling runoff/ 
runon water are manifested in reduced soil erosion, 
increased rainfall use efficiency, and increased food and 
fiberproductioninr dnfedareasreceiingfrom50to800 
mm precipitation per year. 

Constraints to the implementation and adaptation 
of water capture and use systems on the land were 
identified by conference participants to include: a) the 
lack of adequate characterization of rainfall-evapotranspi-
ration relationships, b) inadequate characterization of 
the soil profile and associated physical soil properties 
affecting water relationships, c) disregard of the socio-
economic capabilities at the local level, and d) limited 
applicability of the results because of the site specific 
nature of the water capture and use research sites, 

Well-planned interdisciplinary research approaches 
could be instituted to eliminate some of the constraints 
found in many countries by developing better data sets 
involving adequate characterization ofclimate, soils (soil 
profile properties), adaptable crops, and socioeconomic 
factors for an area. Secondly, modeling of all the compo
nents of the system could be used to design efficient 
water harvesting and management schemes for various 
crops, coupled with the plant spacing geometry needed 
for field testing to determine the most efficient system 
over time. Finally, combinations of water management 
and water/soil conservation practices should be re
searched inharmonywithlocalagronomicandsocioeco
nomic cultural capabilities that are plausible for a given 
environment. 

Technology transfer planning for water capture and 
use schemes must include detailed cost-benefit analy 
ses not only in relation to the additional crop yields 
obtainable, but also an assessment of the long-term 
benefits of controlling soil erosion and preservation of 
the sustainability of dryland agriculture for a given area. 
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Status of Crop Climatology 

"Tomany people at the present time, the content and 
scope of climatology is only this - the measuring, record-
ing, and averaging of standard meteorological elements, 
I need not remind you that climatology when circum-
scribed in this way is sterile and unrewarding." 

That was written by C.W. 'hornthwaite (1958) in a 
review which he prepared for a symposium on Arid Zone 
Climatology sponsored by UNESCO and held in Can-
berra in 1956. As we meet 32 -ears later to take stock of 
success and failure in tackling the problems of dryland 
farming. it is appropriate that the subject of climatology 
should receive attention at an early stage in the proceed-
ings. If Warren Thornthwaite had been here, he would 
certainly have contributed to the debate about the 
severity of drought in the U.S. this year: he would also 
have been concerned with the application of climatolooi- 
cal principles to crop production in parts of the world 
where rain is always scarce and erratic and where the 
physiological consequences ofdrought are often compli-
cated by extremes of temperature. 

What aspects of climatology would make Thornth-
waite unhappy today? I suspect he would have been a 
little disappointed by our failure to make better use of 
the tremendous wealth ofinformat ton about crop-weather 
relations which we have acquired over the past 30 years 
from work in the field and in controlled environments. 
He would appreciate that we have used this information 
in several ways. We have tried to correlate yields with 
sets of arbitrarily chosen weather variables using statis-
tical techniques. I an: fairly certain that he would have 
described such exercises as "sterile and unrewarding" 
because -therelations they produce are site and season-
specific and because they shed so little light on physical 
and physiological processes. But he would have been 
astounded by progress in the simulation of crop growth 
and crop water use using large computer models. Per-
iap-,. having heard references to"black boxes," he would 
have used the same word to describe models that I once 
heard him applying to his own formula - "magic"! He 
would quickly have appreciated the potential applica-
tion of these models for planning and for management: 
but he would have criticized us for making our models 
esoteric and for doing too little to bridge the gap between 
the somewhat academic predictions we make from models 

and the needs of farmers who are more impressed by 
quick and dirty solutions to problems ofproduction than 
by the efficacy of magic wands 

Seeking both focus and structure for this paper, I 
decided that it would not be profitable either to attempt 
some kind of classification of the many diverse climates 
in which dryland farming is practiced (because descrip
tions will appear where they are needed in other papers) 
or to get involved in the use of black boxes to relate 
production to cimate. Instead, I shall try to put a few 
new steps into the staircase that ascends from the raw 
statistics of climate to predictions of how yield depends 
on ma'Jir elements, principally radiation, rainfall, and 
saturaion vapor pressure deficit. 

In this exercise. I have adhered to Occam's razor 
"Do not multiply hypotheses" - supported by the words 
of Bacon - 'Truth proceeds faster from error than from 
confusion." Progress in understanding and predicting 
the response of crops to climate is usually most rapid 
when we succeed in identifying conservative quantities 
- those which do not change much from site to site or 
from season to season. Bacon would certainly allow us 
to turn a blind eye to a bit of variability for the sake of 
reducing confusion! 

Growth, Water, and Radiation 

Types of Environment 

To start, Idistinguish between two types of environ
ment to which crop plants may be exposed at different 
times during a growing season: 

(a)an environment where roots have access to such 
abundant supplies of water that transpiration pro
ceeds throughout the day at a maximum or "poten
tial" rate determined mainly by solar radiation: 

(b)an environment where the uptake of water by a crop 
depends for at least a part ofeach day on the size and 
rate ofextension of the root system and on the state 
of water in the surrounding soil. 
Ishall refer to these types as energy limiting (EL) and 
water limiting (WL). 

Dry Matter and Water 
For both types of environment, there is substantial 

*.Submitted as conference paper no. 477 by the International evidence from field measurements on many species that 
Crops Research Institute for the Semi-Arid Tropics (ICRISAT) the amount of dry matter produced by a crop per unit of 
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water transpired (q) is almost inversely proportional to 
the mean value ol the saturation vapor pressure deficit 
(D) of the atmosphere to which the canopy is exposed 
during the day. This implies that qD is a conservative 
quantity - a response detected long ago by Klesselbach 
(1916). Its physiological basis - conservatism of the 
intercellular CO 2 concentrations of leaves - has been 
elucidated only recently. as described by Tanner and 
Sinclair (1983). 

For dryland agriculture, the dependence of q on D 
implies that the humidification ofthe atmosphere which 
always accompanies rain may be comparable in signifi-
cance with wetting the soil. In monsoon climates, about 
onethirdofthebenefitofrainintermsofcropproduction 
can be ascribed to a decrease of vapor pressure deficit 
(Monteith. 1986). We should therefore be extremely 
cautious about accepting production functions from 
line-source or rain-shelter systems where the natural 
coupling between water supply and D is broken. More
over, production functions should never be transferred 
from one site to another without correcting for differ-
ences of D where they exist, 

A convenient way of allowing for the influence of D 
on the relation between dry matter and rainfall (or 
irrigation) is to divide the amount of water (in mm, say) 
by the appropriate mean value of saturation deficit (in 
kPa) and then to multiply by D, = I kPa to give a 
"normalized" rainfall which still has units ofmillimetres. 
Unless this is done, parameters expressing the relation 
betweendrymattergainandwaterlosshavedimensions 
of pressure - a source of confusion. The amount of dry 
matter equivalent to one unit of normalized water is 
simply qD. (Note that D0 must be expressed as the 
equivalent of I kPa if a different unit is chosen for D. For 
example, with D expressed in mbar. D(, = 10 mbar.) In 
what follows, D.= 1 kPa and the units of qD/Do =qD are 
g dry matter per m2 per mm of normalized water which 
has the same numerical value as g dry matter per kg 
normalized water. 

The usefulness of D as a normalizing factor is well 
illustrated by the work of former colleagues at the 
University of Nottingham who grew pearl millet (Penni-
setumglaucum) in glasshouses there and also in the field 
at the WMO Center in Niamey. Niger, and at ICRISAT 
Center near Hyderabad, India. Table I contains values 
of q and D and demonstrates that qD for each species 
was conservative over a wide range of environments. 

Other values of qD reported in the literature are in 
Table 2. For C3 species, qD is smaller than for C4. 
corresponding to a well-documented difference in the 
characteristic intercellular CO 2 concentration of the two 
groups. However, the values for C:species grown in cool 
temperate climates is less than would be expected on 
this basis. It is likely that where values ofD are less tha;i 
0.5 kPa during much of the growing season, the speci-
flcation of a representative mean daytime value is less 
accurate than in drier climates where the quantity is 
larger. Another possible explanation lies in the correla-
tion between evaporation rate and D (Tanner and Sin-
clair, 1983) which is much stronger in EL than in WL 
environments. 

As the analysis which follows pertains mainly to 
dryland agriculture in warm or hot regions, a round 
number of 9 g/kgkPa will be adopted for C4 species and 
4 g/kg kPa for C. 

The values of qD reported here refer to shoot blo
mass only whereas it is total biomass that should be 
proportional to transpiration. The ratio of total plant 
biomass to transpiration is rarely reported from field 
experiments because root systems are difficult to har
vest and because total water loss cannot readily be 
partitioned into transpiration and evaporation from the 
soil. Fortunately, the ratio of root to shoot biomass is 
usually small, at least over the whole life of a crop, but 
the increase in root:shoot r-atio often observed in re
spunse to stress would be expected to make qD appear 
to decrease as available water decreased. 

Dry Matter and Radiation 

Another conservative quantity of major importance 
in crop ecology is the amount of dry matter produced per 
unit of radiation intercepted by foliage (el when light is 
a major limiting factor. The conservatism of e appears 
inconsistent with the non-linear relation between photo
synthesis rate and irradiance repeatedly demonstrated 
in the laboratory. However, intercepted radiation is the 
product of two quantities: radiation incident on a crop 
stand per unit area (S) and the fraction of that radiation 
which is intercepted (0. In climates where there is little 
cloud or where cloud is fairly randomly distributed in 
time, daily totals of radiation averaged over periods of 10 
days or more change little over the growing season. The 
corresponding mean efficiency of photosynthesis is 
therefore conservative and the main discriminant of 
growth rate is the fraction of incident radiation absorbed 
by foliage, a quantity depending on the area and struc
ture of foliage as determined by factors such as plant 
population, water supply, or nutrient availability. 

Because crop plants respond to a shortage of water 
or nutrients by investing a larger fraction of assimilate in 
root systems at the expense of shoots, both the shoot 
growth rate and transpiration rate increase less rapidly 
with the age of a stand than they would in the absence 
of stress. if demand and supply were kept in perfect 
balance by this mechanism, e would not respond to 
stress. In practice, the supply of and demand for water 
or nutrients are rarely exactly matched. For example, 
Day et al. (1978) found that when barley (Hordeum 
vulgare) grown on water stored in a soil profile was 
compared with irrigated barley in adjacent plots, the 
fraction of radiation intercepted over the growing season 
declined by 42% but the value ofe was only 20% less. The 
decrease of e reported as a response both to dry soil and 
to a dry atmosphere is likely to be a consequence of 
stomatal closure in a WL environment. 

Values of e for a range of species and environments 
are in Table 2. Those for tropical C4 and temperate C3 
species do not reflect the difference that would be 
expected from relative rates of maximum photosynthe
sis. It is likely that environments were predominantly EL 
and occasionally WL for measurements in cool temper
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Table 1. Values of dry matter/water ratio q and of normalized ratio qD for pearl millet and groundnut (shoot weights only). 

Standing shoot 
Site dry weight q D qD Source 

Mg/ha g/kg kPa g/kg kPa 

Pearl Millet (Penntsetumglaucun 

Nottingham. UK 14.4 6.4 
(glasshouses) 

ICRISAT. India 
drv season, irrigated 6.0 3.9 
dry season, unirrigated 3.2 4.6 

Niamey, Niger 	 1.7 2.1 

Mean 	 4.3 + 0.8 

Nottingham, UK 2.7 5.2 
2.5 3.0 
2.0 2.6 
1.1 1.5 

ICRISAT, India 
dry season, occasional 2.0 1.6 

irrigation 
dry season, unirrigated 1.1 2.0 

Mean 	 2.7 + 0.5 

ate climates, but predominantly WL and occasionally EL 
for measurements in tropical climates, even during 
rainy seasons. Values of e for several legumes are about 
half those for C 4 cereals in similar environments and a 
number of factors may contribute to this difference: 
smaller maximum rates of photosynthesis, energy spent 
in nitrogen fixation, and the relatively high energy 
content of oilseeds and pulses. 

A New CHmatic Index 

I have reviewed evidence suggesting that several 
major crop species produce dry matter at a rate which is 
proportional to the amount of water they transpire, 
normalized by the mean saturation deficit of the atmos-
phere they grow in,and that dry matter is also propor-
tional to radiation - though in many dryland regions this 
relation must depend to a large extent on the supply of 
water and nutrients. The conservatism ofboth e and qD 
implies thatj = e/qD (mm normalized water per MJ/m 2) 
should also be conservative. 

Inspection of Tables 2 and 3 suggests thatj is about 
0.17 (1.5/9) mm of normalized water per MJ/m 2 for C4 
cereals common in dryland agriculture and that for 
several legumes widely grown in the tropics and sub-

tropics, jis about 0.16 (0.65/4). In the rest of this paper, 
a round figure ofj = 0.2 is used to cover these two classes, 

1.4 	 9.0 Squire et al.
 
(1984a)
 

2.4 9.5 	 Squire et al. (1984b) 
2.3 10.6 	 - do 

4.0 	 8.4 Azam-Ali et al.
 
(1984)
 

9.4 + 0.4 

Groundnut (Arachishypogaea) 

1.0 5.0 	 Ong et al. 
1.4 4.1 	 (1987) 
1.6 4.0 
2.0 2.9 

2.4 	 3.8 Azam-Ali et al.
 
(1988)
 

2.1 	 4.2 Matthews et al.
 
(1988)
 

4.0 ± 0.3 

For groundnut (Arachishypogaea),j appears to be about 
0.1 (0.4/4), a consequence of the relatively small value 
for e, but would be closer to 0.2 ifthe high energy content 
of kernels were allowed for. For temperate cereals. j-0.4 

because qD is very small. The physiological and environ
mental reasons for this spread of values merits further 
investigation, but the extremes can be used when they 
are needed rather than J = 0.2. 

When the value ofj for a species is known, it should 
be possible to estimate the potential rate of transpira
tion (E) from a crop at any stage of development from the 
fraction f of incident solar radiation intercepted by the 

canopy and the product of solar radiation and D (not to 

the sum of a radiation term and an aerodynamic term 
proportional to D as in the Penman formula). The 
appropriate relation is found by writing the rate of 
accumulation of biomass per unit ground area (C) as: 

C = e f S = q E 	 [l] 

from which 

E= fJ S D. 	 [2] 

In this equation, -he product j S D representing the 
atmospheric demand for water can be interpreted as a 

driving force D multiplied by a stomatal conductance 
proportional to JS. The term J incorporates processes of 
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Table 2. Values of normalized dry matter/water ratio qD. 

Crop 	 Site 

Maize 	 W. and mid-W. USA 
(Zea mays) 

Sorghum 	 ICRISAT. India 
(Sorghum bicolorj 

Pearl millet 	 Various 
(Pennisetumglaucumj 

Groundnut 	 Various 
(Arachis hypogae) 

Chickpea 	 ICRISAT. India 
(Citcerarietinuni) 

Soybean 	 Kansas, USA 
(Glycinemax.) 

Wheat 	 Lincoln, NZ 
(Thticum aestivum) 

Baitey 	 Rothrkmsted, UK 
(Hordeum vulgare) 

Potatoes 	 Wisconsin. USA 
(Solariumtuberosum) Hc.land 

radiation, carbon dioxide, and water vapor exchange 
and f depends on the history of foliage expansion as 
determined by the environmental control of growth and 
development. Implicit in this simple interpretation ofj is 
the assumption that foliage and air temperature are 
equal so that D is a foliage - air vapor pressure difference, 
It Is possible to take account of diurnal changes in the 
difference between foliage and air temperature by appeal 
to the Penman-Monteith equation (Monteith, 1988). 

If the rate of transpiration started to depart from the 
potential rate early in the life of a crop because of an 
incipient shortage of water, slowing of leaf expansion 
would help to stabilize the balance between supply and 
demand as already described. In dryland farming, sup-
ply and demand are rarely balanced. During wet spells, 
the rate of transpiration is slower than the rate ofrainfall 
and is therelbre limited by available energy. During 

intervening dry spells, the supply of water from the root 
system may or may not be able to sustain the demand 
imposed by radiation (determining the effective stomatal 
conductance of the canopy) and by saturation deficit. To 
decide whether the climatic environment should be 
regarded as EL or WL, the appropriate value of j can be 
compared with the amount of rainfall received in a 
specific time, normalized by the mean saturation deficit 
fcr that time and divided by the solar radiation received, 
This climatological quantity will be referred to as J*. 

For the time being, we shall assume that rain falling 
on a crop on a particular day is available for transpira-
tion that day, but that none is stored in the soil, and thet 

qD 	 Source 

g/kg kPa 

9.5 ±0.3 	 Tanner and Sinclair (1983) 

8.3 	 Van Evert (communicated) 

9.4 ± 0.9 	 Table I 

3.9 ±0.3 	 Table I 

4.8 	 P. Singh (communicated) 

4.0 	 Tanner and Sinclair (1983) 

3.1 	 Wilson and Jamieson (1984) 

2.9 	 Day et al. (1987) 

6.5 	 Tanner and Shiclar (1983)
1.5 	 Tanner and Sinclair (1983) 

all incident radiation is intercepted by foliage. Then for 
any period in whichj* >J, crops have more rain than they 
need to meet the potential demand set by radiation - an 
EL environment. When j* < J, rates of transpiration and 
of growth are both limited by the supply of water - a WL 
environment. Figure 1shows normalized rainfall p!otted 
against radiation for 2 months at an imaginary station. 
The solid line through the origin defines a constant value 

' A 0 
a 
'E 	 ell 

. 

B' 	 O 
Ba 

A' 

Radlation (MJ/m'l 
Figure 1. Points A and T represent coordinates for 
normalized rainfall and radiation at a station in 2 
months. AA' is excess water, BB' is excess 
radiation, and BB" is irrigation used. Full line 
represents potential val .o of J and dashed line is 
possible actual value f. a text). 
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Table 3. Shoot dry matter per unit of intercepted (total*) dolar radiation e. 

Crop Site 

Maize Davis. USA 
(Zea mays) 

Sorghum ICRISAT. India 
(Sorghum bicolor) 

Kimberley, Australia 

Pea,'l millet ICRISAT, India 
(Pennisetum glaucum) 

Niamey. Niger 

Groundnut ICRISAT. India 
(Arachishypogaea) 

Chickpea ICRISAT, India 
(Cicerarietlnum) 

ICARDA. 2yria 

Pigeonpea Trinidad, West Indies 
(Cc Janus caJan) 

Soybean Iowa. UCA 
(Glyclne max.) 

Wheat Lincoln, NZ 
(Triticumaestivun) 

Temperate cereals, legume,. UK 
and root crops 

e. 

g/MJ 

1.5 

1.45 + 0.09 

1.2 

1.5 - 1.7 

1.2 

0.4 
0.4 + 0.07 
0.39 + 0.04 

0.68 

0.62 

0.6 - 0.7 

0.75 


1.19 + 0.02 

1.0 - 1.5 

Source 

Williams et al. (1965) 

ICRISAT Annual Reports 
(Van Evert. communicated) 

Muchow and Coates (1986) 

Marshall and Willey (1983), 
Squire et al. (1984b) 
Azam-Ali et al. (1984) 

Marshall and Willey (1983) 
Matthews et al. (1988) 
Azam-Ali et al. (1988) 

P. Singh (communicated) 

Hughes et al. (1937) 

Hughes ct al. (198 1) 

Shibles and Weber (1966) 

Wilson and Jamieson (1984) 

Monteith and Elston (1983) 

I Where ne: essary, values of e quoted for photosynthetically act!ve radiation were corrected to a total radiation basis by 
multiplying by the ratio of PAR to total energy assumed to be 0.5. 

ofJ. Point A represents a month in vhichj* is larger than 
j implying that the amount of water received from rain 
exceeds the amount that could be transpired by a crop 
"fully covering the ground." i.e., by the potential tran-
spiration for the month. Then excess water represented 
by the llneAA' would have to be lost by percolation or by 
r.,toff. (The role of evaporation from the soil surface is 
assumed negligible here but is discussed later.) From 
the coordinates of A' it is possiblt to calculate potential 
transpiration for the month and the corresponding 
production of dry matter. 

Point B represents a month in which j*is less than 
J. To survive in this environment, a crop would have the 
following three options. 

(1)To 	lose radiation (equivalent to the loss of water in 
the previous case) either by the adaptive device of 
restricting leaf expansion earlier in the season, or by 
the movement or rolling ,rshedding of leaves to 
reduce interception. The '. ss of radiation needed is 
given by the Ihne BB' and the coordinates of B' 
specify corresponding amounts ofactual transpira-
tion and growth. 

(2)To reduce by the proc.ss of storriatal closure. A line 

with a smaller value oiJ (dashed) could then pass 


through B. Values of e already reviewed suggest that 
this is a common response. 

(3)To increase the value of q. e.g., by decreasing the 
mean intercellular concentration of CO2. This re
sponse to drought has been repovted in some labo
i'atory studies, but as associated changes of q are 
usually small and unsystematic, the option seems 
less plausible than (1) or (2). 
The dryland farmer has two more options: 

(1) to apply irrigation corresponding to the (normalized) 
amount BB". 

(2) to thin stands so that less radiation is intercepted 
per unit ground area and therefore per unit of rain 
(but not per plant). Although this drastic procedure 
is sometimes practiced by farm, 'sia the semi-arid 
tropics. success obviously depends on rare skill in 
assessing reserves of water in the soil as well as 
forecasting rainfall for the rest of the season. 
Moving to a real dryland climate, Figure 2a displays 

monthly values of normalized rain ai~d radiation at 
Hyderabad. India. where rain falls during the muoisoon 
between mid-June and early October and in occasional 
heavy storms outside this period. In the 2 months July 
to September, J*>j implying that radiation is the factor 
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a) Hyderabad 
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FYiar 2. Monthly values of normalized rainfril 
plotted against radiation with relation J = 0.2 mmE 
per MJ/m 2 (bold line). 
* EL months with month number U* > J) 
o WL months (0 < J) 

(a) Hyderabsii (b)Jc'uihpur (c)Amarillo (d) Nairobi 
(e) Kuala Lumpur (Data for stations except
 
Hyderabad from Mueller, 1982). 


b) Jodhpur 
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limiting the growth of crops throughout the monsoon in 
an average year. Rain Is the limiting factor in all other 
months. 

Figure 2b is the corresponding plot for Jodhpur in 
the Rajasthan desertwhere monsoon rain is, on average, 
too little to bring any monthly point above the line. This 
distribution could be taken as the criterion of an arid 
climate. On this basis, Amarillo, too, is arid (Fig. 2c), but 
because winter temperatures a-e much less than in 
Jodhpur and because irrigation !s available, a com-
pletely different type of agriculture is possible. 

Figure 2d illustrates the bi-modal distrit-ution of 
rainfall at Nairobi. almost on the equator. On average, 
rainfall exceeds the requirements of cereal crops. e.g.. 
maize (Zeamays) from November to January and InApril 
and May. For contrast, Figure 2e shows the recorzi for a 
station in the humid tropics (Kuala Lurnpur), where all 

- ) Amarillo 
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months are above the iine and during the year radiation 

is 	n,'ich less variable than rainfall. In simple terms, 

there is never enough radiation to get rid of the rain. Dry 
matter production is rarely limited by water supply, but 
leaching and erosion are potential agricultural prob
lems. 

simplc climatic analysis does not take us very
far but the fact that the distribution of points above and 

below the line is consistent with known patterns of crop 
production at the stations chosen for illustration (and at 
others not shown) suggests that the value of 0.2 mm per 
MJ/m 2 chosen forJ is widely applicable. It certainly has 
a sounder basis than the ratio of rainfall to potential 
transpiration (often used to define the length of growing 
season at a station) because it combines the state of the 
atmosphere with essential physiology. 

As a step toward relating crop production to dli
nat s, the nain limitation of Figure 2 is: 

(1) n'o account is taken of the way in which water can be 
stored in the soil for later uptake by roots; 

(2)evaporation from the soil surface is ignored al
though it is usually a major term in the water 
balance when ground cover is incomplete: 

(3)the 	distribut~on of rainfall within months is not 
accounted for (in effect, both rain and radiation are 
assumed to be uniformly distributed over each 
month); 

(4)the phenology of crops, as determined by tempera
ture and daylength, for example, is disregarded. 



Crop Climatology 279 

a) Kuala Lumpur 	 Aoo.ud. o,,ow (.J/.'? 
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BFigure 	 3. Accumulated monthly values of normal
* *ized rainfall and radiation at Hyderabad (means for 

1978/87) (full line). Crosses represent maximum 
loss of water by transpiration as limited by water 
or energy. Soil water deficit and water loss as 
runoff <art > or as drainage <art > shown below 
radiation axis (see text). (a) 1978 (b) 1985 (c) 1983. 

)
Accumuioted rodioto (Miml 

0oco 2000 5000 

I b) 1985 

300 	 600
 

2(e) Radiation (MJ/m 2) 	 2 

We shall now explore ways in which the elementary L 

climatic analysis represented by Figure 2 can be ex- 3(b) - - u, o1,i , 00 It 
tended to include all four points in this list. 

Monthly Water Budget 	 9 ,190 2000 o0 -0 

The next step on the staircase leading to a practical -- 

crop model is to estimate monthly budgets for water, 500- + 

assuming a value for the maximum amount ofwater held 
in the soil profile and accessible to roots. This type of
 
analys!s usually contains the implicit assumption that . ---..-...
 
available water" is constant throughout the growing .
 

season whereas, in reality, it increases as roots pene- 3(c) -.. I , T Ot 1 w r e 0
 

trate downwards.
 
For illustration. and as the basis for the presenta

tion of daily water budgets which will follow, I chose cumulative radiation by analogy with Figure 2. Cumula
records for three contrasting years at ICRISAT Center in tive radiation is used as a surrogate for time so that a plot 
the decade 1978-87: the wettest year (1978), the driest ofyagainst x hasa maxmum slope ofj = 0.2 mm perMJ/ 

2(1985), and a season in which rainfall and evaporation m . The lower part of the figure represents the soil water 
remained roughly in balance throughout (1982). deficit assumed to have a maximum value of250 mm for 

I assumed that crop growth began on an arbitrary a deep Vertisol. The hatched area at the bottom of the 
date, conveniently chosen as June I (in practice, sowing graph therefore represents the estimate of water stored 
is usually a couple of weeks later than this) and that it in the profile and the stippled area, where it appears, is 
continued in each month that rain fell or until stored water lost by runoff or by percolation. (In this type of 
water was exhausted. analysis, it is necessary to make the unrealistic assump-

Figure 3 shows cumulative normalized rainfall (full tion that these components are zero until the soil is at 
lines, upper part of figure) plotted as a function of field capacity.) In a wet year (1978, Fig. 3a), the .ater 
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]equivalent of accumulated dry matter as determined by Accumulated radiation (MJ/nM


radiation (+ on graph) is always less than the corre- 500 0ooo
 

sponding accumulated rainfall. The excess is stored in 
 .)a501978
 
the soil (assumed to hold no water on Jan. 1) or is lost,
 
as in August. Because evapioration proceeds throughout
 
at a potential rate, points representing cumulative
 
monthly totals lie on a line with slope J.
 

In a dry year (1985 Fig. 3b), the analysis suggests , 12 5 I
 
that a limited amount of water was stored in July and
 
August, but for the rest of the year, points fall on the ,
 
locus of accumulated rainfall showing that dry matter
 
accumulation was limited by water, not light. In an
 
intermediate year (1982, Fig. 3c), water is stored in the
 
profile from June to October and there is just enough GSI GS2GS3
 
rain to prevent the water supply from limiting growth in
 
any m6nth until December.
 

Daily Water Budgets 4(a) 

Figure 4. Daily values of soil water deficit at 

In the analysis of the last section, the amount of dry Hyderabad estimated for a soil with water holding
 
matter produced over a peri( d of 6 months ranged from capacity of 250 mm. Details of interpretation in
 

39 Mg/ha in 1985 to 60 Mg/ha in 1978. These figures text. (a) 1978 (b) 1985 (c) 1983.
 
are larger by a factor of about 5 than the blomass A....... , . W)
 

500 OO0 1500produced by crops of sorghum [Sorghum bicolor (L.) 250, 

Moench] (var.CSH 5) grown from 1981 to 1987 on a deep b) 1985 

Vertisol at ICRISAT. To remove this discrepancy, I esti
mated the length of major growth stages from mean daily 
temperature, and introduced evaporation from the soil 
surface using an algorithm given in the Appendix.125-

The years 1978, 1982, and 1985 were chosen again 
to allow comparison with Figure 3. The vertical coordi
nate in Figure 4 now represents soil water deficit (actual. 
not normalized water) with a maximum value of250 mm 
and a minimum value of zero corresponding field 4(b)°_ S, GS3to _S2 

capacity. The horizontal coordinate is accumulated 
2radiation as before. On any day when the rainfall ex- Accumulated radiation (MJ/m ) 

ceeds the deficit, the water that is "lost" by runoff or 500 1000 

percolation Is shown below the axis. On any day when ci 1982 

the available water is zero, transpiration and growth are 
assumed to be zero so that radiation is "lost." Reading i 

from left to right, vertical axes represent the origin for 
radiation, the amount of radiation accumulated up to 
the date ofsowing and amounts accumulated to the ends 125 

of growth Stages 1, 2, and 3 (corresponding to panicle A 
initiation, anthesis. and maturity). The initial water 0 
content was obtained from an independent water bal
ance study. 

In the wet season of 1978 (Fig. 4a). the profile was 0 
more than half full at the beginning of the monsoon 4(c) GS2 053 

season and remained close to field capacity until har
vest. Very heavy rain in GS 3 was followed by the loss of In 1982, the profile again was never more than half 
more than 300 mm of water. Wet conditions at harvest full, but the distribution of rain was such that there was 
and some leaching of nutrients earlier in the season may a steady decline in available water from about 130 mm 
both have been responsible for the poor yields of cereals early in GS i to zerojust before the end of GS 3 (Fig. 4c). 
widespread in this season. There were several periods when the input of water from 

In complete contrast, the monsoon of 1985 was so rain almost exactly balanced the output by evaporation. 
late in arriving that the date of sowing according to the Over the whole decade (1978/87), the model pre
criterion used (Appendix)was july 4, about 3 weeks later dicted that water would be lost by runoff or percolation 
than usual. The profile was never more than half full and diuring tne growing season in only 3 years whereas runoff 
little water was available to the crop in GS 3 (Fig. 4b). was recorded in 7 years. The estimated loss of water by 
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12- to roots and shoots must be dealt with explicitly so that 

the uptake ofwater and nutrients by roots can be treated 
in the same detail as the interception of light by leaves, 

o-. the coupling of nutrient and water budgets in the soil 

must be addressed, and a submodel for runoff and 
,0 I0 percolation must be incorporated.

85
E 
.0 

0 83 Conclusion 
E The scheme described In this paper for relating crop
U 8- production and transpiration to climate takes account of 

major effects of solar radiation, rainfall, and saturation 
t_ I I deficit. Temperature determines the length ofphenologi

6 8 10 12 cal stages and its influence on e. usually small, could be 

Measured biomass (t /ha) readily allowed for if it were needed. No account is taken 
of wind - an additional factor determining canopy sur-

Figure 5. Blomass of sorghum as estimated from face temperature and evaporation rate which wouIld be 
model (Appendix) and as measured at ICRISAT needed if the the true canopy/air vapor pressure deficit 
Center, 1981-87. Points for 1983 and 1985 were to be used in place of D.
 
identified. Despite these limitations, the scheme provides a
 

runoff and percolation was 514 mm whereas 600 mm of logical link between climatology and crop physiology. 

runoff was recorded. Inspection of daily measurements coupling dry matter production and transpiration in a 
manner consistent with field experience, but overlookedshowed that the model overestimated the amount of rain in more sophisticated models which use independent 

that could be stored when the top part of the profile was algorithms to describe fluxes of carbon dioxide and
at field capacity and the lower part was less wet. 

There were only two seasons - 1982 and 1985 -when water vapor. 
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Appendix 

Modelfor daily waterbudget 

The main assumptions used to construct Figure 4 

SAT and are as follows: 

(1)sowing was assumed whenever the rainfall after 
June I accumulated over 3 days exceeded 25 mm; 

(2)the timing of successive gr-owth stages (GS 1,2,3) 
was calculated from daily mean temperature using 
algorithms from Huda (1987); 

(3)intercepted 	radiation (I) was assumed to be zero 
during GS 1 and 0.7 thereafter: 

(4)transpiration was calculated from intercepted ra
diation using a coefficient of 0.2 mm of normalized 

(5)evaporation from the soil was assumed to have a 
limit of 50 mm in GS I and 25 mm thereafter. The 
rate of evaporation decreased exponentially with 
time after the last rain and the time constant for the 
process, dependent on radiation, was about 5 days 
on average, and 

(6)a maximum of I mm of water evaporated directly 
from the surface of foliage on every day with rain 
exceeding I mm. 
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Introduction 

It is characteristic of semiarid regions that weather 
patterns vary markedly from year to year, from place to 
place, and within years at any one place. The element 
showing greatest uncertainty is rainfall, and its unrelia-
bility is echoed in crop yields and the season-to-season 
response to inputs such as fertilizer. Average grain yields 
ofcerealsIncountriesofnorthAfricaand westAsia show 
coefficients of variation from 15 to 60%. and at the level 
of an individual farm this would be much greater. This 
variability has a numberof consequences which relate to 
research. It leads to conservative management by farm-
crs. especially resource-poor ones, as they seek to avoid 
risk. It influences the type of technology needed te 
increase food production. as this must be designed to 
minimize the risk imparted by extreries of weather. It 
impinges on research planning and management in 
several ways: (i)to set objectives and to plan priorities, 
there must be clear definition of the weather-induced 
constraints and of areas where similar biophysical 


conditions occur: (ii)new technologies should be devel-
oped and thoroughly tested in a wide sample of possible 
weather conditions; (iii) site and season specific research 
findings must be extrapolated quantitatively: and (iv) the 
type of technology a farmer can adopt may depend not 
only on biophysical factors but also on how costs and 
returns respond to the uncertainties of weather. 

The Farm Resource Management Program at the 
International Center for Agricultural Research in the 
Dry Areas (ICARDA) is assembling and developing meth-
odology to quantify effects of erratic weather patterns on 
crop production (Fig. 1), and to predict resource and 
whole-farm management strategies by which its impact 
may be mitigated. The methods are designed to lead to 
more efficient research in both ICARDA and collaborat-
ing national programs, and eventually to the transfer of 
appropriate technology to the farm level. 

Methodology 

Baseline Crop Yield Generator 

In the diagnosis of constraints within farming sys-
tems, we need to quantify the uncertainty of crop yields 

as influenced by weather. This ideally should be esti

mated from long time-series yield data, but these are 
usually not available. As an alternative, methods have 
been developed to estimate the statistical parameters of 
crop yields over time from information elicited through 
interviews with experienced farmers. The farmers are 
asked to estimate, for the past 10 years, the frequency of 
"good", "normal". and "bad" years, and the yields asso
ciated with eacn cla,s. The estimates of a large sample 
offarmers in a climatic zone are aggregated and analyzed 
to produce a grand mean and between- and within-farm 
variances. The within-farm variance represents the 
variance due to year-to-year variability in crop yields in 
the study area. A random time series is generated using 
the grand mean. the standard deviation calculated from 
the within-farm variance, and normally distributed ran
dom numbers generated with apseudo-random number 
generator and the Box-Muller approximation (Maerz, 
1987). The assumption of normality is a weakness of the 
method, and alternative distributions are being tested. 
The method also assumes that farmer recall is accurate 
and that the weather-determined yield range isrepre
sented in the previous 10 years. 

Multi-site, Multi-season Trials 

In order to hasten research on the urgent problems 
of the region, multi-site, multi-season trials are used 
where space is treated as a substitute for time to sample 
the impact of weather variation. In fertilizer studies in 
Syria, for example. on- farm trials are carried out at sites 
chosen to represent climatic variations as well as vari
ability due to soil type and depth and previous crop. New 
sites are used each year. and in three seasons there have 
been just over 50 trials. Total seasonal rainfall moni
tored at the sites has ranged from 140 to 340 mm across 
years, and differences in spa'.e and time in the distribu
tion of rain within the season also have occurred. In 
linear regression analyses, total rainfall during the 
season explained - 45% of the yield variation across 
sites, years, and fertilizer treatments, and 50 to 60% of 
that at a single adequate fertilizer level across sites and 
years. An additional 5 to 10% of the yield variation can 
be explained if rainfall is partitioned into two periods
during the season (pre- and post-tillering rainfall) to 
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Figure 1. Components of definition o impact of weather on agricultural production and new technology 
development. 

allow for its intra-seasonal distribution. The influence of lar !ocations. Two potential hazards are best guarded 
rainfall as a major factor determining yield is clear, against in this way. There is a risk that technology 
These data are being used to quantify weather-induced deemed to be appropriaL, may be developed in a time
risk in both biological and economic terms. Weather span when weather conditions are better (orworse) than 
(rainfall) dependent variability increases, albeit at a the normal. A knowledge of where the conditions of a 
higher mean yield, when nutrients are no longer limit- particular season lie in respect to the expected range at 
ing. However, farmers in these low rainfall areas may the experimental site is therefore important in data 
wish to use lower fertilizer rates and trade off some yield interpretation. There is also a risk that there will be 
potential in the best years against reduced costs which overreaction to an extreme weather event. For example, 
will still give a )eld benefit in the majority of years. The there may be a temptation to use severe drought or cold 
data and these analyses will permit our collaborators in heavily in selection procedures where tolerance to such 
the Soils Directorate ofthe Syrian Ministry ofAgriculture stresses is an objective of plant breeding progrm ms. But 
and Agrarian Reform to use long-term expected rainfall if the event is extremely rare, e.g.. I in 50 years, it 
data to formulate fertilizer recommendations. This is probably should be disregarded or used only very Judi
important not only to provide farmers with good advice, ciously for special purpose selection. 
but also for planning the allocation of limited fertilizer Weather data analyses for predictive purposes are 
resources at a national level, useful in the evaluation of technology. For example, 

ICARDA is testing the introduction of a ley farming 
Weather Data Analyses system based on rotations of wheat (TrItlcum sp.) with 

self-regenerating pastures of Medicago species. Early 
Analyses of historical weather data provide perspec- and vigorous establishment of the medic is a key to 

tive in the interpretation of research findings at particu- productive pastures, but the environment carries a risk 



of a false start to the rains, with loss of plants and seed 
reserves when the first rainis followed hy a prolonged dry 
spell. Detailed studies of the dynamics of medic popula-
tions during drought and of the accompanying condi-
tions of temperature and evaporation at our main site 
will allow the probability of this risk to be determined 
from weather records. 

Spatial Weather Generator 

In developing countries, weather data records may 
be relatively short, discontinuous, from a sparse grid of 
recording sites, or readily available only as monthly 
summaries. In order to extend the length of the record 
and to fill in gaps in space and time, a spatial weather 
generator has been developed and is being validated, 
Available records and topographical and satellite infor-
mation are used to generate daily weather sequences for 
a grid of locations appropriate for the application. This 
will permit the spatial analysis of crop-relevant weather 
events in particular study areas. For the medic example, 
the probabilities of successful pasture establishment 
across a study area known to have a rainfall gradient can 
be evaluated, either directly from weather conditions or 
by the use of simple water balance models. The limits 
beyond which implementation of the system would incur 
unacceptable risks also can be defined. The generator 
will also provide a weather data base for the application 
of crop growth simulation models. 

Crop Growth Simulation Models 

Well-validated. dynamic simulation models which 
integrate the effects ofweather, soil type and depth. crop 
genotype, and management practices on crop growth, 
development, and yield provide a basis to overcome the 
problems of extrapolating from experimental sites to 
more general areas. When they are used with grid data 
from the weather generator, the real impact of weather 
on crop production can be predicted. Use of models will 
allow us to: quantify specific constraints to production 
for research planning, supplement field testing of tech-
nology for efficient research, delineate areas with com
mon constraints and potentials for the application of 
technology, and predict probability distributions ofylelds 
and other parameters in response to changes in technol-
ogy for risk evaluation. The work focuses on quantifica
tion of spatial and temporal variability and risk. whicharelagel is designed to cam-wathr-epedetand 
are largely weather-dependent, adidegndtco-yields 
plement earlier and ongoing characterization of environ
ments by other international institutions (e.g., FAO) and 
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national programs. Crop models for the two major crops 
of the region. wheat and barley (Hordeumsp.). are being 
validated for regional conditions, and a program to test 
their application with the spatial weather generator is 
being implemented in collaboration with national insti
tutions. To complete the analysis of Mediterranean 
farming systems, models ofcompanion crops, especal:y 
temperate food legumes, well-calibrated to semiarid 

conditions, will be needed. 

Crop and Crop Yield Correlation Models 

Stochastic generation of crop yields for which no 
growth simulation models are available can be attempted 
from yield correlations between crops grown in the same 
season. The correlations are never perfect, due largely to 
differences in the rate of development of crop species, 
and the impact of weather events on individual crops at 
various stages of development. Mean yields and the 
variance-covariance matrix of several crops can be based 
on long-run trial data in a study area. or on estimates 
from the farmer recall r iethods described earlier. The 
correlations can be use'. with yield data for one crop from 
long time-series records, from 'crop growth model simu
lations. or from generated time-series data from farmers' 
recall to estimate yields of associated crops in the same 
season. 

Whole Farm Analyses 

The final test of technology must be whether it 
increases productivity at the farm level and improves
farmers' welfare. But it is at the level of the farm that the 
impact of variable weather is greatest. Methods of whole 
farm analyses need to be able to incorporate stochastic 
elements of production. Curi ent work aims to incorpo
rate effects of stochasticity into whole farm linear pro
grams. Initially, baseline data generated from farmer 
recall to analyze constraints will be used. The methods 
are expected to be equally applicable to evaluation of the 
probable outcome of new technology and will be used in 
conjunction with output from the weather generatorand 

crop simulation models for this purpose. 
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Introduction 

In spite of the rapid advances made in the past 2 
decades, world food production will barely manage to 
keep up with population and demand from now until the 
year 2000. The exceptionally stable climatic period 
witnessed by the world over the past 40 years is highly 
unlikely to continue (Cusack. 1983). Climatic instability 
will increase the vulnerability of the already marginal 
areas currently under cultivation in the semiarid regions 
ofAsia and Africa. Integration of information from soils, 
crops, and the environment is crucial to evolve carefully 
managed systems of cultivation that make the most 
efficient use of natural resources. 

Progress in 

Agroclimatological Analysis 


Previous agroclimatological analyses are too numer-
ous to list and have ranged from analyzing a single factor 
such as rainfall to combining multiple data sets from 
climate, soils, and socir 'conomics to develop operation-
ally logical subdivisions for a crop in a country (Carter. 
1987). It is difficult to categorize them into well-defined 
types since the analysis itself was often dictated by 
perceived needs, data availability and ease of data 
collection, tools and methodologies available for data 
manipulation and, most of all, by the evolution of the 
knowledge base elucidating the interactions between the 
climate and agricultural systems. For example. rainfall 
analysis over the past 4 decades progressed from a 
traditional statistical approach to a more agronomically 
relevant approach today. 

The most common practice in agroclimatic analysis 
has been to present averages of monthly, seasonal, or 
annual totals of the parameters of interest derived from 
long-term weather records. There was an early recogni-
tion that rainfall is most properly viewed mainly as a 
balance between the supply and evaporative demand 
rather than as supply per se. Methodologies initially 
suggested (Thornthwaite, 1965) that comparisons be-
tween average rainfall and potential evapotranspiration 

all the above methodologies, the problems associated 

with interannual variability have been recognized. 
'he question of variability has been addressed by 

analyzing yearly totals for a particular period, and 
estimating from them the amount of rain that can be 
expected at given probability levels. A unique example of 
using the probability approach is given by Hargreaves 
(19711 who developed a "moisture availability index" 
which is the ratio of PD/PE where PD is the dependable 
precipitation defined as the expected rainfall at the 75% 
probability level. 

Stem et al. (1982) argued that even with such 
improved approaches, much of the information that 
could otherwise be easily generated from daily data is 
never analyzed. Computer storage is now readily avail
able to easily store and use daily data. As an alternative 
to many of the direct approaches employed in agrocli
matic analysis. Stern et al. (1982) proposed that the 
seasonal pattern of daily rainfall could be modeled and 
probabilities ofrainfall events could then be derived from 
the model. 

The value of any agroclimatic analysis depends 
upon its exploitation in an agronomic sense which 
makes the analysis agronomically relevant. Since most 
agronomic questions start with decision making 
pertaining to planting. fertilizer application, weeding, 
cultivation, harvesting, etc.. it is desirable to frame the 
questions of relevance from the standpoint of cropping 
sequence as opposed to a monthly calendar. Operations 
of this nature are based on real time weather events such 
as the occurrence of a given amount of precipitation, eg., 
20 mm of rainfall. Stewart (1985) proposed that 
indicators be used to forecast seasonal rainfall and 
then the forecast would be used to guide farm 
management decisions. Based on the analysis of the 
relationship between the date of onset of rains and 
the length of the growing season for 58 locations in 
the Sahelian and Sudanian climatic zones of West 
Africa, Sivakumar (1988) proposed the concept of 
"Weather-responsive Crop Management Tactics". This 
concept combines the knowledge from the analysis of 
historical weather data with real-time weather data to 
make changes in management tactics during the growing 

(PE) be used to predict moisture availability to crops. In season. 



Integrating Soil and Crop Models 
for Agroclimatological Analysis 

Agroclimatological analyses of the type described 
above provide useful information, but integration of this 
information with soil and crop data is necessary foi .=,E! 
applications. Models are useful for the purpose of inte-
gration (Nix. 19871. Advances made over the past 2 
decades in our understanding of crop/weather relation-
ships led to modeling crop responses to the environment 
under a wide range of soils, clinmates, and agronomic 
management systems. As Nix (1987) explains, models 
may be simply'no more than intuitivejudgment-based 
models based on a set of linked logical statements: a set 
of statistical equations: or dynamic, process-based 
simulation models, 

Models that integrate soil and crop information for 
agroclimatological analyses have been developed, e.g.. 
the WATBAL model of CSIRO (Keig and McAlpin. 1974) 
deals with soil alone, 

Since several models are readily available, it is 
important to ask how one approaches the task of inte-
gration. The first step is to carefulh' define the purpose 
for which the models are to be integrated for agroclinm-
tological analysis. Initially, this could be defined from 
the conclusions drawn from climatc- data analysis. For 
example. calculations of the length of growing season 
from rainfall data could lead to the question of matching 
crops to the available season length. Then it is important 
to review the soil. crop. and climatic data available, and 
the methods of matching these databases, which often 
dictate the type of model that could be employed. Aver-
age climatic data are more readily available and doeu-
mented than daily weather data and this leads to a clear 
distinction between crop-clinate models and crop-
weather models. The choice of a model is also based on 
the level of accuracy and the scale of application desired. 

An example of the use of average climatic data for 
irrigaw,1- n planning at individual sites is the Doorenbos 
and Piuitt (1977) model for crop water requirements. 
This model could also be employed to estimate loss of 
crop yield through water stress for specific crops. At the 
other end of the scale of application of average climatic 
data is the agro-ecological zones (AEZ) model of FAO 
(Higgins et al.. 1987). which can be used to estimate 
potential rainfed crop yields on a regional or global scale. 
The AEZ model combined world soil and climatic data to 
yield 45.000 unique agro-ecological cells and incorpo-
rated elements from other models. e.g.. the Doorenbos 
and Pruitt (19771 model. 

It is also important to realize that crop-climate 
models limit the application to decisions of a -strategic-
nature, i.e.. those concerning long-term development 
planning. Intraseasonal variation in weather leads to 
short-term variation in crop growth and development 
and these call for -tactical" or operational decisions 
during thecrop growing season. Ifthe purpose is to make 
tactical decisions during the periods when droughts 
occur, it is necessary to integrate models that consider 
prevailing soil water conditions, the sensitivit*yof the 
crop to water stress, and crop water requirements in 
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real-time situations. For this purpose. crop-weather 
models could be used. 

A number of crop-weather models are available for 
these applications. Based oi the predominant approach, 
Baier (1979) (lassified them into three types: mltiple 
regressionyield models, statistically-based crop/weather 
analysis models, and crop growth simulation models. 
For real time applications. the latter two types are useful. 

Crop/weather analysis models use daily climatic 
data, soil characteristics, derived variables such as soil 
water, and observed or estimated crop phenolog,. Con
ventional statistical procedures and non-linear regres
sion techniques are used to evaluate the coefficients 
relating Crop response to the input variables. The scale
 
oi application could be daily or any interval over which 
no appreciable change occurs in the crop response. The 
wheat/weather analysis model developed by Baier (1973) 
is a typical crop/weather analysis mode. A goocx
ample of an application of the crop/weather analysis 
model. under conditions where water is the main con
straint Ior crop production. is the FAO crop forecasting 
method (Frere and lPopov. 1979) which is being used for 
a numlber of cro s il several regions of theworld. This 
method is based on the computation of a water satisfac
lion index based upon a cumulative water balance for a 
given crop on a 10-day scale. 

Over the last decade, rapid advances have been 
made in the development of simulation models. These 
models attempt to explain, through a set of nmathemati
cal equations, the impact of weather v.riables and soil 
properties on physiological processes. As discussed 
earlier, the level of' complexity of the model selected 
depends o the purpose. For agroclimatological applica
tions, early efforts involved the use of a specific crop 
growth model br examining the eftects ofvariable weather 
or alternative crop management options such as spacing 
or plant population on crop responses. However. for 
some specific applications two or more simulation models 
had to be integrated. Krishna et al. (1987) used compo
nents of two simulation models. EPIC (Erosion-Produc
tivity Impact Calculator) and SORGF (sorghum growth 
simulation model), with 20 years of actual climatic data 
to evaluate the potential of tied ridges (furrow dikes) to 
increase sorghum production. Their simulations high
lighted the importance of year-to-year weather var
ations on the expected benefits from tied ridging. 

Conclusions 

Climatic variability and the associated instability in 
food production in the arid and semiarid regions calls for 
strategies that employ real-time information on soils, 
crops. and environment for decision making. Without 
doubt, we now have the tools, through the explosion of 
computer technology, to collect, store. process, and 
interpret soil, crop. and weather data. Soil and crop 
models provide an effective means to analyze data and 
summarize results in a user-oriented format. Integra
tion of models for agroclimatic analysis will only hasten 
the application of agroclinatic information for increas
ing and stabilizing food production. 
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Introduction 

Rainfall patterns in the semiarid Sahel-Sudan zone 
are characterized by irregularity of the early rains and by 
unpredictability of the end of the wet season (De Leeuw 
and Snijders. 1987). Farmers growing sorghum in this 
environment try to adapt agricultural strategies to these 
unpredictabilities, e.g., by choice of sowing dates and of 
sorghum (Soryhum sp.) varieties. The latter may differ in 
the length of the period of vegetative growth and in 
photoperiod. The length of the growing season for a 
particular variety depends on the date of seedling emer-
gence and the length of the vegetative cycle, 

Growth does not depend on rainfall per se, but on 
the availability of water in the soil. This in turn depends 
on physical characteristics ofthe soil and on agricultural 
measures which impact soil properties. The effects of 
these properties and measures on sorghum yields may 
differ among subsequent years. depending on rainfall 
patterns. 

This study simulates water- limited yields of some 
varieties of sorghum [Sorqhurn bicolor(L.) Moench] differ-
ing in vegetative cycle and photoperiod. inder a given set 
of rainfall conditions on the Mossi plateau in Burkina 
Faso (westAfrica). depending on the sowing time and the 
type of soil. In a series of simulations, eight contrasting 
types of soil were chosen to detect the degree of sensitiv-
ity of three varieties for a range of physical soil charac-
teristics related to water-holding capacity under condi-
tions of rainfall at the Saria station (southern edge of the 
Mossi plateau). 

The Model 

Crop growth was simulated by a modified version of 
the WOFOST model (Van Keulen and Wolf, 1985). Yield 
was simulated on tiie basis of day-to-day calculations of 
the water balance of the soil and growth and develop-
ment of the crop (leaves, stems, roots, and grains). Crop 
development was simulated as a function of air tempera-
ture and day length (for the short-day variety only). 

tion, and factors regulating soil water availability. 

Modifications in the model. introduced by the author, 
concern sowing dates and the development of short-day 
varieties. 

Following the modified model, a farni,,-r decides to 
sow sorghum grains as soon as sufmcient water is 
available in the soil alter a supposed earliest possible 
date. The latter has been fixed at day 140 (May 20) or (lay 
180 (June 28) .. cording to recommendations from the 
National Meleti ai Service, for the southern and 
the northern zone of A plateau, respectively. The.ossi 
criterion for minimum soil moisture at the date ofsowing 
has been related t , 15 mm or 25 mm infiltration. 
indicating moist and sufficiently wet soil, respectively. 
Runoff percentage increases with increasing rainfall, up 
to values of 20 or 60% at heavy rainfall (resulting in total 
values of about 5 and 20% on a year basis, respectively). 
Surface storage of water, infiltrating into the soil during 
the days following rainfall. have been estimated at 2 or 
8 rm. It cases of crop dying as a result of drought, it is 
sUtw:,ierl that sowing is repeated as soon as the condi
tions are in agreement with the soil moisture criteria 
mentioned above. Crop death after flowering has been 
consi'dred crop failure. 

Tnc simulations were performed for each of the eight 
combinations of soil moisture at the date of sowing (15, 
25 mm), percentage runoff(20. 60 at heavy rainfall), and 
surface storage (2. 8 ram). The results are presented as 
mean values in order to illustrate and discuss some 
general phenomena. In a following paper. the separate 
results will be analyzed and interpreted in more detail. 

Rainfall Data, Soil Types, 
and Varieties 

Daily rainfall data for Saria station were obtained 
from IRAT (Institut de Recherche d'Agronomie Tropicale) 
(Tropical Agriculture Research Institute), measured for 
1976-1978 and 1980-1992. in cooperation with CIEH 
(Comity interafricain d'Etudes Hydrauliques) (Interafri
can commission for Hydraulic Studies). We used data 

Growth was determined by the development stage and from 5 of the 15 measuring points, here considered as 
daily rainfall, temperature, irradiance, evapotranspira- replicates. In addition, we used rainfall data from the 
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National Meteorological Service (Meteorologie Nationale) 
for 1970-1984 at three northern stations (Ouahigouya, 
Tourcoing-Bam, Kaya)and three southern stations (Yako, 

Ouagadougou, Koupela) on the Mossi plateau These 
results are not presented here. 

Soil types were chosen according to data from 

Boulet's (1976) soil map of Burkina Faso. The soil water 

characteristics are presented in Table 1. In this paper. 
soil infiltration was fixed at a constant value of 30 mm/ 

h (Forest and Lidon, 1984). We simulated the Saria yield 
for three varieties of sorghum: (i)a standard day-neutral 
variety 03-ST with a vegetative cycle of 120 days, (ii) a 

day-neutral variety with an 80% reduced cycle of vege-
tative growth, (iii) a short-day variety 252/.5. Crop 

parameters have oeen used from Van Keulen and Wolf 

(1985). 
Simulations in the present paper reveal potential 

yield. limited by water availability only. As a result, the 
simulated values are much higher than actual yields. 
Nevertheless, the relative differences may be considered 
a preliminary indication of the importance of different 

rainfall and soil factors concerning water availability. 

Results of Yield Simulations 

Each bar in Figures 1-3 represents the mean yield 

obtained from 40 simulations (five rainfall points, eight 
parameter combinations). The results are presented per 
soil type, for a series of 6 years. The right part of each 
graph gives the mean yield per soil type, averaged over 6 
years. Results for a standard day-neutral variety are 
presented in Figure 1a (sowing after day 180) and Figure 

lb (sowing after day 140). In general, early sowing (Fig. 

lb) produced higher mean yields than late sowing (Fig. 
la). Early sowing seems of crucial importance to prevent 
crop failure in 1977 and 1982, but in 1981 lowyield was 
obtained in both cases. Within a particular year, yield 

Table 1. Soil water characteristics of different soil types in 
Burkina Faso. 

Soil type Soil water potential (MPa) 
-0.001 -0.02 -1.5 -2.0 

_ 

Sand 400 60 20 10 

Sand/clayey sand 400 90 30 10 

Sand/sandy clay 400 110 40 10 

Sand/clay 400 140 60 20 

Loamy sand surface 400 180 80 30 

Sandy loam surface 400 240 120 60 

Sandy clay surface 400 280 160 100 

Fine structured clay 400 340 200 140 

depends on soil type. For example, in the years men
tioned above (1977 and 1982), a very low or even zero 

yield is obtained on soil types 7 and 8. even after early 
sowing (Fig. Ib); the same holds true for 1978 and 1982. 
In 1976 (late sowing, Fig. la), zero yield values are 

reached on soil types 1 and 2. 
Late sowing of a day-neutral variety with a reduced 

vegetative cycle (Fig. 2) reduces the risk of crop failure in 

some years (e.g., 1982), but does not in other years (e.g., 

1977, 1980). Still, within a year the yield depends on soil 

type. 
Only when a short-day variety is used (Fig. 3) do all 

soil types produce a non-zero yield. The mean yield is 

higher than for day-neutral varieties. Here soil 1 (sandy 
soil) seems the most risky one compared to day-neutral 
sorghum sown early (Fig. lb) where soil 8 (fine struc

kg/la 

oco .. . . . _la------... 

la 
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30 

2000 

woo 44 . _ _ 

0 
1976 1977 _197 1980 1981 192 mean 

b, 

4000 r - 

3000 
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°°°__1000________ 

0,1 
1976 1977 1978 1980 1981 1982 mean 

Figure 1. Mean simulated yield (kg/ha) for 6 years 
of a standard day-neutral variety of sorghum, 
grown on eight soil types (1-8, see Table 1) under 

Saria Station rainfall conditions (five sites). All 
bars present the average yields for eight condi
tions (high/low runoff, high/low soil water-moving 
conditions, high/low surface storage) for the five 

sites. Sowing dates determined by the model, but 
the earliest possible sowing date was set at day 

180 (June 28) for Figure a and day 140 (May 20) 
for Figure b. 
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Figure 2. Ibid. for a day-neutral variety with a 7 3b 
reduced vegetative growth cycle, sown after day 6000 
180. 
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riety is used (Figs. 3a, b). 
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This study Is the first step of an extended research 1000
 

project on the application of models simulating crop
 
growth, in particular to analyze and quantify the farmer's 1976 '977 
 1978 980 1981 1982 mean 
risks.
 

Simulated yields pres,:nted here amount to maxi
mum values which are much higher than real yields of Figure 3. Ibid. for a short-day variety, sown alter
 
sorghum on the Mossi Plateau. The major factor induc- day 180 (a) or day 140 (b).

ing this difference is the assumption that there is no
 
shortage of nutrients (Penning de Vries and Djiteye, Acknowledgments 
1982; Breman and De Wit. 1983). We do not know, at 
present, whether the differences in potential (only water The author is indebted to the members of the 
limited) yield will still be important under conditions of CEDRES/AGRISK project (Center for Economical and 
nutrient limitation in these soils. Therefore, the differ- Sociological Research and Documentation) for their 
ences may be over-estinated, stimulating help in preparing this paper and the CIRAD 

The simulated yield of the standard day-neutral (International Center for Agricultural Research and 
variety was lowest in the case of late sowing. Yield Development), the CIEH (Interafrican Commission for 
increases could be obtained ',ychoosing a variety with Hydraulic Studies), and the National Meteorological
either a reduced vegetative cycle or a short-day variety. Service of Burkina Faso for providing rainfall data. 
These rhoices seem to reduce the risk of crop failure 
independent of the soil type. However, the results are 
mean values ofa large seri-s of simulations, whereas the References 
farmer will be confronted with a limited number of these 
combinations. Even from a series of simulations, mean Boulet, R. 1976. Notice des cartes de ressources en sols de 
zero yields have been obtained in particular years on Haute-Volta. Carte 1/500,000 des unites agronomiques
particular types of soil (I and 2, 7 and 8). Therefore, more deduites de la carte pedologlque. (Notes on the soils re
detailed analyses of the simulations are required to sources maps for Upper Volta. Map 1/500,000 of the agro
estimate real risks of crop failure in a particular situ- nomic units deductei from the soils map). Paris:ORSTOM. 
ation, taking into account measures to improve the Breman, H., and C.T. DeWit 1983. Rangeland productivity and 
availability of water. A further step will be to investigate exploitation in the Sahel. Science 221:1341-1347. 
the effects of such measures under conditions of both De Leeuw, J.. and T.A.B. Snijders. 1987. Est-il possible de 
water and nutrient !'mitation, and to validate the simu- predire ]a pluviometrie a venir a partir de ]a lame pluviale 
lated results, releve en debut de saison? Bulletin du C.I.E.H. 
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Introduction 

Grain crop production dominates the food-crop 
economy of the savanna and the semiarid ecological 
zones of Nigeria. The major grains produced are sor-
ghum (Sorghumsp.), millet (Pennisetumsp.), and maize 
(Zeamays L.). The savanna is noted for maize production 
while the semiarid region ofthe country is dominated by 
sorghum and millet production. However, research ef-
forts directed at popularizing maize as a food crop in the 
semiarid region have shown that maize yields can be 
more than twice those of the improved varieties of millet 
and sorghum, provided that environmental factors in-
fluencing maize production are better understood. At 
present, average annual maize production in Nigeria is 
about 1.12 Mg/ha. Reasonably higher yields of maize 
could be obtained even in the semiarid region under 
optimum crop management techniques. To improve 
maize production, there is a need to identify and under-
stand environmental factors limiting the optimal yields. 
In this paper, the relationship between maize yield and 
26 variables comprising 8 climatic variables and 18 soil 
properties is examined in the guinea savanna belt of 
northern Oyo state using the step-wise multiple regres-
sion technique. 

lhe study area is located between latitudes 80 15'N 
and 8045'N and longitudes 30 and 3030'E. The area falls 
within the dry savanna climatic belt (AW) of Koppen 
(1936). Mean annual rainfall is 580 mm to 1001 mm. 
Mostoftherainfall is concentrated from April to October. 
Temperature is high throughout theyear with an annual 
mean of 26.70 C and annual range of about 30C. 

The soils of the area are from the Alfisols group (Soil 
Survey Staff, 1975). The soils are mainly derived from 
the Pre-Cambrian baseiLent complex rocks. The pre
dominant clay mineral in the soils is kaolinite. Gener
ally, the soils have a coarse- to medium-textured surface 
layer. The natural vegetation is of the savanna type 
consisting of grasses occasionally interspersed with fire 
resistant tree species such as Entadaafricana,Lophira 
lanceolata,and Afzelia africana. 

area while climatic parameters were extracted from the 

agrometeorological bulletin of the federal min!stry if civil 
aviation (FMCA, 1982). All the farms are secondary 
school farms and are relatively uniforn in terms of 
management input and topographical locaticns. For 
instance, the maize cultivar TZSR-W was planted on all 
the farms at a spacing of 60 cm in 90-cm rows at two 
seeds/hill. In addition, the N-P-K (15-15-15) and sulphate 
of ammonia fertilizers were applied at the 3rd and 7th 
weeks after planting, respectively. All the farm sites 
were located on t'ailv level lands of about 20 to 30 
slope. 

Maize yield data were deiived from detailed plot 
studies of the 21 farms over 2 years. In measuring the 
maize grain yield, a 5 m2 quadrat was delimited at five 
randomly selected points on each farm and all the 
maize plants within the quadrats were sampled. The 
sampling involved the removal of the cobs during the 
harvest period and the separation and air-drying of 
the grain for 2 weeks. Grain weight was determined in 
Mg/ha. The average for the 2 years is used in the 
analysis. 

Data on soil characteristics were obtained through 
the laboratory analyses of the soil samples collected 
from the 5 m2 quadrats used for yield determination. Soil 
samples were collected only from the topsoil (0-20 cm) 
because repeated observations of maize fields in Nigeria 
had shown that the bulk of maize roots are concentrated 
in this layer, with only a few roots occurring below a 
depth of 20 cm (Agboola and Corey, 1976; Babalola, 
1980). Table 1 shows the list of the soil and climatic 
variables used in the ana 1'sls together with their mean 
values, standard deviation, and the coefficient of vari
ation. 

Results and
 
Discussion
 

The mean value of maize yield in the study aiea is 
about 1.5 Mg/ha with a standard deviation of± 0.36 Mg/ 

ha. This compares favorably with the national average
Materials and Methods 	 yield of 1.12 vlg/ha. However, an average yield of be

tween 5.0 and 6.0 Mg/ha had been obtained under
The data on maize yield and the soil variables were optimum soil and management techniques at Samaru 

obtained from 21 farm sites randomly selected in the (Kowal and Kassam, 1973). 
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Interrelationships Between Maize Yield and sion equation. This supports the observation of Kowal 

Climatic Parameters and Kassam (1973) that of the climatic factors influenc
ing the pattern and productivity of maize in Nigeria. the 

Table 2(i) shows the results of the step-wise regres- distribution and amount of rainfall are by far the most 
sion of the climatic parameters on crop yield. Five important. By contrast, the effects of temperature on 

parameters entered into the model account for about maize yield are not as evident as the effects of rainfall, 
88%ofthetotalvariationinmaizeyieldinthestudyarea. presumably because of the close interdependence of 

Only three of the variables, number of rainy days, total temperature effects on water availability. Therefore, the 
amount ofrainfall. and the daily minimum temperature, negative relationship observed between daily minimum 
contributed significantly at P<0.01 Lo explain the var- tempe:ature and maize yield suggests that increases in 

ation in the area crop yield. These three variables ac- the daily mi!imum temperature may lead to significant 
counted for about 86% of the variation and have bee! increases in evaporation, which will eventually lead to 
used in formiulating the predictive yield model for the soil dessication and consequent decrease in yield. 
area based on climatic parameters. The model is of the 
form: Interrelationships Between Maize Yield 

and Soil Parcimeters 
MY = -61199 + 638.1 RD + 30.71 TR - 30.8 MT [1] 

Only 6 of the 18 soil variables used as input into the 

where MY = predicted maize yield, RD = number of rainy regression model contributed significantly at P<0.0 1 to 

days. TR = total amount of rainfall, and MT = daily maize yield prediction in the area (Table 2 (11)). The six 

minimum temperature. The positive values of the re
gression coefficients for the number of rainy days and Table 2. Multiple regression results. 
the total rainfall indicates that the higher the values of 
these two parameters correlate, the higher the maize (i Maize yield and the climatic variables 

yields. The two variables account for 64% of the 86% 
jointly accounted for by the three variables in the regres- Climadc variable Regression Level of 

coefficient t-values explanation
(%1j 

Table I. List of'variables. mean values, standard deviation, and 

coefficient of variation. 'No. of rainy days (RD) 638.10 11.24 33.4 
'Total rainfall (TR) 30.71 15.56 30.6 

Mean Standard Coefficient "Daity minimum 
Variables values deviation of variation temperature iMT -730.80 -15.57 21.6 

Xl (%' rEvaporation 1EV) -42.10 1.60 2.0 

'Soil temperature 1ST) 14.20 1.06 0.2 
Sand 1%) 85.70 3.10 3.-" lInterzept value 
Silt {%) 8.40 2.40 28.9 for equation -61199.00 -14.01 
Clay 1%) 5.94 1.10 16.9 
Bulk-density (Mg/ni ' 1.40 0.20 13.3 (it) Maize yield and the soil variables 
Total porosity V%) 48.89 6.80 13.7 
Water-holding capacity (%) 17.58 5.30 29.9 "Bulk density (BD) -508.00 -3.59 68.0 
Available moisture 1%) 9.30 2.70 29.4 "Phosphonis (P) 16.56 3.44 10.0 
Organic matter V%) 1.33 0.30 22.6 "Available moisture (AM) 24.89 3.22 7.5 
Total nitrogen 1%) 0.10 0.03 30.3 'P,%tassium (K) 4.61 3.61 3.3 
Phosphorus 1p)pn) 8.60 5.28 60.5 'Nitrogen (N) 11.29 2.34 2.1 
Exchangeable "Organic matter (OM) 149.70 1.92 1.2 

Cal " imeq/lO0gmn soil) 3.67 1.96 51.4 "Intercept value 612.00 2.26 
Exchangeable 

Mg- (nieq/ 100gmi soil) 0.73 0.47 64.4 (Iii) Maize yield and the 26 environmental variables 
Exchangeable 

K' [meq/100gm ,',oii) 0.21 0.13 61.9 .No. of rainy clays (RD) 218.80 4.31 34.30 
Exchangeable 'Total rainfall (TR) 11.81 4.58 21.10 

Na* (meq/l100/,m soil) 0.18 0.03 11.1 -,Bulk density (BD) -110.00 -3.81 20.00 
Exchange "Phosphorus P) 15.9.4 3.68 10.10 

II (Ineq/l100gi soil) 0.10 0,03 30.0 'Nitrogen (Nj 25.49 3.14 5.60 
CEC ineq/100gni soil) 4.88 2.36 46.9 "Available moisture 
pH 6.54 0.27 4.2 water (AM) 10.82 1.99 3.30 
Total rainfall (rm) 680.90 157.92 23.2 'Daily minimum 
No. of rainy days 55.00 12.91 23.5 temperature (MT) -46.10 -1.22 0.20 
Daily maximum tepni. IC) 52.14 4.30 13.4 'Cation exchange 
)aily innimuin teip. (C) 21.82 4 61 21.1 capacity (CEC) 15.09 1.86 0.50 

Relative humidity I%) 71.65 14.20 19.8 'Intercept value -20145.00 -3.75 
Evaporation (mm111d 1 2.86 0.47 16.4 
Total radiation Cal (in) 105.20 18.5 'Denotes significance at P < 0.01: "denotes significance at P <m 568.00 
Soil temp (C) 26.85 3.61 13.5 0.05; 'not significant (P < 0.05). 

http:20145.00
http:61199.00


variables jointly accounted for 92.1% of the total vari-
ance in the crop's yield. The regression equation is: 

MY = 612 - 508 BD + 16.56P + 24.89 AM + 4.61 IlI + 
149.70 OM + 11.29 N [2] 

where MY = piedicted maize yield, BD = bulk density, P 
= phosphorus, AM = available xmisture (water), K = 
potassium, OM = organic matter, and N = nitrogen. 

The positive values of all the regression coefficients 
(except bulk density) indicate that the higher the levels 
of the soil properties in the soils, the higher the crop's 
yield. the negative sign of the regression coefficient for 
balk density is expected given .he fact that soil campac-
ion increases wv)th high built density This has the. effect 
of reducing root and water penetration with the conse-
quent reducticn in the crop's yield. Available soil water, 
which partially depends on the total and seasonal distri-
bution of rair.fall, is also one of the soil factors positively 
influencing ;maize production, 

Asse&'-in the relative effects of soil and 

climtic factors o'z maize yield 

In order co assess the relative influence of each of the 
26 varl-iJIles on the crop ydeltic, a step-wise ,'egression of 
all the varlables (soil and climatic) on the crop's yield was 
carried out. The results of the analysis are shown in 
Table . (iii). 

Only 8 of the 26 variables were entered into the 
regression model. However, only six of the eight vari-
ables contribute significantly at P<0.05 to the explana-
tion of the total variance in the crop yields in the study 
area. The number of rainy days makes the highest 
contribution (34.3%) ibllowed by the total amount of 
rainfall (21.1%). The soil properties of bulk-density, 
phosphorus, nitrogen, and available moisture contrib-
uted 2G.0, 10. 1, 5.6, and 3.3%, respectively. It appears 
that in the dry savanna beit of northern Oyo State, 
climatic factors, i.e., the number of rainy days and the 
total amount of rainfall, are more important than soil 
variables in maize production. Nevertheless, the results 

also indicate the importance of the bulk-density and the 
soil nutrient elements, especially phosphorus and nitro-
gen, in influencing the yield of the crop. 

Conclusions 

This study Investigated the influence of 26 environ-
mental variables on maize yield in the dry savanna belt 
of northern Oyo State. Water, in terms of its total 
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amount, seasnal distribution, and availability in the 
soil, is an important factor limiting tlhe crop's produc
tion. In order to enhance the crop production in the area, 
efforts should be directed towards production practices 
that would ensure water conservation. Such measures 
should include the adoption of tillage systems that 
would maintain high levels of soil organic matter and 
other residues at the soil surface. This is desirable 
because various studies (Areola et al., 1982: Unger, 
1978, 1984) have shown that organic matter and other 
residues improve soil water storage during fallow per
ods and consequently increase the efficiency of rainfall 
utilization during th- growing season. In addition, the 
application of chemical Fertilizers to correct for likely soil 
deficiencies in nitrogen, phosphorus, and potassium 
could be important since, as shown in our analyses, 
these elements positively influence maize yield and are 
crucial to maize production in the area. In fact, accord
ing to Iiracle (1966), soils used for maize production in 
tropical Africa need a fairly good balance among nitro
gen, phosphorus, and potassium to obtain high yields of 
the crop. 
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Introduction 

One of the objectives in dryland agriculture research 
is to develop cropping strategies for the farmer. Because 
each farmer has a unique situation with regards to his 
economy, capital improvements, crop/non-crop acre-
age, animal units, water supply/quality, etc., it is impos-
sible to prescribe a single strategy that will fit every 
situation. The objective of this paper is to discuss the 
development of an appropriate agroclimatic data base 
and then present illustrations of agroclimatic and eco-
nomic analyses for improved soil, water, and crop 
management. 

Development of an 

Agroclimatic Data Base 


Parameters 

The primary parameters involved In agroclimatol-

analyses are solar radiation, air temperature,ogical 
humidity, windspeed, and rainfall. Climatological analy-

ses frequently use decadal or monthly values which are 
sufficient for assessing climatological trends. However,sumeentforassssinclmatlogeal rens. oweer, 
in agriculture, the dynamics of the environment play a 

key role in the growth and development of the plants, so 

that short time (hourly and daily) scales are preferable. 
Data on these time scales are available from most 
synoptic stations, but elsewhere may have to be synthe-
sized from mean values. 

Solar radiation (more precisely photosynthetically 
active radiation) Is particularly important in agromete-
orologlcal studies as an input parameter to plant growth 
models. Its importance Is a result of 1) photosynthetic 
light response (quantum). 2) as a source of energy for 
evaporation, and 3) photoperiodic response. However, In 
the U.S., only 36 stations in the National Weather 
Service report solar radiation. Additional stations meas-
urlng solar radiation are operated by other agencies 
such as the agricultural experiment stations, U.S. Army 
Corp of Engineers, the U.S. Forest Service, etc. However, 
these stations are normally operated without routine 
intercomparison or calibration. Observations from sat-
ellites are likely to be particularly helpful in filling out the 
coverage of this parameter. NOAA (National Oceano-

graphic and Atmospheric Administration) has developed 
an experimental product of estimating daily solar radia

tion for the continental United States at I1x I"grid using 
GOES (Geostatlonary Operational Environmental Satel

lite). 
One use of the data, yith orvithout crop models, is 

in food early warning systems. Here rainfall and tem
perature may be the primary parameters of concern: a 

near real-time network is. therefore. needed for these. 
Agroclimatological analyses deal primarily with crop 

growth over a given region. Local variations in tempera
ture, and also In humidity, wind, and radiation, are 

mainly linked to topography: the density of synoptic and 
climatological stations found in many countries is then 
an adequate basis for interpolation. However. rainfall, 
which plays a major role in plant growth and develop

rnent because of its direct effect on the water balance, is 
spatially discontinuous and temporally random. It is 
usually measured once daily. This presents two prob
lems-the first being that only daily totals are observed, 
not the intensities needed to calculate infiltration. Thesecond problem Is that the timing of the rainfall is not 
kon. 

known. 
than that of other data, but in addition both temporal 
hnta fohrdtbu nadto ohtmoa

and spatial aspects may be clarified by observations 
fro satlltes 

Area-average Rainfall Deduced from 
Point Measurements 

It has long been recognized that convective rainfall 
Is unevenly distributed In space, but the resulting 
problems In assessing water resources do not seem to 
have been faced squarely. One effect of the unevenness 
is to limit severely the accuracy of the information which 
we derive from rain gauges In many cases. Substantial 
errors may be introduced by assuming that the observa
tions are representative of the area surrounding the 
gauges, and the problems cannot be overcome by data 
analysis schemes, no matter how sophisticated. Improv
ing the absolute accuracy of individual rain gauges Is 
seen to be relatively unimportant. 

The fundamental problem Is this: given a daily 
rainfall observation from a single gauge, what is the best 
estimate of the area average rainfall over a specified local 
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area, and what is the expected standard error of this away, we get as much information from assuming the 
estimate? Through the type of weather system respon- climatic average per rainday as we do from any extrapo
sible for the rain, the climate governs the general rela- lation from the distant gauge. 
tionship between the point and area rainfalls: in any These results show that area averages derived from 
particular climate, the relationship then depends on the any practical network of gauges may be misleading. The 
size of the area, the distance of the gauge from the center convention is to draw isohyets, which are evenly spaced 
of the area and the size of the observed fall. between gauges, and to Integrate this spatial distribu-

Figures 1 and 2 show some results derived from a tion. (In the case of catchments. the weighting may be 
regular network of 36 rain gauges spaced 2 km apart, influenced by topography; and other objective methods 
installed at Ibecetene in the Republic of Niger in an area are used.) It may be better to identify the fraction of the 
with 350 mm mean annual rainfall. Figure 1 shows the area over which rain fell and assume that it received the 
best estimate of the average over an area centered on the climatological mean rain per rainday. 
gauge, under storms which were large enough to give 
measurable rain in all gauges (Flitcroft et al., 1988). Calibration of Rainfall Estimates 
Further, if the gauge is moved away from the center of the 
area, the best estimate changes in the manner of Figure 
2. Both these figures show the estimate relaxing towards Since coverage of Africa with gauges at 20 km 
the climatological average rain per rainday of about 15 intervals is improbable, we naturally turn to the possible 
mm as distances increase.I mmasFditanres Indeae duse oi satellites. The frequent views derived from geosta-

Both Figures 1 and 2 are derived from regression tionary satellites enable us to follow storms using ther
analyses which also provide standard errors about the mal infrared channels, and assign probabilities of rain 
best estimate, and these turned out to be more or less having fallen along the swath. So far this has proved
independent of the size of the rainfall, at around 7mrm. dimfcult to do with any automatic system, and the 

n ytm n hFurther evidlence for the lirnite~d area over which dfiutt owt uoai 
amount of rainfall at a point under an active storm can 

results from a gauge should be extrapolated comes from only be described by a probability distribution. By 
correlating rainfall amounts recorded in pairs of gauges averaging over 10 days or more, or over a substantial 
with increasing separation. Figure 3 shows some such area. the scatter is reduced. Rainfall estimates containing 
correlations and suggests that, once the point of interest some useful information may be derived from the dura
is more than 25 km from the gauge. there is no signifi- tion of the cloud below a chosen threshold temperature 
cant correlation. In this climatic region, if we know that (Dugdale and Milford. 1986). Such estimates refer es
it has rained and the nearest gauge is more than 25 km sentlally to an average over the pixel of the satellite 
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Figure 1. Conversion of point rainfall measure- Figure 2. The conversion of point rainfall measure
ments, 10-80 mm to area average amounts as a ments into area average rainfall as a function of 
function of the size of the area. In each case, the the distance of the point from the center of the 
single gauge io at the center of a rectangular area. area. 
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radiometer, typically 5 km at nadir. The considerations Data Sources 
about the area average deduced from a rain gauge are 
relevant in any comparison between satellite and sur- National meteorological services are the first reposi
face gauge, whether for calibration or validation. In the tories for climatological data, but these often fail to 
rainy season in the Sahel, this uncertainty due to the include useful agroclimatic data gathered by other agen
gauge contributes about 40% of the scatter found in the cies. The form and availabilPy of the data can be quite 
calibration. variable, but a major move to overcome this problem and 

allow easy data excha nge is found in the CLICOM project 
within the World Climate Program of the World Meteoro

Area-average Evaporation and Water Balances logical Organization. By 1990, many nations will be 
entering climatic data onto standard microcomputers

During theexperiment at Ibecetene, the rain gauges with a uniforin data base format. Programs will allow 
were mounted in access tubes so that soil water over rapid retrieval and statistical analysis of the data, and 
depths between about 0.1 and 2 m could be monitored manipulation to produce potential evaporation, soil 
using a neutron-scatter probe. There were substantial water balances, and crop forecasts. Global or continental 
variations in the changes in soil water across the net- compilations have been reported by several agencies and 
work, whether due to a single rainstorm or to the rain institutes (Hargreaves and Samani, 1986; FAO. 1984). 
over the whole period of an experiment, which lasted The Belgium project (A. Dreze, Brussels) supported 
several weeks. The variations in soil moisture were by WMO is compiling daily meteorologiciJ data for 
entirely unrelated to the variations in rainfall across the Africa. The historical records were put on microfiche and 
network, and this was attributed to surface runoff from then computerized. The records are being edited and 
some sites during the intense rainfall of the storms. This should be available in the near future. These data would 
shows the difficulty of assessing an average soil mois- represent the most complete reord for Africa. Data 
ture change in these conditions, leading t3 subsequent sources for West Africa include ASECNA (Dakar, Sene
problems in modelingwater availability for future evape- gal]. AGRHYMET (Niamey, Niger]. and ICRISAT (Hydera
ration, or for growth models for extensive areas such as bad. India). 
rangelands. The difficulty may be particularly severe The CGIAR Centers (CIAT, CIMMYT, CIP, ICRISAT, 
here, in an area of stabilized sand dunes, but it is not ILCA. and IRRI) have 19 data sets covering 46 countries 
untypical of a substantial area in the Sahel. and 2220 stations (Jones. 1987). These data sets con-

As with the area averaging of rainfall, the difficulty tan daily rainfall or meteorological data. The Centers 
ofaveragingevaporation should not be overlooked inany have monthly ur weekly summaries for many other 
attempt to use satellite remote sensing to deduce water stations. 
balances. The ground truth for a pixel is hard to estab
lish. Further consequences may be felt in atmospheric 
modeling. After rainfall, the evaporation, which is a Data Quality 

major input into numerical models in the tropics on all 
scales, depends more on the fraction of the area which Errors in meteorological data can arise from several 
received rain (over 5 mam). rather than the amount which sources such as instrument location, positioning, cali
was recorded. bration, maintenance, recording, unit conversion, and 

data entry. Jones (1987) states that misspecification 
errors are tie most important. ie claims that errors in 

1.0 -+ station latitude. longitude, and elevation are common 
V throughout all published sources. He has noted Piche 

_ x evaporation as pan evaporation, tenths of inches of rain 
W0.8 X + as millimeter s. When data a L handed from one individ
0 XtX ual or institute to another, it is often unclear if and how 

Z 0.6 + missing data were estimated. All estimated data should 
0 be flagged. 

Schaa! and Dale (1977) report a temperature bias in0.4
X 0 the U.S. cooperative climatological stations. From 1905 

0o00.2-+ + to 1975, the time of obseration terminated in the morn-
O Ing or In the afternoon, whichever was convenient to the 

observer. The first order stations compute daily mean 
I I I temperature ending at midnight. 

0 10 20 30 40 

DISTANCE (km) Geographic Information Systems (GIS) 

Figure 3. Correlation studies of rainfall amounts A GIS is defined as a computer-based methodology 
around Niamey in 1980 (4 and 1982 (+) compared that analyzes and outputs data from numerous sources. 
with the results of the Ibecetene grid (x). The cor- The analyses and output can accommodate tabular, 
relations are avarages of individual values within graphic, and geographically-coordinated image/map
certain distance intervals, ping formats. It has the capability to (a) retrieve all 



information by location, (b) identify locations with simi-
lar attributes, (c) compute distances and areas within 
specified boundaries. (d) analyze data using interpola-
tion algorithms. (e) evaluate topographic information, 
and (I) develop map overlays. 

The large advances in computing power and soft-
ware make data management and GIS programs within 
the reach of most research groups. Such systems permit 
the integration of soil, climate, terrain, crop, and re-
motely sensed information. Remotely sensed informa-
tion is available from a number of platforms (satellite, 
aircraft, helicopter, and ground-based) and sensors 
(multispectral scanner, microwave, video cameras, etc.). 
These data are usually viewed as a temporal image, while 
soils and weather data are normally point spatial obser-
vations. 

Illustration of 
Agroclimatic Analysis 

Incad arianly food prod increassin the nentodecade may mainly come by increasing the amount of 

land area under cultivation. However, the situation in 

the Sahel and other semiarid tropic (SAT) areas of west 

Africa is less promising. The productivity of traditional 

agriculture is declining, and the threat of serious food 
shorage is isig AT.Figureintherained 

shortages is rising in the rainfed SAT. 
The SAT are characterized by a uniformly high 

temperature throughout the year and have seasonally 

wet climates. The rainy season is generally short. The 

dry season lasts for several continuous months during 

the year. Therefore, in semiarid agriculture, water is one 

of the most limiting resources. In most situations, 

dryland farming is the primary management system. 

Threfoilitarerainmont, ntnsity eqe ncac ind 
variability are important factors in developinga cropping 
system. The climate, soil, nutrients, and biological re-

sources are linked with social and economic constraints 
to collectively circumscribe the alternative strategies for 
toclle l ttheirrircucrie 
dryland agriculture. 

In the Sahel, sorghum (Sorghum bicolorL. Moench). 
millet Pennisetumamericanum(L.) Leeke]. and ground-
nut (Arachis hypogaea L.) are commonly grown food 

and crop failures due to 
crops. Crop yields are low, 


rrohaenedgh adrasiredomm on the2decabe.
ast 
or so have witnessed a drastic reduction in the amount 

and length of the rainy season. This region presents a 

serious challenge to the agricultural sciences for inno-

vating technologies to increase and stabilize food pro-

duction. 
The spatial and temporal variations in rainfall in the 

semiarid tropics are due to seasonal migration of the 

equatorial trough or the intertropical convergence zone 

(ITCZ) which occurs in response to the seasonal vari
ation in the latitude of maximum insolation. Thus, the 
annual rainfall over the semiarid tropics can be thought 
of as the integrated effect of the annual visit of the ITCZ 
to the region. 

The monsoon arrives in the higher rainfall areas of 

the southern Sahel in late April. May, or June, then 
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moves northward reaching the drier latitudes verging on 
the Sahara Desert in July, August. or early September. 
The pattern is unimodal (single peak in rainfall) with 
recession or withdrawal of the monsoon generally in late 
September or early October. but sometimes, especially 
in recent years, in the northern part in August. Virtually 
all annual rainfall is received within this season. 

In an agricultural sense, the length of the crop 
growing season in the SAT is primarily limited by the 
duration and other characteristics of the rainy period. 
The reliability of the rainfall at the beginning of the 
season is generally low. Consequently. the SAT exhibits 
a high degree of risk to the establishment of crops 
because the soil water reserves at this time are practi
cally non-existent. The soil temperatures are also fairly 
high, generally the surface 5 cm soil has a maximum 
temperature of 40 - 50"C.The variability of rainfall at the 
end of the season is also high, affecting crop yield and 

their quality. 
Evaporative rates and temperatures in the region 

are high during the monsoon growing season. Har
greaves and Samani (1986) indicate that evaporation 
rates (Class A pan equivalent) during the onset period ofthe rainy season at Niamey. Niger. are about 9 mm/day 

in eclnn imuy to aboutadnust 

aJune,declining inJuly to about 8 and August toin 

through the scason average about 29C 84Fr. 

Ft 
4 shows the relative reduction in annual 

rainfall before and after 1970 for Senegal, Mall, Burkina 
Faso,andNiger.Abreakpointintherainfallrecordsisan 

arbitrary choice, but somewhere around 1970 the rain
rov,arbitart doing mreyoin the 

1984). Common reductions are 20%. and the highest 

reductions are found in Senegal. The absolute reduction 

ireateion e outh in The not 

In semiarid agriculture, farmers must cope with 

Therefore, rainfall amount, intensity, frequency, andInsmaiagcutr.fmesutcoewh
rainfall variability both within and between seasons. If a 
cropping season were always uniform in rainfall, farm
ers would choose a single management plan. They would 

p la cos osecificgsoiltpaphy a of 
plant certain crops on specific soil/topography areas of 

farms. Planting date, seeding rate, fertility, herbi
cide, and insecticide would be planned for the optimal 
yield for that anticipated single rainfall pattern. Obvi
ously, life is not that simple, and the high variability of 
rainfall creates major problems. Farmers must begin the 

season with a perception of what the rainfall pattern will 
Most likely, that perception is based on some idea of 

an average season. As the season progresses. however, 
anaerae s tveangeesos ed 

hahe al tern has en. Is 

that the farmer knows with a significantimportant 

degree of confidence the expected rainfall pattern in 

order to make decisions within or even before the grow
ing season. 

Onset of the Rainy Season as a Predictor for 
FurtherSeason Characteristics 

In order to develop 'response farming' strategies. 
Stewart studied relationships between onset of the rainy 
season versus duration of the rainy season and onset 
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versus rainfall amount during the rainy season for two 
locations in Niger-Niamey and Bouza (Stewart. 1987). 
Response farming strategies are cropping strategies that 
the farmer can use in response to the (predicted) weather 
at the beginning of the season. The date of onset acts as 
a rainfall (du-ation, amount, intensity) predictor for the 
remainder of the season. Current rainfall is used to 
determine the management strategies, which are re-
sponsive to the weather 	pattern. 

The date of onset is defined as the date on which the 
soil moisture content exceeds 40 um. This threshold 
was determined by Stewart (1986). To every location, a 
critical date has been assigned before which onset is not 
allowed. This is to reduce the risk ofa false onset. i.e.. an 
onset after which a long dry spell follows. The critical 
dates are subjectively determined simply by looking at 
the daily rainfall records of the location. They show a 
close relationship to the latitude and to annual rainfall 
-the farther south and 	the higher annual rainfall, the 
earlier the critical date. 

Figure 5 shows the correlation between onset data 
and season duration in Koudougap, Burkino Faso. It is 
obvious from this figure that, with an early onset, a 
longer duration can be 	expected. The correlation be-
tween onset and amount (Fig. 6) is less pronounced, but 
still of practical use for making farm decisions. 

Using the duration versus onset information to 
guide farmers requires 	consideration of (a) lengths of 
growing seasons (maturities) of different crops and cul-
tivars in the planning site environment, (b) the number 
of days it takes to plant following onset, (c) soil depths 
and water holding capacities. (d) crop coefficients for 
estimation of water requirements, and (e) evaporative 
rates through the season, 

The goal of the planning exercise is to select crops/ 
cultivars that will reach maturity within the rainy pe-
riod, or within a time period following the final rain data, 

Table 1. Representative farm (Kita region, Mali). 

Climatic zone 	 Sudano-Guinean 

Rainfall zone 	 800-1000 mm 

Soils 	 Alfisols 

Farm size 	 8 hectares 

Family size 12 members 

Family labor pool 5 adults (FTE) 

Technology 	 Animal traction tillage, small 
amounts of fertilizer 

Home consumption 	 Per capita - food grains 185 kg: 
vegetables 20 kg 

Crops 	 Sorghum, millet, groundnut, 
maize, rice, sorghum-groundnut 
inercropped 


Source: Fleming, 1981 

but before completely running out of extractable soil 
water. If the onset date indicates a short duration rainy 
season, and the soil has a low water holding capacity, the 
farmer may opt for a short-season crop or an early 
maturing genotype. As the season progresses, the farmer 
would make decisions about fertilizing and thinning 
based upon the rainfall. The farmer's strategy responds 
to the dynamics of the environment. 

Economic Analysis of
 
Farm Planning Strategies
 

In this analysis, short-season and long-season crops. 
together with alternative planting dates, improved soil 
and water management through tied-ridges, and chemi
cal fertilizers, are evaluated as alternative farm level 
responses to rainfall variability. In the following section, 
the methodology followed and input data utilized are 
described. 

Methodology 

Improved farm management practices must be 
compatible with the farn level setting in which they are 
to operate (Matlon and Spencer, 1987). This means such 
practices must be: (I) suitable for the soil. climate, and 
biological conditions in which the farmer must work: (2) 
compatible with the resources available: and (3) consis
tent with farm family objectives. Whole-farm modeling is 
a widely recommended methodology for technology 
appraisal because it can reflect many of the principal 
objectives, constraints, 	 and technical processes that 
characterize farming systems (Ghodake and Hardaker, 
i98 1). For this reason a linear programming mode! of a 
representative farm in the Kita region of Western Mali 
was utilized. 

Basic characteristics of 	farms in the region were 
developed from farm survey data taken from nine vil
lages and 55 farms in 1978 and 1979 (Table 1). In general 
form, the representative 	farm model is written as: 

Table 2. Typical dry year and average rainfall, Kita Station,
 
Mali.
 

Adverse Average Ratio 
weather weather adverse to 

Time Period (1970) (43 years) average 

ram/time period % 
5/16-31 13 

5/6-3 329 	 45 

6/01 - 15 16 74 22 
6/16 - 30 59 79 75 
7/01-15 71 109 65 
7/16-31 158 141 112 
8/01 - 15 139 160 87 
8/16-31 105 180 58 
9/01 - 15 68 128 53 
9/16 - 30 161 88 183 

Total season 790 988 80 

Total annual 840 1103 76 
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Table 3. Soil-water balance/yield reduction computations, long-season sorghum, Kita representative farm. 

Plant growth Plant Infil- Soil Crop 
Time period stage. ET Rainfall tration" water' yieldd 

mm mm % mm kg/ha 

04/05-15 6.4 40 3 1250 
04/16-30 8.5 40 6 1250 
05/01-15 17.0 40 13 1250 
05/16-31 28.7 41 25 1250 
06/01-15 1 35 74.3 41 20 1250
 
06/16-30 2 42 79.3 33 4 1250 
07/01-15 2 38 109.1 33 2 1250
 
07/16-31 3 56 141.0 38 0 1250
 
08/01-15 3 66 160.1 38 -5 1244
 
08/16-31 4 88 180.3 33 -29 1215
 
09/01-15 4 86 127.6 33 -43 1170
 
09/16-30 4 73 87.5 40 -38 1130
 
10/k 1-15 5 59 55.1 40 -37 1113 

'Growth stages are: I- establishment: 2 - vegetative: 3 - flowering: 4 - yield formation: 5 - ripening.
 
bAssumes no tied-ridges.
 
'Soil water includes rainfall infiltration less plant ET in current time period plus carry-over water not used by plants during previous
 
periods. Water holding capacity in root zone is 60 mm with 90 percent of excess carried over to the next period.
dMaxlmum potential yield = 1250 kg/ha. 

Max I = Y P, X, curves reflecting soil characteristics, ground cover, slope, 
Subject to: and rainfall intensities (USDA/SCS. 1986). Infiltration 

11 X, a !5CJ J = 1.... m rates were estimated to be approximately 40% under 
S> 0 i = 1 .... n traditional tillage practices and 80% with tLied-ridges. 

Soil water holding capacity of Im of soil was set at 60 mm 
' where I is net income. P,= net revenue per unit of the ill (Sivakumar et al., 1984; FAO, 1986).
 

crop production activity. X, is the number of hectares Crop coefficients for water requirements (evapo
' devoted to the ill crop production activity, a, is the transpiration) and yield response to moisture availabil

amount of the jth input required (e.g., labor) per hectare ity for each stage of plant growth, establishment, vege
of ihactivity, and C is the maximum amount of the jilh tative, flowering, yield formation, and ripening, were 
input available in the farm. derived for both the short-season and the long-season 

There are two primary objectives operating in the varieties based on data reported by FAO (1986). 
planning model: (1) to identify a farm plan such that A system of LOTUS spreadsheets was developed for 
cereal production will meet farm family subsistence basic soil-water balance and crop yield computations. 
requirements, even if very unfavorable weather occurs, The spreadsheets were used to predict crop yields asso
and (2) to maxi.nie net farm income. These "safety-first" ciated with each weather pattern and various combina
and income maximization objectives are constrained by tions of crops, cultivars, planting dates, and levels of 
the amount of land, capital, labor, and oxen labor time rainfall infiltration. These yields served as Inputs to a 
available to the farmer. Food-producing and income- family of L-P farm models, each reflecting the associated 
generating activities in the inodel are: vegetables and 90- calendars of operation, infiltration, and farm production 
day or 130-ilay sorghum. millet, maize (Zea mays L.), costs. Table 3 (a simplified example of a completed 
and groundnuts. Three alternative planting dates may spreadsheet) indicates that with average weather condi
be chosen -- early June, mid June, and early July. tions there is sufficient moisture in the soil. i.e., greater 
Tillage and cultivation may be either by hand or with than 40 mm, early in the period June 1 to June 15, to 
oxen. Three levels of fertilizer may be employed. Water begin planting long-season sorghum, but that soil mois
conservation may be achieved with tied-ridges which ture deficits occurring later in the season will reduce po
significantly improve rainfall infiltration. tential yield. 

Two rainfall regimes are considered simultaneously The farm model was then solved to identify the 
in the analysis, viz., typical over 43 years and that which economically optiral choice of production level, crop
occurred in 1970, which was characteristic of dry years ping patterns, cultivars, amount of tied-ridges to install, 
at Kita (Table 2). planting dates, and fertilizer levels given the two possible 

rainfall patterns and the previously identified resource 
Infiltration, Soil Water Retention, constraints. The model also identified a production level 
and Crop Response that satisfies minimum home consumption needs should 

For each rainfall pattern shown in Table 2, infiltra- a "worst case" weather pattern occur.
 
tion for the Kita farm was estimated from rainfall-runoff In other words, for rainfall patterns like those of
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Table 4. Impacts of improved technology and farm management, typical farm, Kita, Malil. 

Item 

Net farm income 
(1000 MF) 

Production (kg)
 
Grain 

Groundnut 

Vegetables 

Planting date (Ha) 
Early 
Mid 
Late 


Area planted (Ha) 
Long-season 

BPS91ltivars 
Short-season 

cultivars 

Area planted (Hal 
With tied-ridges 

Base, Short-season 
case cultivars 

403 407 

7920 8000 
120 120 
240 240 

3.0 (37), 1.2 (15) 
3.1 (39) 3.0 (37) 
1.9 (24) 3.8 (48) 

8.0(100) 5.2 (60) 

0 (0) 2.8 (40) 

0 (0) 0 (0) 

Base Case Plus 
Short-season cultivars 

and tied ridges 

476 

9450 
120 

240 


3.2 (40) 
3.4(42) 
1.4 (18) 

7.7(96) 

.3 (4) 

6.6 (82) 

BPS percent 
difference 

18 

19 
0 
0 

7 
10
 

-26
 

-4 

Base Case management options include: long-season cultivars only, no soil-water conservation practices, animal traction, 
small amounts of fertilizer, choice of planting date.
 
I BPS means best planning strategy, i.e., base case plus short-season cultivars and tied-ridges. Difference is BPS compared to
 

Base Case. 
Figures in parenthesis are percent of total farm cultivated area. 

Table 2, the model identifies the best planning strategy 

for the farmer to foliow. With different expected rainfall 
patterns, different strategies may be preferred. 

This analytical framework could also be used to 
identify optimal adjustments to a farm production plan 
as actual weather patterns emerge through the season. 

However, this was not done in our example. 

16 _________ 20 

N0 U25 or more 

3 22 0 

6 ~ 0 tChI 0 

10000 
; 3 4 

32 16 22 u 
112 351S 0 0 

oo a 0o 

133 1 

13 

II aI_ 

0 
-A3110"50 


1 
-17 -12 -7 -2 3 0 13 

Longitude (degrees; westisnegative) 

Figure 4. Reduction (%) in annual rainfall since 
1970 in Senegal, Mall, Burkinr Faso, and Niger. 

Results 

Compared to the typical situation where only tradi
tional long-season cultivars are planted and water con

servation is minimal, the inclusion of short-season 
varieties in the list of management options primarily 

affects planting dates (Table 4). With this option, the 

optimal strategy calls for 40% of the grain crop to be 
short-season varieties and a definite shift to later plant

1971ISO before
After1970 

0 0 % 
1400 

,
 

E2.
80 

60 ---- i 
110 120 030 140 ISO 180 170 100 190 200 210 

Onset date (day ofyear) 

Figure 5. Correlation between onset date and 

growing season duration at Koudougou, Burkina 
Faso.
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Introduction 

There have been many types of lysimeters used in 
China to measure the water use of dryland and irrigated 
crops [in particular, rice (Oryza sativa)]oii-J to study the 
effects of the water table on crops and soil salinity. These 
lysimeters have been used in many disciplines such as 
irrigation and drainage. hydrology and geohydrology. 
and geography (Aboukhaled. 1982). Although we would 
like to present and discuss all the types of lysimeters in 
use in China, space limitations will permit us to only 
discuss the lysimeters used in dryland studies and the 
water table lysimeters used for both irrigated and dry-
land studies. The purpose of this paper is to describe the 
design and construction of lysimeters typically used in 
China for irrigation, dryland, and water table research. 

China's Lysimeters 

Both weighing and non-weighing lysimeters are 
used in China for dryland and irrigated crop evapotranspi-

Figure 1. Photograph of the movable balance-beam 
scale for measuring the mass of lysimeter tanks. 

ration research. The weighing lysimeters use mechani

cal balances, buoyancy or floating hydraulic supports. 
and hydraulic load cells to determine mass changes of 
the lysimeters. The non-weighing lysimeters are used for 
both dryland crops and for water table studies. 

Weighing lysimeters 

Weighing lysimeters directly measure the 
evapotranspiration from a crop by determining the mass 
change of an enclosed soil volume. The mass change of 
this volume is exactly equal to the amount of water that 
the crop extracts from the soil plus any water that 
evaporates from the soil. The "measuring drum" is the 
simplest weighing lysimeter in China. It consists of a 
drum, either zinc-coated steel or rigid polyvinyl chloride 
(PVC) pipe. These drunis are often 340 mm in diameter 
and 1.0 m deep. Normally. these drums contain re
packed soil profiles with depths of 0.7 m and a 0.2 m 
deep drainage layer that leads to a catchment container 
to measure the percolation quantity. Often these drums 
are installed together under a rainout shelter. The 
drums are weighed by a mobile balance-beam scale that 

can be moved over each drum. The scale lifts the drums 
and the mass of the lysimeter can be manually recorded 
from the scale. Figure I shows a scale weighing a drum. 
These lysimeters are grealy influenced by the surround
ing environment. Therefore, they are best suited for 
determining relative values ofevapotranspiration rather 
than absolute values. 

The Geological Research Institute of the Academy of 
Sciences of China has constructed a 3 m2 and 2-m deep 
monolith weighing lysirncter at the research station at 
Yuchen County, Shangdong Province (Zhou, 1986). Figure 
2 shows a drawing of the weighing mechanism. This 
lysimeter can automatically weigh the mass of the 
lysimeter to the nearest 40 g (0.0 13 mm of water depth 
equivalence). The lysimeter was constructed with nar
row steel walls and a 3-mm air gap between the monolith 
container and the outside container. This lysimeter is 
situated in a 2.5-ha field (250 m by 100 m) and is located 
next to predominately fIlat, uniform farm land. 

Several research stations and institutes in China 
h- e constructed floating weighing lysimeters. These 
lysimeters rely on the buoyant force of water to float the 
lysimeter. The change in mass of the lysimeter is deter
mined by the difference in the elevation of the floating 
lysimeter and the water level. These lysimeters are often 
0.2 to 0.3 m2 in surface area and 1.5 m deep. The 
lysimeter precision can exceed 0.02 mm. Figure 3 shows 
a drawing of a floating lysimeter. 
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Figure 2. Schematic diagram of the weighing beam funl 
system for the Shangdong lysimeter. observain Pit inner.. tyr
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Professor Tan Xlao-Yuan (1988) of the Hydraulic r _t_ d _ s- u 

Research Institute of Tianjin has developed h3 'raullc 105 5 - sodlfit . 

load cell weighing lysimeters that are shown in Figure 4 
(Tan, 1988). These lysimeters are 0.5 m in diameter and Figure 5. Cross-sectional vie% f the newly 
0.85 m deep and contain soil monolith columns. Drain- designed pit lysimeters in China. 
age is provided to remove and measure any percolation 
through the soil monoliths. The lysimeter tanks rest on Generally. the pits are constructed using bricks or 
automobile innertubes filled with water. The innertube other masonry materials. Other raterials such as steel 
Is connected to a man-meter that can be observed to or PVC plate, or fiberglass have also been used. The 
indicate the change of mass of th lysimeters. There are bottom of the pit is usually poured concrete overlaying 
fourlyslmetersconnectedtouasinglemanometerstatlon. a lime-soil foundation. The concrte bottom and the 

brick wall are covered with several layers of felt and up 
Non-weighing lysimeters to three layers of asphalt to waterproof the concrete and 

brick. Most of these lysimeters have re'-acked idis-
The evapotranspiration is not directly measured. turbed) soil profiles, but a few have monoliths. Some 

but can be calculated by the mass balance of the inputs monoliths have been reconstructed by careful layering of 
(rainfall and/or irrigation) and the outputs (drainage) several sections of monoliths. A d.amage filter is pro
and the change in water storage within the lysimeter vided at the lysimete, bottom. One :f the common 
which is determined by a variety of methods (gravimetric problems in China has been const-L:ct~ng the measuring 
sampling, neutron methods, Gamma ray transmission, pit lysimeters with walls that are too thicl (often 0.24 to 
tenslometers, psychrometers. etc.). The lysimeter water 0.40 m thick). These walls can greatly disturb the 
use Is computed by the following equation: thermal regime within the lysimeter soil. Often several 

lysimeters are located together and might be placed 
ET = (P + Ir) - Dp + (Wi - WJ) under rain shelters. 

Figure 5 shows a recent design of measuring pit
where ET is the evapotranspiration In mm over the time lysimeters at Hebei University (Zhang. 1986). Severai 
period from day I to day j,P is precipitation in mm,Ir is unique features of this, design are the thin metal rims 
Irrigation in mm. Dp is deep percolation in mm between used or. the Lop and the separation of iteal soil 
the same time period, and W is the water content of the drainag, from wall drainage next to the soil container 
lysimeter in mm on day i and dayj. In China, these types walls. The upper walls are only 3 to 4 mm thick so they 
of lysimeters are called "measuring pits." These lysime- should minimize heat conduction into the lysimeter soil. 
ters are often 6.67 m2in surface area and the depths vary The wall percolation is eliminated by using seepage 
from less than 1.0 m to over 1.5 m depending on the type collars which rise to a height of 0.4 to 0.6 in above the 
of crops and other conditions. lysimeter bottom. These collars effectively isolate the 
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Summary 
Witter tablecontrol tub Manometer Watermeter and tap 

a 20 20Lysimeters are important research tools in China for 
10"-200 "H-'W Soil sarface measuring crop water use and for a variety of other 

140 11acktlld Naturl lhydrological uses. We have reviewed the construction 
&Wl soil and design of weighing and non-weighing lys!meters in 

30 fitettlaye China. This information will be useful to scientists 
4 conducting crop water use research.T Undergrixom/ " Und.rgroudl galleryT cranage tube thecontainer-for
 

water storage and 
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Introduction 

The loess plateau in China can be divided into two 
parts, hilly and gully regions, and highland and gully 
regions. The highland area is distributed above the gully 
lines with various sizes of residual plains and a total 
cultivated land of 1.4 million ha. The major crop is non
irrigated winter wheat (Triticumsp.).The climace is warm 
temperate, semiarid to semihumid, and is subject to 
droughts typIcal of Europe and Asia. Annual mean 
rainfall is 500 to 600 mm with an uneven seasonal 
distribution ard large year-to-year variability. Annual 
mean potential evaporation is 1200 to 2100 mm. The 
average high temperature is in July (22 to 270C.), and the 
average low temperature is in January (-2 to -60C.). The 
predominant soil types developed from the loessal par-
ent materials are orcheilu soil, cultivated loessal soil, 
and Lutu soil. Soil texture is medium loam in the upper 
horizon. Soil bulk density is 1.3 Mg/m with a pH of 8.1 
to 8.2. The water content at field capacity is 23 to 24%, 
and the water content at wilting is 8 to 9%, with an 
available soil water holding capacity in excess of 180 
mm/m. The typical soil with medium fertility contains 
10.8 g/kg organic matter; 0.82 g/kg total N: 1.53 g/kg 
total P: 5.8 mg/kg available P; 24.9 g/kg total K: and 
trace elements such as B (0.2-0.3 mg/kg), Mn (2-5 mg/ 
kg), Cu (0.5-1 mg/kg). Zn (0.04-0.37 mg/kg), and Fe (2-
4 mg/kg), which are within the range of deficiency and 
extreme deficiency. Selenium is also in the low-content 
range. Soil water and fertility are the two most important 
constraints limiting wheat production on the ainfed 
highland in this region. Between 1980 and 1987, a series 
of experiments were conducted at the experimental 
farms in Puchang County (Lutu soil) and Changwu 
County (orthcheilu soil and cultivated loessal soil) in 
Shaanxi Province. The objective was to study how to 

improve wheat yields on the loessal rainfed highland by 
adjusting wheat varieties and cultivation practices to 
minimize production constraints. 

Methods 

A variety of experimental designs were used to carry 
out a series of plot tests, pot tests, and multiple-point 

tests in different locations involving such factors as 
wheat varieties, soil fertility, seeding density, organic 

manure, nitrogen fertilizer, phosphorus fertilizer, vari
ous soil water regimes in the growing period, and the 
cropping history. 

Results 

Water Consumption and Potential Yield 
of Winter Wheat on Rainfed Highland 

Water consumption by winter wheat during the 
growing season on the loessal rainfed highland was 300 
to 480 mm. In this experiment, the highest yield was 
6.54 Mg/ha and the lowest was 0.66 Mg/hawith water 
use efficiency in the range of 0.24 - 1.39 Mg/ha/mm. 
Within limits, wheat yield can be improved with an 
increase of available soil water. Based on the data 
obtained, water consumption in wheat fields with the 
yield of 0.75 Mg/hawas 312 mm; with the yield of 2.25 
Mg/ha, it was 348 mm and with the yield of 4.5 Mg/ha, 
it was 417 mm. Theoretically, when water consumption 
increases one third, wheat grain yield can increase five 
times as much. This shows that soil water is the basic 
constraint affecting wheat yield on the loessal highland. 
An amount of soil water increase obtained by wheat not 
only promotes an increase in yield, but also increases 
water use efficiency. Rainfall during the wheat growing 
period was usually less than 250 mm. Thus, wheat yield 
was dependent on the available soil water stored before 
sowing (base soil water), which accounted for 38 to 78% 
of the water consumed in the different years. The present 
level of wheat yield in this region was below 2.25 Mg/ha 
with 350 mm of soil water used. Rainfall during the 
wheat growing period as insufficient to meet these water 
requirements. However, there was a waste of water for 
the whole year. If total available soil water increases 
20%, wheat yields can double, and WUE can be raised 
from 0.65 to 1.07 Mg/ha/mm. If runoff is prevented, 
available water may be enhanced since the loessal soil 
has good capacity to store soil water, and winter wheat 
has a good root system. The key to enhanced productiv
ity lies in how to make good use of stored soil water and 
how to regulate its use. 

http:0.04-0.37
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Relationships Among Soil Water, Fertility, 
Varieties, and Cultivation Praceices and

Their E~ffect upon Wheat Yield 

Conserving water and soil, rationally arranging 
previous crops, and doing a good job in tilling summer 
fallow land for preserving and storing soil water are the 
pre-growing season measures for utilizing base soil 
water. If there is no runoff, the amount of preseason soil 
water stored is determined by the soil water remaining 
when previous crops are harvested, and the amount of 
soil water stored prior to planting. The latter was related 
to the length of fallow period. rainfall, and tillage opera-
t!ons. In general, soil water storage in pea (Pisum sp.) 
stubble fields is superior to that in wheat stubble fiel Is; 
the latter is superior to that in the early autumn crop and 
late autumn crop stubble fields in sequence. In wheat 
stubble fields, the amount of remaining soil water differs 
greatly because of weather condition and growth re-
gimes. accounting for 3 to 49% of the total stored soil 
water. In the experimental years, the average water 
content in a 3-m deep soil profile fluctuates in the range 
of 13 to 22%, and can be divided into extreme poor (less 
than 14%), poor (14-16%), average (16- 18%). better (18-
20%). and excellent (more than 20%). The higher stored 
soil water results in higher yield, greater utilization of 
water stored in deep layers, and less soil water remain-
ing at harvest. Depth of soil water extraction in a wheat 
field with grain yield over 3 Mg/ha may reach 3 m. 
However, the precise relationship between stored soil 
water and wheat yields is dependent upon varieties 
used. For instance, under high stored soil water regimes. 
the average yield of"702" cultivar was 2.90 to 3.71 Mg/ 
hawhile that of"131" cultivar was 4.86 to 6.40 Mg/ha. 
Also. the amount of fertilizer applied, seeding date, and 
plant density may have a great effect on the relationship 
between stored soil water and yield. Low soil fertility is 
the most pronounced factor that restricts water con-
sumption by wheat, and when stored soil water is poor. 
the combined effects have further intensified the prob-
lem. Therefore, combining agriculture with animal 
husbandry, enlarging livestock operations, raising the 
ratio of land enriching crops, advocating wheat straw 
mulching, returning stubble to the fields, and increasing 
amount of chemical fertilizer input are the major meas
ures for improving soil fertility in this region. In addition, 
the multiple-point experiments involving N-P two factor 
and quadratic D-saturated designs indicated that soil 
fertility in the region was greatly different and that 10-
fold yield differences occurred due to fertilizer level, 
Therefore, special attention should be paid to fertilizer 
application. Various amounts of base manure including 
organic and chemical fertilizers were applied once at 
presowing to soils with different base soil water and soil 
fertility levels (because there is more drought and less 
rainfallin springard winter in this region). In occasional 
wet years, top-dressing is beneficial. The principle of 
fertilizer application based on soil water availability and 
fertility in different years and sites should be expanded 
to include wheat variety arrangements with a package of 
practices. It may be possible to develop a model to predict 
responses to soil water, fertility level, and wheat variety, 

The Growth Indexes
 
in Seedling Stage
 

We have classified the development of winter wheat 
into three stages: prior to winter, overwintering, and 
spring growth. The first two stages are the basic stages 
for root system development. The loezsai soil with deep 
and thick layers has a good soil water reservoir and is 
suitable for root system development. In addition, winter 
wheat has a long period of overwintering at low tempera
ture. and the seedlings at tilis stage have characteristics 
of "being idle with upper parts and busy with the lower 
parts". Before greenup stage, the wheat roots have 
reached their maximum depth as did the ratio of root to 
shoot. Therefore, the seedling stage is the key stage irk 
determining the drought resistance. yields, and water 
use efficiency of winter wheat on the loess rainfed 
highland. However, this stage is affected by base soil 
water content, soil fertility, and cultivation techniques, 
particularly prior to winter. These effects can extend into 
the maturing tage just as the local saying goes. "winter 
wheat depends on sowing". Accordingly, a package of 
practices and arrangement for wheat production in the 
region must concentrate on promoting the good develop
ment of root system during the seedling stage. In other 
words, agoodjobshouldbedoneingraspingthekeylink 
of sowing, and preparation prior to sowing. Based on 
above-ground seedling growth (weak, average, sturdy, or 
vigorous seedlings), we now have a general picture of 
how a root system makes good use of stored soil water. 
It is now necessary to determine the indices to reflect 
seedling growth and its relationship with yield. The basic 
number of seedlings, total tiller numbers, dry matter of 
shoot (SDM), leaf area index, and leaf age index can 
reflect seedling growth regime quantitatively and de
pendably. Of these. SDM is simple and reliable ifsamples 
are correctly taken. The threshold value of SDM prior to 
spring regrowth was approximately 1.20 Mg/ha. Below 
the value, wheat yield M progressively increased with 
SDM increase, with the resulting regression equation 
given as: 

Y = 0.243 + 4445DM: r 0.89. 

In average years, when SDM surpasses 1.20 Mg/ha, the 
population growth tends to becomes larger, so that more 
soil water and nutrients are used in vegetative growth, 
thus frequently causing water and fertilizer deficits in 
the reproductive growth stage. The equation and thresh
old value was affected by cultivar, weather, soil fertility, 
and cultivation practices. In a drought year, this thresh
old value tends to become higher, while in a wet year, it 
becomes lower. If the seedling condition were special or 
top-dressing and other measures were adopted after the 
seedling stage, there would appear to be a certain 
deviation from the threshold value and slope. The equa
tion derived above can predict the yields in various 
wheat fields on the loessal rainfed highland. It also can 
identify the suitability of a package of practices for 
autumn sowing in different conditions and can be used 
as the base for wheat field management in spring. 



Conmponents of Optimum Model of 
Wheat Growth, Yield, and Water 

Consumption in Djfferent Conditions 

on the Rairtfed Highland 

Wc have divided the components of wheat growth 
into three groups. The first groLIp forms the framework 
of the model and is closely related to wheat growth, yield, 
and water consumption, which can be quantified. The 
second group consists of factors or practices such as the 
previous stubble field, ireservation of water by tillage, 

plowing, rolling, seeding space, row direction, and varie
ties, which play an indirect role and are difficult to be 
quantified. and which should be reflected by using 
proper coefficients. The third group involves weather 
factors except rainfall. These factors show a certain 
influenc.': in different geographical locations and in 
different years. Sometimes, unpredictable disasters 
occur. We have conducted only a little research in this 
respect. We used the multi-regression analysis and the 
optimum model fitting approach to establish quantita-
tive relationships among the soil water, soil fertility, 
wheat variety arrangement, major autumn sowing prac-
tices, growth index during the seedling stage. wheat field 

managemeni (nininly referring to top-dressing), the 

water use efficiency. These were used for establishing 
models. In each base soil water and land fertility prac-
tice, the corresponding countermeasure can be adopted 
by applying the models. In other words, there will be one 
or several combinations of cultivars and cultivation 
practices which will provide relatively satisfactory yields 
or optimum economic returns. For this reason, classifi-

catmon and regionalization of soil fertility farmlands 
should be carried out in the region. Soil water condition 

before sowing should be monitored in the typical Ioca-
tions of the rainfed highlands. 

Conclusion 

The loessal rainfed highland, distributed in Shaanxi 

and Gansu Provinces and Ningxia Huei Autonomous 

Region, is the important wheat-producing area in China, 
where wheat covers 60 to 70% of the cultivated lands, 
When compared with the loessal hilly and gully regions, 
weather here is mederate, with abundant sunshine. The 
Yuan (highland) surface is fiat and wide-open with less 
water and soil erosion. In this region, the ecoenviron-
ment, natural resources, transportation, and economi-
cal conditions are better, thus more suitable for develop-

ing farm crops. The loes:ial rainfed highland, therefore, 

holds great potential for increasing crop yield on the 

whole loessal plateau in China. This region has the 
greatest potential for raising crop productivity within a 
short period of time. 

Soil fertility in general is low, with the shortage of N 
and P being the main factors. In some cases, there is a 
K deficiency with over half the soils being deficient in 
trace elements. At the present, besides improving soil 
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fertility and ensuring the quality of every farming activ
ity, the key to increasing drought-resistance and yield of 
wheat depends on how good a Job will be done in 

arranging each autumn sowing practice based on the 
chaxges of soil water regimes and actual fertility condi
lions according to optimum designs. It is also an effective 
and main approach to raise crop water use efficiency. By 
using the model as well as soil water and fertility moni
toring to guide wheat production, it is possible to obtain 
optimum yields and good economic returns in a range of 
weather conditions. 
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Introduction 

Water Is a key factor in the success or failure of 
achieving plant establishment from seeds. Some guide-
lines recommend seeding only in areas where the annual 
precipitation exceeds a predefined amount (Stoddart, 
1946). New species releases frequently make reference 
to adaptability in specific annual rainfall zones (Booth et 
al., 1980; Stevens et al., 1985). Cox and Jordan (1983) 
found that the frequency and quantity of precipitation at 
the time of seeding were much more critical to seedlingestablishment than the total annual precipitation. With 
respect to water, there are two periods of major inipor-
tance in seedling establishment: the initial wet period
when seeds germinate, and the subsequent dry period,
In suitable wet periods seeds will germinate and develop
seedlings to a physiological stage capable of surviving
the following dry period. Frequently the seeds germinate
but there is insufficient moisture for full seedling devel-
opment. To achieve success in seedling establishment 
two conditions must be satisfied. First, species selected 
must be capable of producing a viable seedling in the 
wet-dry soil moisture regime that occurs in the field 
Second, seeding must be timed to utilize the maximum 
probability of adequate soil water for seed germination
seedling growth and root extension suecient to main-
ainthe plant through the next dry period. 

Frasier et al. (1984) described a technique of corn-
bining the probabilities of seedling survival in various 
wet-dry watering sequences with the probabilistic as-
pects of precipitation occurrence. This paper is a con-
tinuation ofthat study with emphasis on the effect ofthe 
timing and duration of the first dry period following seed 
germination. Germinated seed and seedling survival 
data of eight plant species with nine wet-dry watering 
sequences are compared to the occurrence probability of 
various lengths of dry periods at four locations. 

Procedures 

Seedling Survival Studies 

Plant species were selected to provide a range of 
establishment and survival characteristics: sideoats 
grama (Boutelouacurtipendula),blue grama (B.gracilis), 
cane beardgrass (Bothrichloa barbinodes), Lehmann 

lovegrass (Eragrostislehmanniana),plains lovegrass (E. 
intermedia), crested wheatgrass (Agropyron cristatun), 
mesquite (Prosopisjuliflora), and cheatgrass (Bromus 
tectorum). Greenhouse studies were conducted using 
the procedure of Frasier et al. (1984). Tapered plastic 
cones, 6.35-cm diameter by 24.0-cm long were filled 
with 660 g of dry 60-mesh silica sand. Ten seeds were 
placed on the dry surface of each cone and covered with 
a3-mrulayerofdrysand. Twoconesofeach specieswere 
prepared for each wet-dry watering sequence. 

Dry periods of 5 days, 7 days. and extended (x)
(sufficient time to kill all seedlings and germinated
seeds) were used in combination with wet pericis of 2,
3, and 5 days. All cones were initially wetted to approxi
mate field capacity, then watered daily in the predeter
mined wet-dry-wet watering sequence with an overhead 
reciprocating spray system. Cones in a dry period were 
covered during sprinkling with a removeable sheetmetal 
roof. Cones In the wet period were sprinkled daily with 
sufficient water to bring the average moisture content to 
the original field capacity. Following the dry period, the 
cones were wetted daily for a total study length of 14 and
16 days for the 5 and 7 days dry sequences, respectively.
Cones in the extended dry sequences were wetted for 6 
days following the dry period. The experiments were 
repeated three times. 

The number of live plants In each pair of cones were 
summed and recorded daily. Total seed germination 
percentages (pure live seed) were defined as the maxi
mum number of seedlings that emerged in the initial wet 
period plus the number of seedlings produced in the 
final wet period from seeds which did not germinate in 
the initial wet period. No attempt was made to evaluate 
differences among species or watering sequences. Data 
analysis consisted of computing daily means of the 
seedling counts and calculating the percentages of ger
minated seeds and surviving seedlings. 

Probability of a Dry Interval 

The probability of various dry interval lengths was 
developed using a first-order, non-homogeneous Markov 
chain to model the occurrence ofdaily rainfall (Woolhiser 
and Roldan, 1986). The occurrence process is described 
by the sequence X,. t = 1, 2, ... where Y = I if the day is 
wet and X, = 0 if the day is dry. The model utilizes the 
parameters Po(n), the probability of a dry day on day (n) 



given that day (n-I) was dry, and P1 o(n), the probability 
of a dry day given that day (n- I) was wet. Fourier series 
were used to describe the daily variation in Poo and P,,. 
It can be shown, that the probability of a dry interval of 
at least (k) days beginning on day (n) is: 

k-l J=l 
P{ILok=l- 7 [l-Poo(n+J)] It Poo(n+i); k=2,3.... [I] 

J= i=1 

By definition whenj = 1. It = 1 (Buishard, 1977). 
Markov chain parameter values were calculated for 

four locations, Tombstone, AZ, Reynolds. ID, Hastings, 
NE, and Cherokee, OK, using a threshold of 0.254 mm 
(0.01 inches). Values for the means, amplitudes, and 
phase angles were obtained by maximum likelihood 
techniques using the AQUA4 computer program 
(Woolhiser and Roldan, 1986). The parameters were 
then used in equation (1) to obtain a yearly plot of the 
occurrence probabilities of dry interval lengths greater 
than or equal to 3. 5. 7, or 14 days. 

Results 

Seedling Survival Studies 

Some notable results from the greenhouse studies 
were: (1) Cheatgrass, sideoats grama. and mesquite 
seedlings began emerging within 24 hours of initial 
wetting; (2) cane beardgrass and Lehmann lovegrass 
seedlings began emerging with the 3 days wet watering 
sequences: and (3) flve wet days were required for initial 
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Figure 1. Survival of seeds and seedlings of 8 plant 
species for 9 wet-dry watering sequences. 
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emergence of plains lovegrass and crested wheatgrass 
seedlings (Figure 1). 

With the exception of sideoats grama and mesquite 
at 2 wet days and crested wheat and cane beardgrass at 
3 wet days, differences in the numbers of seeds and 
seedlings surviving dry periods of 5 to 7 days were 
probably not significant (Fig. 1). With all species, the 
longer the initial wet period, the greater the number of 
emerged seedlings which survived the 5- or 7-day dry 
periods. There were fewer surviving viable seeds follow
ing the extended dry periods than with the 5- or 7-day 
dry periods. This indicates that many seeds initiate the 
germination process, even with only 2 wet days, and are 
capable of surviving dry periods up to 7 days in length. 
These germinated seeds will die with some undeter
mined longer length of dry period. 

Probability of the Lengths of Dry Intervals 

The four locations used to determine the probabili
ties of dry interval lengths were selected to provide a 

range of conditions. Tombstone, AZ, has a dry period in 
April through June followed by the wet "monsoon" 
season in July through September. Reynolds, ID, has a 

dry period in July through August with precipitation 
occurring in the winter, spring, and fall periods. Hastings, 
NE, and Cherokee, OK, are characterized by a spring
summer precipitation period. The computed exceedence 
probabilities of dry interval lengths for each site are 
illustrated in Figure 2 and show the differences in dry 
patterns that can occur. Tombstone, AZ. has a dramatic 
shift in the probabilities of dry period occurrence from 
the late spring to midsummer period. Reynolds, ID, has 

a high probability of a dry period in the summer months 

w hile Cherokee. O K, and H astings, NE. have low dry 
period probabilities during the summer. Other locations 
may have still different patterns. 

Discussion 

Because the distribution of the length of dry period 
following a wet period is only one factor in the complex
process of germination and seedling establishment, it 

provides only an approximate indication of the best time 
to seed. With the exception of mesquite and crested 
wheat, all species studied had an 80% probability of 
surviving dry periods of 5 to 7 days as seedlings and/or
germinated seeds. Therefore, these species should be 
seeded when other factors are favorable and there is a 

probability of dry periods greater than 5 to 7days. Ifwe select the period when the probability of a dry 

period of 5 days or more is smaller than 50%, the proper 

time to seed is: July-August in Tombstone, AZ; spring
summer in Hastings. NE, and Cherokee, OK:, and win

ter, spring, or fall for Reynolds, ID (the cross-sectioned 
area, Fig. 2). Additional factors not included In this 
discussion would be: initial wet periods of sufficient 
duration to germinate the seeds, rate of soil water loss by 
evapotranspiration, and soil temperatures conducive to 
seed germination. The complete analysis of combining 
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seedling survival characteristics with probabilities of 
precipitation occurrence must also include different 
threshold levels of precipitation. 
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Introduction 

Although there has been much research on the 
effect of windbreaks in temperate climates, relatively 
little is known about the effects ofwindbreaks insemiarid, 
tropical climates. Some researchers have expressed 
concern that windbreak competition with the crop for 
sunlight, water, and nutrients may limit their applica-
tion in semiarid, dryland farming systems (Rosenberg et 
al., 1983: Jensen, 1983). 

The Cooperative for American Relief Everyvhere 
(C.A.R.E.) Windbreak Project in the Majjia, Valley of 
Niger, West Africa provided the site where the effects of 
mature tree windbreaks planted in rainfed millet fields 
could be evaluated. The area was located in the 400 to 
450 mm isohyet range. An evaluation was conducted 
during the 1984 and 1985 growing seasons ta assess the 
influence of these windbreaks on millet yield, water use, 
and microclimate. The results from the 1985 growing 
season are presented in this paper. This information 
could guide development workers in the use of wind-
breaks as an appropriate land use activity in semiarid 
farming systems. 

Materials and Methods 

The field plot study was conducted on 11-year-old 
neem (Azadirachta indica) windbreaks, which were 
planted in a double-row 4 X 4 m pattern and averaged 
10.5 m in height. The study was limited to the broad, 
alluvial terrace which was classified as a fine-loamy, 
mixed, isohyperthermic Fluventic Ustropept (West, 1984). 
A split plot design was used, extending from the center 
of one windbreak line to the center of the next. Three 
replications were located inside the protected field and 
three were located in a similar area not protected by the 
windbreaks. The plots were planted with a local variety 
of millet [Penniseturm typhoides (Burm.. Staph. and 
Hubb.)],GuergueraGR-PI, atauniformdensityof 10,000 
seedbeds ha 1 . The subplots consisted of two fertilizer 
treatments: no fertilizer and 45 kg N with 22.5 kg P205 
ha'. Urea was the source of nitrogen and super-triple 
phosphate the source of phosphorus. The subplots 
within the protected zone were divided according to 
multiples of the height factor (H= average height of the 
adjacent windbreak line) along an orientation parallel to 
the windbreak line so that distance from the windward 

line could be considered. 
Meteorological variables were monitored during the 

growing season both Inside and outside the zone pro
tected by the windbreaks. Wind speed was monitored 
continuously with anemometers connected to auto
matic dataloggers. Air temperature and humidity were 
measured using hygrothermographs. Pan evaporation 
was estimated by using locally fabricated pan evapori
meters which were fitted with barrel graph float level 
indicators for continuous measurement. Rainfall was 
measured using standard, cylindrical rain gauges. Soil 
water content was measured gravimetrically in all plots, 
at the beginning and end ofthe growing season. Selected 
plots were gravimetrically sampled at 10-day intervals 
throughout the season. Composite sampling was done 
at 20-cm intervals to a depth of two meters. The differ
ence between wet and dry sample weights was used to 
calculate gravimetric moisture content. Bulk soil den
sity at the corresponding sampling depths was meas
ured in each of the plots using a standard core device. 
These values were used to convert gravimetric to volu
metric water content. The amount ofwater stored in the 
profile was calculated from the volumetric water con
tent. The actual evapotranspiration (AET) was estimated 
from the water balance. The net change in soil profile 
water storage was corrected for rainfall gains over the 
growing season. Runoff and deep drainage were consid
ered negligible. Millet panicles were harvested as they 
ripened. The panicles were threshed and the grain 
weight was recorded. Stover was cut at ground level after 
a plot had been completely harvested. The material was 
air dried and weighed to determine total above ground 
dry matter yield. 

Results and Discussion 

The effects of protection and fertilizer on millet grain 
yield, total above-ground dry matter yield, and average 
grain weight per panicle are summarized in Table 1. 
There was not a significant effect of protection on millet 
grain yields despite a 26% increase in grain production. 
The average weight of grain per panicle did not increase. 
Above-ground. dry matter yields were increased by 73% 
in the protected fields. Fertilization increased grain yield 
and the average weight of grain per panicle by 23% and 
21%, respectively (Table 1). AbiJve-ground dry matter 
was not affected by fertilizer application. Average grain 
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Table I. Effect of protection and fertilizer on millet grain yield, 
total above-ground dry matter, and average grain weight per 
panicle. 

Ave.wt./ 
Treatment Grain yield Dry matter panicle 

Mg/ha -_-g-

Protected 0.499 3.575 13.3 
Unprotected 0.396 2.065 11.7 

+26%" +73%b 14%, 
Fertilized 0.494 2.864 13.7 
Unfertilized 0.402 2.776 11.4 

+21%1 

Means are not significantly different. 
bMeans are significantly different at < 1%level. 
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Figure 1. Effect of distance from the windward row 
on fertilized and unfertilized millet grain yield, 

and dry matter yield as a function of distance from the 
windbreak are given in Figures 1 and 2. 

Wind speed, relative humidity, and pan evaporation 
were all significantly modified, resulting in reduced 
water demand in the protected crop (P<0.01%). Wind 
was reduced by about 40% at the 1- and 3-m heights. 
Average daily relative humidity was about 8% higher and 
average daily pan evaporation was 1.6 mm lower in the 
protected field. Jensen (1983) proposed that windbreaks 
increase the possibility of plant lethal temperatures in 
tropical climates. Our data did not indicate any signifi-
cant changes inmaximum daily temperature,although 


minimum daily temperatures were reduced 1.20C in the 
protected field. 


The average water use efficiency WUE) for fertilized 
and unfertilized grain production was 1.4 Mg grain ha-
m H20 in the protected zone and 1.1 Mg grain ha-'im 
H20 in the unprotected zone. The average WUE for the 
fertilized and unfertilized dry matter production was 
10.4 Mg dry matter ha' mI H20 in the protected zone 
and 6.2 Mg dry matter ha' m in the unprotectedIj1-1l20 

zone. Both yield and WUE values were very low com
pared to those reported by Kanemasu et al. (1984), who 
obtained yields ranging from 0.6 to 4.6 Mg grain ha" for 
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Figure 2. Effect of distance from the windward row 

on fertilized and unfertilized millet dry matter 
yield. 

rainfed millet. Their grain and dry matter WUE values 
ranged from 1.6 to 11.6 Mg grain ha-I m H20 and 22.1 
to 68.2 Mg dry matter ha' m H20. respectively. This 

may be explained by reduced yields due to a prolonged 

of water stress during the grain filling stage. 

Conclusions 

The data from this study indicate that the overall 
effect of windbreaks on millet production is beneficial, 
despite yield decreases in proximity to the windbreak. 
Fertilizer application increased grain yield whereas 
windbreak protection had more of an effect on dry matter 
yield. The 1985 yield increase with 345 mm of rainfall 
was consistent with the 1984 growing season data which 
indicated a 20% increase in millet grain yield with 222 
mm rainfall. 
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Introduction 

In dryland farming, several practices have been 
utilized to conserve soilwater for the growing crop. These 
practices include fallow, stubble mulch, or sheltering 
the developing crop. Two aspects are considered in the 
coriervation of soil water, reduction in the rate ofevapo-
ration of soil water and increasing the amount of stored 
soil water available. Ritchie (1971) proposed that soil 
water evaporation could be reduced with the use of 
mulches. 

The effectiveness of mulches is dependent upon the 
amount of residue. Unger (1972) stated that the use of 
muiches on the High Plains of Texas would generally be 
ineffective for reducing evaporation or increasing infil-
tration because of the low residue amounts left by the 
preceding crop. Girl et al. (1983) found that in northwest 
India, wateruse efficiency increased from 5.32 to 9.31 kg 
ha' mmi as a result of adding straw mulch because it 
increased the amount of stored soil water available 
during the flowering and grain filling growth stages. 

Barker et al. (1985) found that cotton (Gossypiunh 
hirsutum L.) sheltered with a slat fence began to flower 
and set fruit earlier than unsheltered cotton. They also 
found that the sheltered cotton used more soil water 
than the unsheltered due to more favorable growth. 
Barker et al. (1988) also found that the temperatures 
during the night were warmer in the sheltered compared 
to the unsheltered crop. Thus, the windbreak has a 
positive effect on the sheltered crop. 

This study was undertaken to quantify the effects of 
a standing stubble on the microclimate surrounding a 
developing cotton crop and to evaluate die changes In 
energy exchange induced by the stubble. The knowledge 
gained through this study should improve the under-
standing of plant-atmosphere hi teractions. 

Materils and Methods 

Wheat (Titicum rstiumn L. var. TAM-105) was 
planted on 29 October 1986 in 0.20 m row widths at a 
rate of 67 kg ha'. Prior to planting, 110 kg N ha' was 
Incorporated as anhydrous aminonia. The wheat was 
grown as a rainfed crop with 240 mm of precipitation 

occurring as rain and snow. After maturity, the grain 
was removed by combining and the wheat residue left 
undisturbed. 

Cotton (G. hirsutum L. var Paymaster 145) was 
planted on 16June 1987 in 1mrowsatarateof20seed 
mI of row. Two plots of cotton were planted at this time, 
the stubble residue plot and a no-residue plot. Seeding 
in both plots was done with a flex-planter equipped with 
a rolling coulter directly in front of the planter unit. No 
furrows were used in either treatment and the plot area 
was maintained as a level basin plot. At the time of 
planting, the standing residue was 0.5 m tall. 

In each plot, the following instrumentation was 
placed to monitor the microclimate. A Fritschen mini
ature-type net radiometer was placed at 2 ni above the 
soil surface, and a soil heat flux plate was positioned 
between two rows at a depth of0.01 m.Soil temperatures 
were monitored at 0.05, 0.1, and 0.2 in in both plots 
commencing In early March and continuing through the 
cotton growing period. Surface temperature was nicas
ured with a 500 fov infrared thermometer positioned in 
a nadir view at 1.5 m above the top of the cotton canopy. 
Wind direction was monitored at 2 m above the canopy 
along with global and diffuse solar radiation. 

Profiles of air temperature and water vapor pressure 
were measured with double shielded, aspirated psy
chrometers equipped with platinum resistance ther
mometers. These units were positioned at 0. 1 m above 
the soil surface between the rows, at 0.6 of car.opy 
'--eight, and at 0.25. 0.5. and 1.0 m above the cotton 
canopy. Wind speed was monitored at 0.6 of canopy 
height and at 0.25, 0.5. and 1.0 miabove the top of cotton 
canopy. All meteorological parameters were sampled 
once per minute with a 15-minute average computed 
and stored. 

Weekly samples were taken from 10 randomly 
selected plants to monitor the growth and development 
of the cotton. Leaf area, height. phenological stage, 
fruit dry weight, and vegetative dry weight were 
observed. 

Soil water content was measured with a neutron 
scattering technique at three locations in each plot to a 
depth of 1.75 m. The interval of observation was 0.2 m 
commencing at 0.15 m. Surface soil water evaporation 
was measured with 10 microlysimeters placed in each 
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residue treatment. These observations were made for 
one day in the early season. 

Results and Discussion 

The microclimate was altered by the presence of the 
wheat stubble. Net radiation values during midday were 
higher for the stubble compared to the bare soil, possibly 
due to a lower albedo for the stubble caused by intercep-
tion of the incident radiation by the stubble (Fig. 1).The 
surface temperature. Ts. was also cooler for the stubble 
surface and the soil heat flux during midday was ap-

proximately one-half of the bare soil (Fig. 1). These data 
'iere typical of all days during the early portion of the 

growing season. Soil temperatures from the time of 
planting of the cotton were cooler at the 0.05 and 0. 1 m 
depth in the stubble: however, there was no difference 
between the plots at the 0.2 m depth (data not shown). 

The increased net radiation was partitioned into a 
larger sensible heat component. Air temperature at the 
0.2 m height within the stubble was warmer than the 
bare soil and this difference persisted throughout the 
day. The air temperature profiles revealed that although 

D0Y 191 


700 WHEAT STUBBLE COTTON 

600 --- G 

To x 10 


500 


, 400 
E 	 . .0.create 


O .evapotranspiration 

200 


z 

1-0-

0 

. . . . . . 
I 2 3 4 5 6 7 5 9 tO11 121314 151617 18192021 222324 

-100 	 . 

TIME OF DAY (HOUR) 

700 BARE SOIL COTTON 
RN 

600 --- G 


Ts x 10 

500
 

in 	 400 

E 	300 

200 

zW 	 100 - - , 

0" 


-100 .. ,. ........... ... .. .. . .. ... 
1 2 3 4 . 6 7 8 9 10 111213141516 17 18 19 20 21 22 23 24 

TIME OF DAY (HOUR) 

Figure 1. Net radiation, soil heat flux, and surface 

temperature for the stubble and bare soil plots on 

DOY 191. 


the soil surface of the bare plot was warmer than the 
stubble, the rate of mixing and the gradient were greater 
in the bare plot. In the stubble plot, the exchange rate 
within the stubble was slow, thereby trapping the warm 

air within the canopy. 
The effectiveness of the stubble as a barrier was also 

found in the profiles of vapor pressure deficit. The air 
volume at 0. 1 m had a higher water vapor pressure 
within the stubble than over the bare soil. Typically, this 
difference between plots was 0.3 to 1.0 kPa (data not 
shown) and was greatest at 2 to 3 days after a rain event 
when the soil surface of the stubble plot was still wet 
while the bare soil surface was dry. Standing stubble 
greatly impacted the rate of soil water evaporation 
because on the one day in which data were available, the 
soil water evaporation rate was 5 mm day ' in the stubble 
while it was 8 mm day ' in the bare soil plot. This 
difference would be typical of soil water evaporation in 
the early stages of the cotton development before the 
developing cotton began to act as a living mulch to 
reduce soil water evaporation. For the first 60 days of the 
growing season, where the differences in growth were 
most pronounced, there was no difference in total soil 
water extracted from the tipper I 11 of the profile. Thus 
the water use efficiency was higher in the stubble mulch 
plot compared to the bare soil plot. 

The alteration of the microclimate by the stubble 
also affected the atmospheric demand as shown by the
results for the Penman evapotranspiration model (Fig. 

2). However, the compensating effects due to the re
duced water vapor pressure deficit and an increased 
aerodynamic resistance caused by the smoother surface 

offset the increased net radiation over to stubble to 
a situation in which the calculated potential 

was nearly equal for the two plots 
throughout the (lay (Fig. 2). If. however, we assume that 
the stubble adds an additional resistance of 40 sec m 
to the transfer of water vapor and then recalculate 
potential evapotranspiration, we find that the stubble 
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has a reduced rate of water loss (Fig. 2). The canopy References 
developing within the stubble would be subjected to a 
reduced atmospheric demand compared to a bare soil Barker, G. L.. J. L. Hatfield, and D. F. Wanjura. 1985. Cotton 
plot. phenology parameters affected by wind. Field Crops Re-

The presence of the stubble greatly affected the search 12:33-47. 
growth ofthe cotton. The sheltered cotton was taller, had Barker. G.L., J. L. Hatfield, and D. F. WanJura. 1988. Influence 
a larger leaf area, and greater dry biomass than the bare of wind on cotton growth and yield. Transactions of Amer
soil plot. The height ofthe crop was different between the can Society of Agricultural Engineers. (Submitted) 
two plots from shortly after emergence until the cotton Girl, G., R. R. Singh, and R. De. 1983. Grain yield and moisture 
In the stubble plot extended through the wheat stubble, use efficiency of dryland wheat as affected by mulch and 
Leaf area was 20% larger in the stubble plot until the transpiration suppressants. Indian Jounial Agricultural 
stubble plot began to set fruit after which the bare soil Science 53:899-904. 

Ritchie, J. T. 1971. Dryland evaporation flux in a subhumldplot surpassed the stubble plot. This difference in growth climate: I. Micrometeorological influences. Agronomy Jour
was also found in the total dry weight of the plant and nal 63:51-55.
 
coincided with the beginning of boll development in the Unger. P. W. 1972. Dryland winter wheat and grain sorghum

stubble plot. Boll development commenced 7 days ear- cropping systems-northern 1-igh Plains of Texas. Texas
 
lier in the stubble plot compared to the bare soil plot. The Agricultural Experiment Station Bulletin 1126.
 
more favorable microcilmate within the stubble, i.e.,
 
warmer air temperatures and less atmospheric demand,
 
produced a faster growing cotton plant.
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Introduction 

Semidwarf plant types have been reported to have a 
sL.)andoredghum abilityh bolwhea (.) ncdu tom 
Increased reproductive development as compared to 
itnrd reproducaietivesevoet a., omd tand 
standard height varieties (Johnson et al., 1966: 

Goldworthy, 1970). The competitive response of new 
semidwarf sunflower (Helianthusannuus L.) hybrids in 
terms of yield, oil content, leaf number, leaf area, leaf 
area index, and harvest index (HI) is largely unknown. 
Also, little is known about the comparative differences in 

water use responses between standard and semidwarf 
height sunflower hybrids. The objectives of this study 
were to compare the agronomic performance of a semid-
warf and standard height hybrid sunflower under rain-
fed (dryland) conditions in the Southern High Plains of 
Texas and compare water use efficiency responses of thetwo hybrids. 

Materials and Methods 

Two oilseed hybrids differing genetically in plant 

height were used in these studies. Sigco 471D' (semid
warf SD) and Hybrid '894' (standard height SH) were 
obtained from Sigco Research, Inc., Breckenridge, Min-
nesota. Both hybrids were similar in maturity. Experi
ments were conducted under dryland conditions on 
Pullman clay loam (Torrertic Paleustolls). The sunflower 
was planted on May 28, 1986 and June 1, 1987, on 
fallowed ground (2-yr). Soil profiles contained approxi-
mately 250 mm of plant available water in the top 3 m at 
planting. The experimental design was a randomized 
complete block replicated three times. Plant population 
was 49,000 plants per ha. Plots consisted of six rows, 6.1 
m in length, spaced 1m apart. Seeds were planted on top 
of beas. Recommended agronomic crop production 
practices were followed. Precipitation during the grow-

a Mention of a trade name, proprietary product, or spe-
cific equipment does not constitute a recommendation 
or endorsement for use by the U.S. Department of 
Agriculture, nor does it imply registration under FIFRA 
as amended. 

ing season (May-September) was 223 mm for 1986. and 
316 mm for 1987. 

Seed yield data were obtained from the center 3 m 
from each of the two middle rows of the six row plots.
Other traits observed were weight of 100 seed (g); test 
weight (kg/m:n): oil content (g/kg), based on dry weight 

determined by nuclear magnetic resonance (NMR); 

oil yield (kg/ha), based on seed yield x oil content; head 
diameter (mam) and plant height (in) at the R-9 stage; dry
matter yield (Mg/ha) (excluding seed yield): harvest 
inde, baed on seed yield aryed 
index, based on seed yield divided by dry matter yield; 

grain yield divided by seasonal water u.sed. 
Biomass samples were coliecterl at various growth 

stages [V- 16 (vegetative), R-2 (head formation), R-5 
(early flowering), R-7 (post flowering), and R-9 (physio
logical maturity)] (Schneiter and Miller, 1978). Plants 
within a 1-m section of rows were hand harvested andseparated into stems, leaves, and heads. Dry matter 
yield was expressed as grams per plant. The number of 

leaves per plant was determined, as well as leaf area per 
leaf (M2), leaf area per plant (nil). and leaf area index 
(LAI). Plant samples were dried for 48 hr at 70 0C for 
determination of dry matter yield. 

Results and Discussion 

Yield and Yield Components 

Hybrid 894 SH had a slightly higher seed yield than 
Sigco SD, but the difference was not statistically signifi
cant (Table 1). There were no significant hybrid x year 
interactions for yield or yield components (Table 1). This 
is similar to what Majid and Schneiter (1987) reported 
for sernidwarf and standard height hybrids at five differ
ent population levels. However, there was a statistically 
significant difference in yield between the 2 years but not 
between the two hybrids within a year (Table 1). Higher 
yields in 1987 were due to more favorable amount and 
distribution of precipitation. There were no differences 
in 100 seed weight or test weight between the two 
hybrids (Table 1). 

Oil content and seed yield were similar in both 
hybrids, and the differences in oil yield between years 



were due to the much higher seed yield In 1987 than in 
1986 (Table 1). 

Plant height was significantly different between the 
hybrids, as expected (Table 1). Plant height of the 
semidwarf hybrid was reduced by approximately 30% 
compared to 894 SH hybrid. This is similar to reported 
height reduction of other Sigco SD hybrids (Fick et al., 
1985). There was no indication of a year x hybrid 
interaction for plant height. Head diameter did not differ 
significantly among hybrids (Table 1). Head diameter 
was slightly larger in 1987, probably due to more favor-
able precipitation in 1987. Fick (1978) reported that 
head diameter is influenced to a greater extent by 
environmental than genetic factors, 

There was a significant difference in vegetative dry 
matter yield (does not in'.Iude seed) between the hybrids 
but not between years (Table 1).Sigco SD had a signifi-
cantly higher dry matter production (3.9 Mg/ha) than 
894 SH (3.0 Mg/ha). Sigco SD had a HI ofO.36, while 894 
SH had 0.49 (Table 1). Harvest index was much higher 
in 1987 than 1986. While there was a slight increase in 
dry matter production for 1987, grain yield increased 
substantially In 1987, thereby increasing the HI. Both 
hybrids responded similarly to the increased precipita-
tion In 1987. 

The sernidwarf hybrid did not differ from 894 SH in 
WUEr7mable 1). There was a significant difference in WUE 
between years. In 1986, average WUE was low (0.24) 
compared to 1987 (0.40). Precipitation was about 100 
mm less in 1986 than 1987. Grain yields in 1986 were 
about half of what they were in 1987. Timely precipita-
tionin 1987 resulted inagreaterWUE, sincemuchofthe 
moisture fell during the critical stages of bud formation 
and flowering. The relationship between increased seed 
yield and available soil water has been previously shown 
in the Southern High Plains by Jones (1984). 

Dry Matter Accumulation and Leaf Area 

The semidwarf hybrid had significantly less stem 
dry matter (SDM) (17.0 g/plant) than 894 SH (22.8 g/ 
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plant) (Table 2). This would be expected because Sigco 
SD is shorter. There was a steady increase in SDM until 
the R-9 stage, when it declined. There were no significant 
hybrid x year interactions for SDM,or any other dry 
matter or leaf area characteristics (Table 2). The semid
warf hybrid had significantly higher leaf dry matter 
(LDM) per plant (25.2 g/plant) than 894 Si I hybrid (21.3 
g/plant). The LDM per plant Increased until the R-5 
stage. then decreased, but increased again to a maxi
mum at the R-7 stage, then declined to the lowest level 
at the R-9 stage (Table 2). Leaf dry matter was signifi
cantly higher in 1987 than 1986. Head dry matter (HDM) 
'including seeds) was not significantly different between 
hybrids but was different for growth stages and years. 
The semidwarf hybrid produced more LDM and less 
SDM than 894 SH hybrid but produced a similar amount 
of HDM. 

The number of leaves per plant did not differ be
tween the two hybrids (Table 2). Similar numbers of 
leaves indicate that reduced height in the semidwarf 
hybrid was due to the shortening of the internodes 
rather than a reduction of the number of internodes. 
Leaf number varied by growth stage, with tie maximum 
number of leaves occurring at the R-2 stage but with a 
noticeable reduction of leaves at the R-5 stage, with R
9 having the least number of leaves (Table 2). The 
reduced number of leaves at the R-5 stage resulted in 
reduced LDM per plant. Sigco SD hybrid had a signifi
cantly higher LAI (1.5) than 894 SH (1.1). Growth stage 
also influenced LAI, with a noticeable reduction in 
number of leaves in both hybrids at R-5. The loss of 
leaves at the early flowering stage may be a mechanism 
whereby the hybrids shunt more energy to seed forma
tion. Leaf area index also varied significantly between 
years. The increased IAI in both hybrids in 1987 was 
probably due to more favorable precipitation. The semi
dwarf hybrid had a significantly larger area per leaf (0. 10 

m") than 894 SH (0.09 m 2) (Table 2). This was also true 
for leaf area per plant. The semidwarf hybrid had larger 
leaves and more leaf area per plant, which would ac
count for the higher LAI. 

Table 1. Influence of hybrid and year on seed yield, seed characteristics, and water use efficiency oi semldwarf and standard height 
sunflower hybrids. 

Oil Dry 
Grain Weight/ Test con- Oil Head Plant matter 

Treatment yield 100 seed weight tent yield dia. height yield IIl WUE 

Mg/ha g kg/rn' g/kg kg/ha mm II Mg/ha kg/rn' 
Hybrid 

894 SH 1.35 3.1 344 465 624 154 1.20 3.0 0.49 0.33 
Sigco SD 1.22 3.2 366 486 597 157 0.85 3.9 0.36 0.30 

Year 
1986 0.84 3.0 355 476 401 148 1.04 3.3 0.30 0.24 
1987 1.73 3.4 354 475 820 163 1.02 3.5 0.53 0.40 

LSD (0.05) 
Hybrid NS NS 
Year 0.63 NS 
Hybrid x ycar NS NS 

NS = Not significant at 0.05 probability level. 

NS NS NS NS 0.12 0.4 0.05 NS 
NS NS 300 NS 0.02 NS 0.17 0.11 
NS NS NS NS NS NS NS NS 
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Table 2. Influence of hybrid, growth stage, and year on dry matter accumulation and leaf area characteristics of sunflower. 

Stem Leaf Head 
dry dry dry 

Treatment matter matter matter 

g/plant 
Hybrid 

894 SH 22.8 21.3 22.8 
Sigco SD 17.0 25.2 21.1 

Stage 
V-16 5.7 15.1 
R-2 20.9 29.7 3.6 
R-6 24.5 21.7 18.3 
R-7 26.9 30.1 28.8 
R-9 21.3 19.8 37.1 

Year 
1986 19.6 21.3 18.5 
1987 20.1 25.2 25.5 

LSD (0.05)
 
Hybrid 1.6 2.1 NS 

Year NS 3.5 5.2 

Hybrid x year NS NS NS 

Stage 6.0 5.7 7.3 


NS = Not significant at the 0.05 probability level. 

Conclusions 

There appears to be no consistent relationship be-
tween seed yield and genetic height potential of the 
hybrids tested in the study. If the semidwarf gene or 
genes controlling height in the two hybrids confer a yield 
or oil content advantage, it was not apparent in the 
present study under the population density evaluated. 

The semidwarf and standard height hybrids had similar 
numbers of leaves: but the semidwarf hybrid had a 
higher LAI, larger area per leaf, larger leafarea per plant, 
and higher LDM yield. The Sigco SD had a lower SDM 
yield than 894 SH. The reduction of plant height in the 
semidwarf was not compensated for by an increase in 
seed yield. The 894 SH had a substantially higher HI and 
lower dry matter yield than the semidwarf hybrid. Sea-
sonal WUE did not differ between the two hybrids. 

Number Leaf
 
leaves/ Area/ area/
 
plant leaf plant LAI 

2m

21 0.09 1.8 1.1 
22 0.10 2.2 1.5 

24 0.07 1.7 1.0 
28 0.10 2.7 1.8 
21 0.09 1.8 1.0 
23 0.11 2.6 1.8 
11 0.10 1.2 0.8 

21 0.09 1.8 1.1 
23 0.10 2.2 1.5 

NS 0.007 0.2 0.1 
2 NS 0.3 0.2 

NS NS NS NS 
3 0.02 0.5 0.3 
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J. L. Hatfield 
USDA-Agricultural Research 

Weather and climate determine the cropping pat-
terns in all areas of the world, both in developed and 
developing countries. The atmospheric environment Is a 
resource in crop production; however, the utilization 
and limitations of that resource are not well understood, 
particularly in the dryland areas of the world. All papers 
presented within the area of agroclimatology discussed 
the fact that the data base, and the synthesis ofinforma-
tion relative to dryland agriculture, is limited. Papers in 
this group ranged from a conceptual model, one attempt 
to synthesize the available information with existing 
crop-weather or crop-climate models, and the more 
narrowly focused studies which describe crop response 
to a given set of conditions. 

Two approaches to understanding crop response to 
weather have previously been utilized: conversion of 
radiant energy to dry matter or the relationship ofwater 
transpired to the biomass production. In the plenary 
paper, Monteith describes an approach which combines 
both the interception of radiation and the transpiration 
of water in a procedure which allows for the climatic 
analysis. This procedure, although untested at this 
time, offers a possible technique for quantifying the 
differences among environments, 

Utilization of crop yield models to define the impacts 
of weather and climate in developing countries are 
described in the papers by Harris et al., Mellaart, Gbade-
gesin and Nwagwu, Sivakumar, and Kanemasu et al. 
The approaches described by each of these groups is 

Service, Lubbock, Texas 

different, but oriented toward the same goal of quantify
ing the climate resource and the impact that variable 
weather within a growing season has on crop produc
tion. The approach used by Harris et al. to assemble crop 
yields based on farmer interviews may offer a technique 
for obtaining a yield data base. Kanemasu et al. and 
Sivakumar show the utility of using models to integrate 
information for decision processes in dryland areas. 

The papers by Frasier and Woolhiser, Hatfield, Long 
and Persaud. Seiler, Zhang and Xin. anI Chen and Li all 
discuss various aspects of crop response to the dryland 
environment. These experiments provide the data bases 
on which to improve the understanding of the processes 
discussed in the modeling papers. The results of Frasier 
and Woolhiser in determining the precipitation needed 
for seedling survival should provide an indication of the 
type of study needed to couple with 'he proposal of 
Sivakumar in defining the onset of the rainy season in 
West Africa. The other studies provide an understanding 
of the effect of individual meteorological variables, e.g.. 
wind and water, on the growth and development of 
several crops. 

Agroclimatology attempts to relate the environmental 
and soil effects on crop growth and production and the 
papers in this section provide a view as to the ongoing 
efforts in this area relative to dryland agriculture. There 
is still much needed research as discussed by each of the 
individual authors, and the papers often describe where 
these limitadons exist, and how they may be remedied. 
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Introduction 

Response Farming is a means of coping with sea-
sonal rainfall variability. Typically, rainfall ranges from 
about 1/3 to twice normal amounts. Response farming 
aims at anticipation of these swings, and the modifica-
tion of farming decisions in ways calculated to maximize 
production returns per unit of rainfall actually received, 

The principal predictor of seasonal rainfall charac-
teristics (amount, duration, intensity index, etc.) identi-
fled to date is the date of the onset of the rainy period 
(Stewart, 1988). Expressed very simply, the characteris-
tics of reference early starting seasons usually are better 
suited to crop production than those of later starting 
seasons. More importantly, early seasons always have 
different prospects than late seasons. Predictability on 
the basis of date of onset always exists, and always 

provides information of value to farmers in making their 

preplant. planting time, and early season decisions. 
Those desiring detailed information on the development 

of the response farming methodology are referred to 
Stewart and Hash (1982). Stewart and Kashasha (1984). 
Stewart and Faught (1984). and Stewart (1988). 

The method is to predict and respond, and the 
prediction is in essence an assessment of risks involved 
in selecting alternative ways to farm in the approaching 
season. As in many published rainfall studies, a major 
focus is the amount of rain expected at given levels of 
probability. The brevity of this paper will restrict us to 
the topic of rainfall amount, but with a number of 
important differences from other studies: 

1. Rainfall considered will be only that which impacts 
on the cropping season, with the actual season 
determined separately for each year in the records 
analyzed. 

2. Water balance and water production function as-

Table 1. Wheat season rainfall characteristics' with relation to mean annual rainfall in the Jordanian Highlands. 

Mean Annual 
Location Rainfall 

mm 

North of Amman 

Ramtha 277 

Irbid 409 

Deir Abu Said 457 

AJlun 638 

South of Amman 

Taflla 273 

Shaubak 305 

Madaba 322 

Karak 353 

Wheat Scason Rainfall Characteristics (Medians) 
Rainfall 

Rainfall Rainfall Intensity 
Onset Rainfall Duration Index 
date mm days mm/day 

Dec 15 257 112 2.3 

Nov 29 345 135 2.6 

Nov 21 439 137 3.2 

Nov 20 599 145 4.0 

Dec 17 225 107 2.1 


Dec 13 174 107 2.6 


Dec 8 316 116 2.7 


Dec 10 335 112 3.0 


aBased in each case on 50 years of daily rainfall records from 1937-38 to 1986-87 inclusive. 

Rainfall 
Days 

number 
Rain 

mm/day 

27 

34 

38 

40 

7.0 

9. 0 

10.8 

14.0 

21 

21 

26 

27 

9.4 

12.2 

10.7 

11 .5 
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sessments will be utilized to express prot., ollties superior in most respects. Rainfall Is greater, seasons 
not only in terms of rainfall amounts, but also in begin sooner and last longer, there are more rainy days 
terms of crop production success or failure, both at per season, and the average wetness (intensity index = 
the subsistence and commercial levels, and in the rainfall/duration) is greater. At equal levels o, mean 
case of commercial success, whether at lower or annual rainfall, however, southern locations have greater 
higher levels of profitability. rainfall per rain-day.

3. 	The overall range of possibilities Is separated Into Table 2 shows overall probabilities of seasonal rain
three lesser ranges, based on historical trends in fall amounts at the eight locations falling into any offour 
seasons beginning in three different onset periods. categories. which are also related to expected wheat 
Within each of the new, reduced ranges, the proba- yields and/or profits. The probabilities show the obvious 
bilities. as outlined in Item 2 above, are recalculated -that greatei- chances of success accompany higher
and compared for the three or,set periods, annual rainfall. They also show that, given only this 

amount of information, commercial wheat producers 
might be well advised not to consider operating at

Risk Assessment and Response locations where mean annual rainfall is less than 350 
Farming of Wheat in Jordan mm. The next question is, can we provide more compre

hensive information which will differentiate those sea-
Analyses of rainfall for wheat (Thticum aestivumL.) sons with acceptable risk levels from those In which 

production in the Mediterranean climate of the Jorda- risks are unacceptably high. 
nian Highlands are presented as an example of possible Table 3 shows how consideration of onset relations 
risk assessment procedures based. in this instance, on c'n enhance our preseason information concerning 
the relationship between seasonal rainfall amounts and rainfall expectations. How can we make a more mean
date of onset. Other seasonal parameters of importance Ingful prediction-a more applicable assessment ofrisks? 
to farm decision-making, and also linked to date of on- While Table 2 shows overall failure at Ramtha in two out 
set, are not presented here, but would also be assessed of three years (64%), Table 3 shows cow mercial success 
and acted upon in a real life response farming activity. In two out of three years (65%), provided onset is before 

Table I presents median values of wheat season December, but no chance of success if the rains do not 
rainfall characteristics at eight locations, with mean begin by January. In fact, Table 3 shows the risks of 
annual rainfall ranging from 273 to 638 mm. The area failure are unacceptably high at all locations if onset 
north ofAmman (with reference to rainfall only) is clearly does not occur before January. 

Table 2. Probabilities of wheat season water supply amounts, with relation to mean annual rainfall in the Jordanian Highlands: 

Consequent probabilities of profitable production versus failure. 

Probabilities (%)of water supply, yields & profits 

Failure Profitable Range
 
Mean
 

Annual Subsistence Commercial Lower Half UPPER HALF
 
Location 
 Rainfall (<206 mm) (206 295 mm) (296-460 mm) (>460mm) 

mm 

North of Amman 

Ramtha 	 277 36 28 34 2 

Irbld 	 409 12 22 40 26 

Deir Abu Said 	 457 6 10 44 40 

AjIun 	 638 0 	 8 14 78 

South of Amman 

Taflia 	 273 40 24 30 6 

Shaubak 	 305 24 
 32 36 
 8
 

Madaba 	 322 30 18 
 40 12
 

Karak 	 353 24 16 40 20 
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Table 3. Jordanian Highlands: With relation to mean annual rainfall, probabilities of onset of the rainy season in three selected time 
periods, and of profitable wheat production versus failure. 

Probabilities (%)of onset occurrence in three periods, 
and of related profitable vs failed wheat production 

Mean Oct/Nov December January onward 
Annual 

Location Rainfall Occur Profit Fail Occur Profit Fail Occur Profit Fall 

mm 

North of Amman 

Ramtha 277 34 65 

Irbid 409 52 85 

Deir Abu Said 457 62 94 

Ajulun 638 58 100 

South of Amman 

Tafila 273 22 73 

Shaubak 305 28 71 


Madaba 322 44 82 

Karak 353 38 89 

Concluding Observations 

A principal message in the findings presented is that 
risks associated with variable rainfall are dynamic in 
any given season--changing, and nearly always intensi-
fying, with the passage of each day without onset in the 
potential onset period. Farmers in several parts of the 
world have an awareness of this phenomenon, and this 
awareness is reflected in their traditional decision making 
process and their practices. An example is found in the 
actions of Jordanian wheat farmers who traditionally 
wait for onset before starting down a lengthy decision 
chain which begins with the question of whether or not 
to plant wheat at all. 

If the decision is no, the question becomes whether 

to fallow or select an alternative crop. If the decision is 
yes, then further decisions are made on such matters as yes, 
the portion oftheir land to devote to wheat, and seed and 

initial fertilizer rates to utilize. Note. that such decisions 
are implicitly based on yield goals which, in turn, are 
adjusted for seasonal rainfall expectations based on 
date of onset. 

There is much which the agricultural research and 
advisory community can do to augment and improve 
this process. We can introduce new technologies into the 

picture which may strongly affect the risk structure. 

35 32 44 56 4 0 100 

15 30 67 33 18 11 89 

6 30 73 27 8 25 75 

0 30 96 4 12 50 50 

27 36 50 50 42 10 90 

29 40 45 55 32 19 81
 

18 22 55 45 34 12 88
 

11 28 71 29 34 18 82 

This in turn may call for changes in recommended 

practices and decision making processes. And at the end 

of the day, when our recommendations are finalized, we 
can utilize our modem blessings of computerized data 
sets and analytical procedures to inform the farmers
on a localized basis, and in clearer terms than do their 
traditions-of the real risk structure they are facing, as 
related to the simple measure of date of onset of the rainy 
season. 
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Introduction 

One of the principal limitations to crop growth in 
ari regions is the scarce and variable rainfall. Crop 
performance is determined not only by the total rainfall, 
but also by its distribution during the crop season, so 
that the results of a given set ofagronomic trials are often 
specific to the weather conditions in which they were 
conducted. However, the weather has an infinite num-
ber of possible permutations. Therefore, in order to 
predict crop performance, it is necessary to understand 
the underlying processes which determine rainfall utili-
zation by the crop as evaporation. Furthermore, since 
only transpiration is associated with dry matter produc-
tion, it is important to know how the total crop water use 
is partitioned into transpiration and evaporation from 
the soil. 

E-spite their importance, measurements of the soil 
and plant components of evaporation are rarely avail-
able. This paper describes some methods which were 
used to measure soil, plant, and total evaporation from 
a sparse millet crop. grown in the arid climate of south-
west Niger. The example results demonstrate the vari-
ability of the partitioning of evaporation between tran-
spiration and evaporation and highlight the need to 
improve models of evaporation for these conditions, 

Materials and Methods 

The experimental site was at Sacor6 (13015'N; 2018'E), 
the experimental farm of the ICRISAT Sahelian Centre, 
which is 40 km southeast of Niamey, Niger. Full details 
of the site are given by Shuttleworth et al. (1988). The 
crop studied was millet (Pennisetum americanum cv. 
CIVT) which was planted in rows 0.75 m apart on 27 
June 1985 and thinned to a density of 9,600 hills per 
hectare, with an average of 4.4 seed heads per hill. The 
soil was Dayobu sand about 2 to 3 m deep over laterite 
gravel (West et al.. 1984). 

Total actual evaporation was measured using an 
Institute of Hydrology eddy correlation device-the "Hy-
dra." Tests of this device are described by Shuttleworth 
et al. (1988) who found that it gave reliable measure-
ments of sensible and latent heat fluxes at this location, 

Transpiration was estimated using an automatic 

diffusion porometer (AP3, Delta-T Devices, Cambridge, 
U.K.) on 17, 19, and 24 September. On each day sto
matal conductance measurements were made at 2-hr 
intervals between dawn and dusk on both surfaces of all 
the green leaves on five randomly selected plants. These 
measurements were combined with estimates of the 
green leaf area index (measured on 18 and 24 Septem
ber) to calculate the canopy conductance of the crop. 
Transpiration was then calculated using these canopy 
conductances in the Penman-Monteith equation (Mon
teith, 1965) with the appropriate hourly weather data 
recorded using a pair of automatic weather stations 
(Didcot Instrument Co., Abingdon, U.K.). 

The evaporation of water from the soil between the 
plants was measured using three small soil lysimeters. 
The lysimeters were made by pushing a plastic tube (15 
cm diameter by 30 cm deep) into the soil between the 
crop rows. The soil around the tube was removed, the 
soil monolith extracted and a perforated base attached 
to the bottom of the lysimeter. To complete the installa
tion, the lysimeters were then lowered into three lined 
holes located between the crop rows in another part of 
the field. The lysimeters were weighed on a balance with 
a resolution of ± 1g, equivalent to ± 0.06 mm of water. 
Following 14mm ofrain on 16 September. the lysimeters 
were weighed hourly throughout the day on 17, 19, and 
24 September. 

Results 

Figure 1 shows typical values of evaporation from 
the soil and from plants on 2 days--one when the soil 
surface was wet and the other when it was dry. On 19 
September (Fig. 1(a)), the soil surface was wet following 
16 mm of rain in the previous 2 days. Transpiration 
increased steadily during this day, reached a maximum 
in the early afternoon, and declined again thereafter. The 
transpiration for the entire day was only 0.9 mm, despite 
the high stomatal conductances in the leaves (5 to 9 mm 
sI or 200 to 360 mmol m 2s.1). The reason for the low 
transpiration was the small leaf area index of only 0.26. 
This gave a low canopy conductance (about 1.5 mm s*t 

or 60 mmol m 2s 1)and only 12% of the incident radiation 
was intercepted by green leaves. The diurnal pattern of 
evaporation from the soil was very different from that of 
transpiration on 19 September. Evaporation rates from 
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soil were three to four times Lhe transpiration rate 
around midday and the total evaporation during the day, 
2. 1 mm. was more than twice the transpiration, 

A very different pattern of evaporation was observed 
5 days later when the sail surface had dried, Figure 1(b). 
Evaporation had declined to very low rates, the total for 
the day amounted to only 0.2 mm. while transpiration 
was the same as the previous day at 0.9 mm. 

Total evaporation, calculated by adding evaporation 
from the soil and transpiration, is compared with inde
pendent measurements from the Hydra in Figure 2. 
When the soil was wet the agreement between the two 
methods was very good, and over the day the total 
evaporation values are very similar (i.e., 2.9 mm from the 
Hydra and 3.0 mm from the porometer and lysimeters). 
In drier soil, however, the Hydra gave higher rates of 
evaporation than were deduced from the porometer and 
lysimeters, the daily totals being 1.7 and 1.1 mm, 
respectively, 

The actual crop evaporation, as measured by the 
Hydra. is compared with Penman potential and pan 
evaporation in Figure 3. After rainfall on 16 and 18 
September actual evaporation falls from about 3 mm/d 
to less than I mm/d after harvest. During the same 
period Penman potential evaporation remained fairly 
constant, between 5 and 6 mm/d. Consequently, the 
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Figure 1. The diurnal patternof transpiration 
(9..... *) and soil evaporation U--- L ) on 2 days withJ 
(a) wet and (b) dry soil. 
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Figure 2. A comparison of total evaporation rates 
measured by the Hydra (EH) and calculated from 
porometry (XEP+L) on 2 clear days when the soil was 
(a) wet and (b) dry. Net radiation (R.) is also shown 
for comparison, 

ratio of actual to potential evaporation varied from 0.6 to 
0.3 while the crop was present, and decreased even 
further after harvest. Pan evaporation was even higher 
than the Penman values and behaved more erratically. 
By taking the rates of actual evaporation to Penman 
potential evaporation, we deduced the 'crop factors' for 
the millet crop of the type defined by Doorenbos and 
Pruitt (1977). These averaged 0.38 for the 10 days before 
harvest and 0.15 for a similar period after harvest. 

Discussion 

The good agreement between the estimates of total 
evaporation obtained using the different methods pre
sented here, gives some confidence in their use in sparse 
crops, particularly for the measurement of transpiration 
and evaporation from wet soil. In driersoil theagreement 
between methods was not so good. Since the Hydra has 
been tested independently (Shuttleworth et al.. 1988). 
the most likely explanation is that the lysimeters under
estimated evaporation from soil when it was dry. How
ever, further data are needed to investigate this. 

Despite these revervations, the results presented 
here have clearly demonstrated the importance ofevapo
ration from the soil in the water balance ofsparse crops. 
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Figure 3. A comparison of the Hydra actual 
evaporation data with Penman potential and pan 
evaporation. Rainfall during the period is also 
shown. 



Further experiments in Niger by Wallace et al. (1986) 
have shown that there is a cumulative evaporation from 
soil of about 5 mm after each rainstorm greater than 5 
mm. Using the average rainfall statistics for Niamey 
given by Sivakumar (1986). we estimate that about 36% 
of the seasonal rainfall of562 mm could be lost as direct 
evaporation from the soil surface. A similar proportion of 
rainfall was lost as evaporation from the soil in wheat 
(Triticurn sp.) grown in northern Syria by Cooper et al. 
(1983). who showed even greater soil water losses (50
60%) in dryland barley (Hordeumnvulgare L.). One of the 
principal challenges in improving these types of crop 
production is to look for ways to reduce these water 
losses. 


Since evaporation varied widely Irom day to day, 
according to soil wetness, it is unlikely that a simple 
approach such as multiplying Penman potential evapo-
ration by a crop factor (Doorenbos and Pruitt, 1977) will 
give accurate estimates ofactual daily evaporation. Over 
longer periods (weeks to months) the estimation of 

actual evaporation in this way may be better if locally 
derived crop factors are used. However, the values 
obtained here for the end ofthe season are different from 
those obtained by Agnew (1982) for millet grown in 
southern Niger (0.2 during late season and 0.11 after 
harvest). These differences illustrate the limitations of 
this type of approach, since these crop factors implicitly 
contain the weather during which they were derived. As 
the season we worked in had close to average rainfall,
this means that our crop factors will be inappropriate forur cop actrs 
seasons which are either wetter or drier than average. It 

is in these below-average rainfall seasons that an accu-
rate crop water use model is most required. Such reliable 
estimates of water use and crop yield may only be 
achieved if the model takes explicit account of evapora-
tion from the soil. 

thismeas tat illbe iappopratefor 

Evaporationfrom Millet in Niger 327 

Acknowledgements 

We are grateful to all the staff of ICRISAT and the 
Institute of Hydrology who have contributed to the 
success of this project, which was funded by the U.K. 
Overseas Development Administration. 

References 

Agnew, C. T. 1982. Water availability and the development of 
rainfed agriculture in southwest Niger. West Africa. Trans
actions of the Institute of British Geographers. N.S. 7:419
457.
 

Cooper. P. J. M., J. D. H. Keatinge. and G. Hughes. 1983. Crop 
evapotransplration-a technique for calculation of its com
ponents by field measurements. Field Crops Research 7:299
312. 

Doorenbos, 	J., and W. 0. Pruitt. 1977. Crop water require
ments. FAO Irrigation and Drainage Paper 24, Rome. 144 
PP.
 

Monteith, J. L. 1965. Evaporation and environment. In: State
and movement of water in living organisms. SymiFosium of 
the Society for Experimental Biology, 19:205-234. 

Shuttleworth, W. J.. J. H. C. Gash, C. R. Lloyd, D. D. McNeil, C. 
J. Moore, and J. S. Wallace. 1988. An integrated microme
teorological system for evaporation measurement. Agricul
tural and Forest Meteorology. (In Press). 

Sivakumar, 	M. V. K. 1986. Climate of Niamey. ICRISAT Sahe
lian Centre Progress Report 1, 36pp. 

Wallace, J. S., J. H. C. Gash, D. D. McNeil and M. V. K.Sivakumar. 1986. Measurement and prediction of actual 
evaporao froMsr e and r eo o. D
evaporation from sparse dryland crops. ODA Report No. OD 
149/3. (March 1986). 59 pp. 

West, L. T., L. P. Wilding, J. K. Landeck and F. G. Calhoun. 
1984. Soil survey of the ICRISAT Sahellan Centre, Niger, 
West Africa. Soil and Crop Sciences Department/Tropsoils, 
Texas A&M University. 66pp. 



94 
Study on Stress of Water 

and Water Consumption of Winter Wheat 

Zhu Zixi and Niu Xianzeng
 
Henan Bureau of Meteorology
 

Agricultural Meteorologic Experimental Station
 
Zhengzhou, Henan, People's Republic of China
 

Introduction 

A crop adapts itself to ambient conditions to a 
certain extent, beyond which abrupt changes in physio
logical and ecological characteristics may be made 
manifest. Indices ofwater stress determined on the basis 
of these changes agree with the laws of biology and are 
significant to production. 

Determination ofwater consumption should involve 
evaluating the overall effect ofyield, water use efficiency. 
and economic returns, and stress should not be related 
only to yield. Otherwise. the irrigation norm may Le too 
high and the use of water may not be efficient. 

Method of Experimentation 

The experimental plots are located in Gongxian. 
Henan, between semiarid and semihumid regions. The 
groundwater level is 37 m, and annual precipitation is 
583 mm. The soil is a light loam of medium fertility. The 
mean density within a depth of 0 to 1.30 imis 1.4 Mg/m:. 

The average gravimetric water content at field capacity is 
217 g/kg and the wilting point is 56 g/kg. The tests were 
carried out under artiflcial control of soil water of < 40, 
40 to 55, 55 to 80. and > 80% of thr field-soil water 
capacity. There was a plot subject to natural precipita-
tion which served as a check sample. In order to study 
the effect of soil water on plant growth in different stages, 
tests were made in jointing-to-heading, and heading-to
ripening stages of winter wheat (Thticuni aestivurn L.). 

Soil water, actual evapotranspiration, leaf area, 

weight of dry biomass, stomatal resistance, transpira
tion rate, photosynthetic rate. and rate of grain filling 
were measured. Subsequent to harvesting, analysis was 
made on the yield. The water consumption (actual ET) 
was computed from the soil water balance (Zhu et al., 
1987). 

Analysis of Indices of Soil Water 
Stress for Winter Wheat 

In studying the crop-soil water relatimnships, the 

crux of the problem lies in quantifying the effects of soil 

water on growth, phenology, and yield of crops. 

Heading-to-Ripening Stage 

Stomatal Resistance vs. Soil Water 

Stomatal resistance is closely related to soil water 
content. In accordance with observed data in the head
ing-to-ripening stage in 1983 to 1986, there exists an 
exponential relationship between stomatal resistance 
and soil water (Fig. 1). The resistance is considerable 
with low soil water content, decreasing rapidly with an 
increase in soil water until a threshold value is reached 
when the stomata are entirely open. The resistance then 
remains at a constant level, and the relationship is 
expressed as:
 

R = 47.928 exp (-0.324 W + 0.0091 W ) [1] 

in which R stoma resistance in sec/n: W = soil water 

content in The correlation coefficient R 0.8, which 
was significant at P < 0.01. 
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Figure 1. Relation between stomatal resistance 
and soil water to depth of 1.30 m. Zhu, 1987. (Soilwater content in %x 10 equals water content in 
g/kg. 



Water Consumptionof Winter Wheat 329 

With different soil water, the values of slope ratio " 

differ appreciably. There exiss an apparent abrupt point .. 
M. to the right o.which the slope ratio is small and more
 
or less unvarying. To the 1,Je it varies abruptly. affecting
 
the physiological function- of the plant (Fig. 1). The soil - 4
 
water content at M may be taken as an index of water
 
stress. The method of grouping through optimal seg- .
 

mentattun is adooted I, de e,"rmine the position of the
 
point M. The slope ratio
 dR] 

as a whole is divided into two subgroups, the difference
 
between thein being:
 

B(kn) = n.k 2 k=)k- 1, 2,... n-I [2] oiI moisture ()
 
n-k
 

Figure 2. Relation between intensity of transpira
in which B(k,n) = difference between groups n = overall tion and soil water to a depth of 1.30 m. Zhu, 
number of samples; k = sequence number of segmenting 1987. (Soil water content in %x 10 equals water 
points; Y = overall mean value of slope ratio: Y(k) = content in g/kg). 
average slope ratio of the first sub-group. In order o get
the point M. the difference tetween groups should be a tss htsnhssa o olwtrcnet nmaximum: creases rapidly with increases in soil water, but after soilwater reaches a definite level, further increases are 

1, 2,... n-l 131 slight (Fig. 3), which may be expressed thus:B*(k,n) = Max {BIk). , k = 

F examination is then carried out for optimal sectioning P = In (-25501.331 - 2399.977 W + 738.774 W ) [6] 

SB*(k,n) .n-G [4] in which P = intensity of photosynthesis in mg C0 2/dm 2/ 
T-B*(k,n) G-1 hr(P<0.01).,The soil water at the point of sectioning is 84g/kg. 

in which T = overall square deviation of slope ratio: G = 
number of sub-groups. In the case F > F005' the segment- Rate of Grain-filling vs. Soil Water 
ing is significant, and Mis taken as the point of optimal 
segmenting. The rate of grain filling is related to soil water similar 

It was found that the soil water content correspond- to that of transpiration: 
ing to point M is 83 g/kg, which may be taken as the 
index ofwater stress. The effective storage ofwater in the M = -4.071 + 4.191 In W - 0.736 In2 W [7] 
top 130-cm layer is 49 mm. 

in which M = grain-filling rate in mg/grain/day (P<0.0 1). 
T'ranspiration Rate -is. Soil Water The soil water content corresponding to the optimal 

point is 85 g/kg. 

Plant transpiration is realized through opening of The indices were essentially the same. This is by no 

the stomata. The transpiration rate increases with in- means coincidental, but reflects the innate particulari

creases in soil water (Fig. 2). The relation is logarithmic: ties of the crop. On the average, the index of water stress
in the heading- to-ripening stage within a depth of 1.3 m 

T = -17.06 + 14.486 In W - 2.331 In2 W 151 is 84 g/kg, or 38.5% of the field-soil water capacity. 

in which T = transpiration rate. pg/cm2 /sec'. The rela- Joint-to-Heading Stage 
tionship was significant at P <0.0 1. By using the same 
method, the soil water content corresponding to the Besides determination of indices of water stress by 
point of optimal segmentation was found to be 84 g/kg studying the variations of physiological characteristics 
(P<0.05). of a crop. the rate of growth and yield element should 

also be examined. The relation between growth rate 
Photosynthesis and Soil Water (CGR). earing ratio (Hr), number of grains in an ear (G), 

and relative yield (Y)of winter wheat and soil water, and 
Water deficiency causes reduction of the photosyn- the indices of water stress are shown in Table 1. The 

thetic rate due to closing of stomata and obstructing the heading ratio is the ratio of effective number of heads 
entry of CO 2. From data observed in the second series of during harvest and the number ofstalks duringjointlng. 
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Relative yield is compared to that of the check sample. 
The mean value of index of water stress is 9.2%. 

It is seen from the above analysis that the index of 
water stress of winter wheat in the two periods (jointing-
to-heading and heading-to-ripening) agree rather closely, 
the former somewhat higher, thus reflecting the higher 
demand of water in the earlier stage. In case of water 
deficiency, reduction of effective tillering will be brought 
about, bearing significantly on the yield. 

Analysis of Water Consumption 
by Winter Wheat 

Relation Between Yield and Water 
Consumption 

Opinions differ with respect to the relation between 
crop yield and water consumption. Some think that 
thereexistsalinearrelationshipbetween the two (Dcoren-
bos, 1979), while others think that the relation is para-
bolic (Jordan, 1982). An obviously parabolic curve is 
seen in Figure 4, based on experiments in 1983 to 1986. 
Water consumption having reached a certain level, 
further increases in the amount of water applied will not 
lead to apparent increases in yield, a tendency of even a 
reduced yield being manifest. 

The curve may be expressed thus: 

Y=-1.647 + 3.41 x 10 2 
ETA -3.798 x 10 5 ETa2 

i, which Y =yield in Mg/ha and ET.= water consumption 
in mm. The correlation coefficient r = 0.80 (P<0.01). 

Let dY/dETa = 0, maximum yield Y. = 6.007 Mg/ha 
for ET, = 449 mm. However, the water consumption 
corresponding to the maximum yield may not be the 
optimal water consumption, as assessments should be 
made from the viewpoints of economic returns and 
water-use efficiency. 
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Figure '3. Relation between photosynthetic rate 
and soil water (to a depth of 1.30 m). Zhu, 1987. 
(Soil wa.ter content in %z 10 equals water content 
in g/kg). 
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Figure 4. Relation between yield of winter wheat 
and water consumption. Zhu, 1987. 

Table 1. Indices of moisture stress in jointing-heading of winter wheat. 

Relation to Soil Water 

C G R = -44.105+I0.319W-0.361W2 

Hr = 0.629exp[-0.007(W- 13.109)1 
G = 32.727exp[-0.006(W-12.824)1 
Yr = 1.113expl-0.0 11 (W-13.65)21 

Significance level indices of water stress 
g/kg 

*°p<0.01 97
 
*p<0.05 87
 
**p<O.O1 85
 
*p<0.05 98
 

Table 2. Water consumption and irrigation norm of winter wheat in 1983- 1986 

<40 
Water consumption -mm 272.0 
Irrigation norm - mm -79.1 

I (Jointing-Heading) 

Soil water level -7F 


40-55 55-80 
391.5 451.6 
40.4 100.5 

Stages 
II (Heading-Ripening) 

Soil water level - % 

>80 <40 40-55 55-80 >80 ck 
491.4 295.4 376.3 411.0 455.2 351.1 
140.3 -55.7 25.2 59.9 104.1 0 



Water Consumption of Winter Wheat 331 

Comprehensive Assessment of Economic It is seen that in both groups, the values corre-
Returns and Water-Use Efficiency sponding to 55 to 80% are highest, particularly in the 

second, where water consumption Is 411 mm. For the 
The yield differs with different applications of water check sample, a consumption of 351 mm ranks second, 

and the cost of irrigation. Table 2 gives the average and the economic returns and water-use efficiency both 
values of water consumption and irrigation. Owing to exceed that for the water content over 80% of field-soil 
control of water content, the irrigation norm of plots with water capacity. Development of dryland farming in the 
water under 400 g/kg was negative, locality is, therefore, found to be promising. 

In order to evaluate the effect of applying water, it is 
not enough to pay attention to grain yield alone, as there 
is the need to make a comprehensive appraisal with Conclusions 
respect to input. output, and efficiency. When Y is the 
grain yield, Y. is the yield of stalks, I is the amount of The index of water stress of winter wheat grown on 
water applied, and WUE is the water-use efficiency (Y/ light loam is 92 and 84 g/kg for the Jointing-to-heading 
ET). a matrix can be set up. The maximum values in each and heading-to-ripening stages, respectively. Such a soil 
row are taken as one, and values of other elements in the water index will lead to inhibition of plant growth, 
same row are related to the former. bearing significantly on crop yield. 

Water treatment (% of field capacity) 

1<40% 40-55% 55-80/0 >80% ck 11<40% 40-55% 55-80% >80% 

YiMg/ha) 4.607 5.864 6.188 6.035 5.711 5.273 5.483 6.072 5.730 
Y,(Ilg/ha) 8.781 9.669 10.416 13.946 9.333 9.114 10.412 10.466 10.958 
M4.9= 
l(mm) -79.100 40.400 100.500 140.300 0 -55.700 25.200 59. 900 104. 100 
WUE(g/kg) 1.694 1.498 1.370 1.228 1.626 1.785 1.457 1.477 1.259 

0.745 0.948 1 0.975 0.923 0.852 0.886 0.981 0.926 
0.630 0.693 0.765 1 0.669 0.654 0.747 0.751 0.786 
-0.565 0.288 0.716 1 0 - 0.398 0.179 0.426 0.742 
0.949 0.839 0.768 0.688 0.911 1 0.816 0.827 0.705 

How significant a role each of the factors plays in 
assessing the effect in a comprehensive way depends on 
the weight of each respective factor. The principle of 
determining the weights is based on the economic value 
of each, i.e., to multiply the unit price of each by the 
mean amount of input or output for each case of rows. 
The unit prices are: grains, 500 yuan/Mg; stalks, 60 
yuan/Mg: cost of irrigation, 0.8 yuan/ha- mm. The 
economic value ofwater-use efficiency cannot be evalu
ated directly, and is taken as one half of that of grains. 
The weight matrix is thus: 

Cost of 
Grains Stalks irrigation WUE 

L, 4=(500 x 5.663 60 x 10.344-0.8 x 78.37 500 x 5.663 x 0.5) 
(0.574 0.126 -0.013 0.287) 

The cost of irrigation, being an expenditure, is a 
negative value. The result ofcomprehensive assessment 
is such that N1 X9 = L 4 x M 4x9, i.e., 

1<40% 40-55% 55-80% >80% 11<40% 40-55%55-80% >80% 
N,, = (0.786 0.869 0.881-* 0.870 0.864 0.835 0.890- 0.823) 

ck 
0.875w* 

In determining water consumption, the economic 
returns and water-use efficiency should also he taken 
Into consideration, so that an overall optimal level is 
defined. Water consumption of winter wheat was deter
mined to be 350-410 mm. Even if irrigation is not 
practiced In this locality, or if only 104 mm of water is 
applied when in the grain filling stage, the yield may still 
be as high as 5.7 to 6.0 Mg/ha. 
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Introduction 

Paired-row planting originated in the Pacific north-
western United States in the early 1980s for small grain 
production. This concept of banding fertilizer between 
two closely spaced rows (paired row) was developed to 
facilitate access of roots to nutrients during crop growth 
and to reduce fertilizer losses (Hyde et al., 1987). Little 
information is available comparing agronomic charac-
teristics of equidistant and paired-row planting systems. 
Planting systems with fertilizer banded between paired-
rows and fertilizer banded below equidistant rows have 
resulted in similar wheat (Triticum aestivum L.) yields 
(Veseth, 1987). 

Other important aspects of seed-row geometries, 
such as weed control and soil physical environment, 
must be considered in determining the planting system 
to use within a region. In the subarctic where tempera-
tures limit crop production and diversity, management 
systems are needed that improve the thermal environ-
ment of crops. Wide spacings between paired-rows may 
affect the soil thermal environment that is critical to crop 
growth and development in cold regions. Therefore, the 
objective of this work was to evaluate barley (Hordeum 
vulgareL.) development response to fertilizer placement 
and microclimate characteristics of paired and equidis-
tant row plantings. 

Methods 
Barley was grown on a Tanana silt loam (Pergelic 

Cryaquept) soil at the University ofAlaska Fairbanks ex-
perimental farm (64" 51 'N,1470 52W). The experiment 
was designed as a randomized complete block with four 
replfcations. Treatments consisted of 1) 18 cm equidis-
tant seed rows (even-row) with nitrogen (N) fertilizer 
broadcast; 2) even-row spacing with N fertilizer banded 
between alternate- rows: 3) paired-row configuration (18 
cm paired seed-row with 36 cm spacing between paired 
rows) with N fertilizer broadcast; and 4) paired-row 
spacing with N fertilizer banded between paired rows. 
Each plot was 9 x 9 m. 

Prior to seeding, phosphorus and potassium fertil-
izer was broadcast at a rate of 56 kg P2O./ha and 56 kg 


I 2 0/ha on all plots. Nitrogen fertilizer was broadcast at 
a rate of 100 kg N/ha on only the N fertilizer broadcast 
treatments. The fertilizer was incorporated to 7 cm 
depth. 

Seeding was accomplished at an equivalent rate of 

62 kg/ha 	in each plot on May 6, 1987. For those 
treatments requiring banded N fertilizer, 100 kg N/ha 
was banded between rows. Plant measurements such as 
height, stage of development, leaf area, and dry matter 
were taken weekly throughout the season until harvest 
on August 19. 

Nitrogen broadcast plots were instrumented after 
seeding to monitor reflected solar radiation, between 
and within seed-row soil temperatures, and soil water. 
Solar radiation, air temperature. relative humidity, wind
speed, and precipitation were also measured adjacent to 
the plots. 

Results and Discussion 

Agronomic characteristics ofbarley planted in paired
and equidistant-rows are reported in Table 1. No signifi
cant differences were found in development and yield 
characteristics between row spacing treatments. Plant 
population differences (Table 1)were possibly a result of 
mechanical adjustments to the seed drill to achieve 
similar seeding rates for the row spacing treatments. 
Grain yield differences that were apparent were in favor 
of the equidistant-row planting, although the paired-row 
planted barley yield was slighAy higher on a per plant 
basis. Yields for paired-row plantings were 2.86 and 2.69 
g/plant when fertilizer was broadcast and banded, re

spectively; for equidistant row plantings, yields were 

2.83 and 2.15 g/plant for the broadcast and banded 
fertilizer application, respectively. Yield differences be-

Table 1. Barley agronomic characteristics of paired and 
equidistant row plantings. 

Charactensuc Planting treatment" 
P-BR E-BR P-BA E-BA 

Plants/m 2 115 135 
Tillers/plant 3.0 3.4 
Heads/M 2 390 391 
Plant height (cm) 90 88 
Kernels/head 34 37 
Kernel weight (mg) 37.1 38.2 
Grain yield (kg/hal
Straw yield (kg/ha)Harvest index 

3270 3P30 3100 
2580 27800.56 0.56 

2930 

Nitrogen uptake (kg/ha) 118 123 115 110 

'Treatments were: P =paired-row planting; E = equidistant 
row planting: BR = fertilizer broadcast; BA = fertilizer 
banded.
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Table 2. Microclimatlc characteristics of paired and equidistant row barley plantings. 

Characteristic Planting 

Global radiation (MJ/m 2 

PAR, (mol/m 2) 
Reflected global (MJ/m paired 

equidistant 
Reflected PAR (mol/m paired 

equidistant 
Net radiation (MJ/m 2 ) paired 

equidistant 

Maximum soil temperature (°C) 
in-row 1cm paired 

equidistant 
5 cm paired 

equidistant 
between-row I cm paired 

equidistant 
5 cm paired 

equidistant 

'PAR = photosynthetically active radiation. 

tween treatments were associated with N uptake differ- 
ences (measured at the heading stage of development), 
when expressed on a per plant basis. Uptake was 0.102 
and 0.099 g N/plant for the paired-row barley and 0.090 
and 0.081 g N/plant for equidistant-row barley with 
fertilizer broadcast and banded, respectively. Yield dif-
ferences were then apparent between fertilizer applica-
tion methods with broadcast placement yielding higher 
than the banded placement. Mobility of nutrients may be 
an important factor associated with the Nuptake differ-
ence between fertilizer application methods. Nutrient 
movement is restricted in dry soils and low precipitation 
environments (May and June 1987 total precipitation 
was 30 % below the normal of 30 mm). Thus, broadcast-
ing and incorporating fertilizer will provide a more 
uniform distribution of N for rout access. 

The soil physical environment of paired-row as 
compared with equidistant-row barley may offer some 
advantages that reflect the apparent yield differences 
between the planting geometries (expressed on a per 
plant basis). Reflected photosynthetically active radia-
tion (PAR) for barley planted in paired-rows was less 
than in equidistant-rows (Table 2). The significance of 
this difference was supported by an analysis between 
clear day paired- versus equidistant-row reflected PAR 
with days after seeding. The slope ofthe relationship was 
less than zero. At the time ofheading and near maximum 
leafarea index (aboutday 170), paired-row reflected PAR 
was 10 %lower. Lower reflectanre from barley planted in 
paired-rows would increase net incoming radiation, and 
possibly net radiation. The relationship between clear 
day paired- versus equidistant-row net radiation and 
days after seeding indicated a trend for higher net 
radiation in the paired-row treatments. The slope of the 
relationship was not significant. An effect of row geome-
try on net radiation was found by Steiner (1987) where 
trye-o naet radiation w su teinmoera987 ihee 

139 159 

21.1 26.7 
42.8 53.5 
3.00 5.04 
3.13 5.09 
4.80 5.24 
4.37 4.84 
11.1 16.3 
11.1 16.1 

22.1 27.1 
20.5 25.4 
16.6 22.1 
15.5 21.2 
23.4 30.0 
24.6 29.1 
17.5 23.6 
18.5 23.2 

Calendar day 
170 188 222 

29.9 24.3 22.4 
59.4 47.2 44.4 
6.39 5.57 5.24 
6.34 5.81 5.41 
4.08 2.63 5.63 
4.61 2.77 5.89 
17.6 13.9 12.2 
18.2 14.1 12.1 

23.2 23.6 20.5 
21.5 23.1 19.2 
19.0 20.2 17.5 
18.0 20.1 17.1 
25.8 26.0 21.4 
24.9 26.0 21.4 
20.1 21.0 18.1 
19.7 21.3 18.4 

PAR (decreased reflectance) and higher net radiation. 
Soil temperature differences between paired- and 

equidistant-rowgeometries were apparent between rows 
and not within rows (Table 2). The seasonal trend of the 
ratio of clear day paired- versus equidistant-row soil 
temperature (5-cm depth between rows) indicated sig
nificantly higher paired-row temperatures. This trend 
was found for daily maximum, minimum, and average 
temperatures. Higher between-row soil temperatures of 
the paired-row geometry (10C) may result from higher 
net radiation. Similar between-row temperature differ
ences were found at the I cm depth. 

Conclusions 

Grain yields were similarwhen barleywas planted in 
equidistant- and paired-rows. Any advantage to paired
row planting may be associated with the canopy micro
climate as early growth responses to banding nitrogen 
fertilizer were not found. For the climatic conditions of 
this field study, broadcasting fertilizer on plots resulted 
in slightly higher plant nitrogen uptake. 
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Introduction 

The influence of climate on crop yields can be 
modeled from temperature and rainfall. Other factors 
affecting production include fertility, variety, plant density 
and/or leaf area index, soil aeration, and various man- 
agement considerations. This study recommends the 
use of worldwide climatic tables and models to deter-
mine the influence of climate on the potential yield of 
specific crops. 

How Factors Influence Crop Yields 

An understanding of how various factors influence 
yields can improve agricultural planning and develop-
ment. 

Production 

The influence of temperature, solar radiation, and 
relative humidity can be calculated from measured 
values of'mean maximum and mean minimum tempera-
tures (TMX and TMI). Samani et al. (1987) indicated how 
mean temperature (TMX & TMI)/2, and temperature 
range (TD), TMX-TMI, can be used to model the effects of 
energy on crop yields. 
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Figure 1 indicates the influence of temperature on 

the growth rate ofsome crops and of poor aeration on the 
growth of maize (Zeamays L.). TD also influences growth 
rates. Soybeans (Glycine max L.) are not produced 
commercially and rice (Oryza sativa L.) becomes sterile 
if TD is too great. The value ofTD is often an indicator of 
probable problems from pests or diseases. 

FAO (1978) separates crops into five groups with 
respect to optimum and operative temperature ranges. 
Hargreaves and Samani (1987) made some additions to 
the crops listed by FAO. Optimum ranges vary from 15 
to 200 C for many vegetables and flowers to 30 to 350 C for 
maize, millet (Pennisetum sp.), soybean, and sugarcane 
(Saccharumsp.). The corresponding operative ranges 
are 5 to 300C and 15 to 451C, respectively. 

FAO (1978) presents curves of maximum leaf photo
syntheses as a function of temperature. Hargreaves 
(1983) found the optimum leaf area index (LAI) to be a
linear function of solar radiation (RS). Optimum plant
density also depends upon soil water availability and 

other factors. 

Water-Nitrogen Interactions 

Hargreaves and Samani (1988) used isoquants of 
crop yield as functions of variable amounts of growing 
season crop evapotranspiration in mm (ETc) and applied 
nitrogen in kg/ha (N). Optimum amounts of N are ap
proximately linear for a considerable number of crops.
Yield data from research trials for maize, wheat (Trticum 
aestivum L.), cotton (GossypiumhirsutumL.), and sugar 
beets (Beta vulgaris) were evaluated. The optimum val

of N obtained were 0.32.0.12, 0.10, and 0.15 times 
ETc, respectively. 

Since the shape of the water-N yield functions is 
similar for several crops it should be possible to develop 
a generalized shape function that can be calibrated for 

Climatic Data Required for
 
Modeling Crop Yields
 

Samani et al. (1987) recommended the use of the 
Mean Temperature C WMvAKER weather synthesis model that generates daily

Figure 1. The effect of temperature on crop growth climatic values. The required data consist of the monthly 
and development. means of potential evapotranspiration (ETo), tempera

http:0.32.0.12


90 

ture T°C), number of rainy days (RDay), rainfall amounts 
(PM), and the standard deviations (SD) of these values. 
The only measured data required are TMX, TMI, and 
rainfall, 

Use of cropyield models requires known orassumed 
information on soil and crop conditions. When required 
for estimating runoff, daily rainfall-generated amounts 
can be converted to an approximate depth for other 
durations by using procedures described by Hargreaves 
and Samani (1988) and Hargreaves (1988). Conversion 
of daily amounts (D) to those for other time per' ,ds (t) is 
accomplished by multiplying D times (t°.25/2) in which t 
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Figure 2. Corn yields predicted by the PLANTgRO 
model from actual daily data for various planting
dates. 
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Figure 3. Yield predicted from synthetic data 
generated by WMAKER model. 
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is time in the range of 0.50 to 24 hours or more. 
Monthly climatic database tables have been pre

pared for Africa. Latin America, and various Asian coun
tries. These tables do not include the SD of ETo (SDETo). 
However. SDETo averages 0.047 x ETo for latitudes 
10N to 10S and can be calculated by multiplying ETo 
times 0.047 + 0.0012 x LD where LD is latitude depar
ture from 100 N or 100S. 

Crop Yield Models 
Computer models are available for predicting yields 

of maize, 	wheat, rlce, sorghum [Sorghum bicolor (L.) 
Moench]. potatoes (Solanum sp.), soybeans. etc. After 
calibration, crop yield models are very useful in compar
ing planting dates, effects of climate variability, and 
response to irrigation or nitrogen fertilization. 

After field trial yields were compared with those 
predicted by the Hanks (1974) PLANTGRO and the 

CERES-Maize (Jones and Kiniry, 1986) models, the 
PLANTGRO model was selected due to simplicity. Fig
ures 2 and 3 compare probable relative yields for 17 
years of actual daily climatic data from San Andreas, El 

with yields estimated using synthetic data 
by the WMAKER model. Figure 4 compares 

rainfed production with that predicted from one supple
mental irrigation 75 days after planting and with two 
irrigations 75 and 85 days after planting. 

Zuniga (1987) used the same data with the nitrogen 
version of the CERES-Maize model to compare predicted 

yields ofmaize from rainfed production with the applica
tion of 200 kg N/ha. Applying the N in two or four 
applications Increased yields by an average ofabout 11% 
above yields obtained from one application. Applying the 
200 kg in three applications increased yields about 19%. 

In order to better cope with climate, the farmer 
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Figure 4. The influence of supplemental irrigations 
on corn yields at La Union, El Salvador. 
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should select a variety well-suited to the climate, plant 
on or near the most favorable date, optimize availability 
of rainfall, select the most favorable soils, and manage 
fertilizer applications for optimum benefits. 

Monthly database tables can be made available 
worldwide on diskettes as planning and management 
tools for modeling the effects of various management 
decisions. 

Summary and Conclusion 

Maximum and minimum temperatures and rainfall 
can be used to accurately define the influence of climate 
on crop production. Monthly climatic tables developed 
from these measurements are recommended for world-
wide use with ( op yield models to estimate the effects of 
various practices. Application of these concepts can 
greatly expand the usefulness of crop field research and 
provide a powerful tool for improved planning and 
management in agriculture. 
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Introduction 

The Quetta valley is located in Baluchistan Province 
of Pakistan in an extremely important strategic location 
at the head of the Bolan Pass, one of the major gateways 
from Afghanistan to the Indian subcontinent. As a 
result, Quetta city (located at 30( 15'N and 67"00'E) has 
a meteorological record of more than 100 years. This is 
an extremely useful database from which the influences 
of variations in rainfall and air temperature on dryland 
agricultural activities may be investigated. 

Quetta, elevation 1750 m, has a continental semiarid 
mediterranean climate with a median rainfall of 226 
mm/year which largely falls in winter (Table 1). It has 
high air temperatures in summer and very cold winters, 
Dryland agricultural activities are of considerable im-
portance in the Quetta valley, and in the adjacent areas 
of upland Baluchistan for which Quetta can be regarded 
as a climatic microcosm. The principal source of income 
to farmers is from the raising of sheep and goats on large 
areas of natural rangelands dominated by Artemisiasp. 
Subsistence cropping of wheat (Triticum sp.). often as-
sisted by water harvesting systems, is of considerable 
importance to the agricultural community. Rees et al. 
(1988) reported hat farmers expect 3 good years and 4 
poor years in every 10 in the Quetta valley with wheat 
yields ranging from 0.1 0.4 Mg/ha. As 36% of the years 
in Quetta receive less than 200 mm of precipitation, it is 
evident that without additional harvested water, wheat 
crops will often fail and that years in which more than 1 
Mg/ha ofgrain would bc produced are quite infrequent 
(Table 1). 

Data Record 

In order to utilize the full length of precipitation data 
available for analysis in this study (1878-1986). results 
from two stations within Quetta have been combined, 
The stations are at a similar elevation and less than 10 
km apart. Daily maximum and minimum air tempera-
ture records from 1960 to present for Samungli have 
been used. 

Results and Discussion 

To consider initially the precipitation record and the 
agricultural implications ofits variability, the record was 
subdivided into four categories. 

Ranfal 

Years ofLess Than 200 mm 

Thirty-six percent ofyears fell into this category. The 
rain that falls is exclusively received in winter and there 
is no possibility of autumn sowing utilizing residual 
monsoonal water (Table 1). The majority of rain is 
received in the January-March period, which is associ
aled with the coldest air temperatures. and substantial 
crop development is unlikely to take place until after the 
rains have largely ceased. The data shown in Table 1 
indicate that the probability of sufficient rain in April 
and May, adequate for crop requirements in the an
thesis-maturity period, is close to zero. Production is 
limited to hay as the maturity of the local landrace of 
wheat cannot be expected before June. Production of 
Artemisia in such dry years will tend to be on "residual" 
soil water in April and May in almost all years. The major 
influence of less soil water being available would be to 
shorten the period of good quality grazing. Forced sales 
of ewes in autumn at low prices and increased lamb and 
ewe mortality would occur. 

Years with Rainfall Between 200-275 mm 

Forty-two percent of years receive this range of 
rainfall ("normal conditions"). Some summer monsoonal 
rainfall may occur (Table 1). but it remains too small to 

be of any substantial agricultural value. These years can 
be considered to have a unimodal distribution of precipi
tation with the rainy scason starting in December and 
continuing until April (Table 1). The most appropriate 
planting time in these years is early February and the 
probability of having rain in this period is high (Table 1). 
Some farmers plant into dry soil in October/November 
but this exposes the crop to the possibility of inhibition 
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Table 1.Quetta Rainfall 1878 to 1986 (1935, 1964 missing). 

Rainfall Probabilities 

Prob. Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

(mm)
90% 4 6 10 2 0 0 0 0 0 0 0 0 130 
80% 12 11 16 3 0 0 0 0 0 0 0 4 158
 
70% 21 18 22 7 0 
 0 0 0 0 0 0 6 182 
60% 33 28 30 10 1 0 1 0 0 0 0 10 211 
50% 45 41 34 17 3 0 3 0 0 0 0 16 226 
40% 52 47 45 21 6 0 4 2 0 0 2 23 242 
30% 67 58 56 28 12 2 10 9 0 0 3 30 254 
20% 79 80 73 40 17 3 22 18 0 2 10 43 287
 
10% 104 100 93 51 
 26 12 37 34 1 8 24 71 356 

Mean 50 48 46 24 9 3 13 11 1 3 7 26 240 
CV% 906 139 145 279 714 2016 503 607 6115 2265 997 252 36 
N 107 107 107 107 107 107 107 107 107 107 107 107 107 

Probability isdetermined by the Californian plotting position method, i.e.
P=m/n where P is the probability of rainfall exceeding
 
a particular value, m is the number of occasions In which this has occured and n is the total number of occasions. 

of seedling emergence by low air temperatures and soil 
crusting which may be very damaging to final productiv-
ity. The soils of the Quetta valley are commonly heavy 
textured and structureless in the surface layers. Soil 
capping, through rainfall, is common and emergence 
can be considerably hindered, particularlywhencoupled 
with very low air temperatures, as are experienced in 
Decemberandjanuary. Anthesis oflocalwheat, usually 
occurs In April and rainfall distribution In this period 
has a large impact on grain development. The more rain 
that Is received In substantial showers (> 5 mm) in late 
April and May, the better are the chances of reaching 
crop maturity. The results of our germplasin selection 
trials in the 1985-86 season in Quetta showed that 
although 206 mm of rain was received at the Arid Zone 
Research Institute, none of this fell in late March, April, 
or May and both winter and spring wheats failed to 
achieve grain filling. As an exception to this, some 
annual sown forage legume species did manage to 
achieve maturity (V. villosa spp., dasycarpa and V. 
ervillia)but with very low yields. One of the principal 
strategies of our present germplasm selection activities 
is to seek alternative breadwheat lines and different crop 
species, capable of earlier maturity. 

The fact that these 200 - 275 mm rainfall years are 
the norm would suggest that the Artemista range corn-
munities are well-adapted to these condi 'ons. Some 
deforestation has occurred In the last 110 years, but 
otherwise vegetational communities appear to have been 
reasonably stable. Given that grazing intensities are not 
atypically high, plant persistence will not be at risk. 

Years with Rairfall Between 275 - 400 mm 

Only 18% of years occur in this category in Quetta. 
They may be radically different from the previous cate-

gories discussed in that substantial (25 - 100 mm) 
summer monsoonal rains can be received. This gives 
farmers two major advantages: (1) they can profitably 

direct run-off flow from ephemeral streams onto their 
land in July and August: and (2) they can plant their 
local landrace of wheat in late September or early 
October (earlier planting would mean severe frost dam
age). This will produce a light vegetative crop capable of 
being either grazed or cut before winter. This then 
regrows in spring to mature in June (given adequate 
winter rain). As the winter rainfall is usually reliable, 
summer rainfall appears to be a key to successful crop 
production. 

One major risk which is likely to be associated with 
such years, and particularly a combination ofwet years, 
is yellow rust epidemics which afflict wheat crops, 
particularly the local landrace. Outbreaks occur in late 
spring and can completely destroy the crop. The local 
wheat landrace is extremely sensitive to yellow rust. An 
objective of breadwheatgermplasm selection trials at the 
Arid Zone Research Institute is to identify adapted 
species resistant to this disease. Two very severe out
breaks have been experienced in Quetta in the last 
decade. In these rainfall conditions, stored water from 
summer rains can act as a powerful buffer to lack of rain 
during the wheat grain-filling period. so it is usual for 
grain maturity to occur in such years. 

Such years are also likely to have a substantial effect 
on the productivity of the natural Artemisia rangelands. 
This may take several forms. The grazing season is 
extended and growth can recur in autumn after summer 
rainfall. As there is usually a population of dry seeds on 
the soil surface in autumn, summer rain may prompt a 
higher than usual establishment of seedlings and their 
consequent survival prior to the onset of winter rains. 
The frequency of this category ofyears, 2 to 3years in 10, 
Implies that seed reproduction as a mode of survival can 
be largely restricted in Artemisiato "good years" without 
any real risk of depletion of the plant stand. Individual 
Artemitsa plants are capable of survival over at least a 
10-year period with non-extreme environmental condi
tions. 



Exceptional Years 

In wet years (> 400 mm) wheat grain yields can be 
exceptionally high, but for non-rust resistant cultivars 
these years can also be disastrous, 

Such years could be used beneficially if large scale 
range replanting exercises were contemplated, to give 
young trees a chance to establish their root systems in 
non-limiting water conditions. 

In exceptionally dry years (< 100 mm), crop growth 
is impossible, but the influence of such years on trees 
and shrubs in the rangelands may be severe, especially 
as desperation grazing pressure may be imposed for 
want of alternatives. A combination of a series of dry 
years (< 200 mm) followed by an exceptionally dry year 
could have very severe implications, 

Air Temperature 

Winters are always cold in Quetta and this area can 
expect an average of95 frost days with the extreme years 
in the record ranging up to 125 frost days. Absolute 
minimum seasonal air temperatures are also quite 
consistent and damaging to crop growth. The 25-year 
average absolute minimum is -I V"C with the extreme 
years ranging between -7.4"C and -1511C. It is therefore 
evident that if autumn or winter planting is contem
plated for the Quetta area, all species must have a 
considerable degree of cold-tolerance or at least the 
capability to survive the superficial "burning off of top 
foliage. Regrowth potential following frost damage is a 
major screening factor in our germplasm evaluation 
trials. 

Good crop yields are associated with the I to 2 years 
in 10 in which autumn planting is possible. There is a 
need for the occasional use of an extremely cold-tolerant 
wheat cultivar similar to local landrace. In most years, 
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this degree of cold tolerance may not be required and a 
spring x winter breadwheat cross may be appropriate. 
December, January. and February are consistently cold 
months, but more than 10 frost-days in March are 
comparatively rare. If planting occurs normally in mid-
February, crops will generally only be exposed to cold 
conditions in the seedling stage of growth. Late frosts in 
mid-April can occur (in about 20% of all years). 

Cold is a predominant influence on agricultural 
productivity and profoundly affects the natural range
lands. There appear to be very few species capable of 
rapid early spring growth in the Artemisia-dominated 
community. This may be the result of preferential over
grazing in early spring or a failure of these groups of 
species (such as perennial grasses) to have sufficient 
cold tolerance to persist through the long, cold winter. 
For Artemisia, growth only begins in late spring when 
minimum air temperatures are generally positive and 
maximum air temperatures range from 15-30 0C. 
Artemisiamay benefit from higher temperatures in late 
April and early May (maxima > 250 C) as long as there is 
soil water available for growth. The rapid heating of air 
temperatures normally experienced at this time can be 
a problem for wheat cultivars in the filling stage, and 
heat stress is an added factor to soil water stress in early 
summer. 
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Introduction 

Arid zones are characterized by sparse and highly 
variable precipitation, extreme variation of diurnal and 
annual temperature, and high evaporation. Drought is 
the characteristic of aridity. The arid zones in India and 
their percent of the total area are given in Table 1. 

West Rajasthan and Gujarat are the principle arid 
zones constituting 61% and 20%, respectively. Next to 
this. Andhra Pradesh has the largest area in the arid 
zone. The districts in Rajasthan wholly in the arid zone 
are Ganganagar, Bikaner, Jaisalmer, Barmer, Jodhpur. 
and Churu. The actual percentage of area which falls in 
the arid zone in Andhra Pradesh is: Anantapur (67), 
Kurnool (31), and Cuddapah (9). 

Crop Production in 

Indian Arid Region 

Some of the major problems confronting successful 

and remunerative crop production on drylands of the 
arid zone are listed below. 
I.Low annual rainfall (366 mm) with its frequent 

erratic distribution from season to season, coupled 
with high solar incidence (18.9 - 21.0 MJ/m 2 /day) 
and high wind velocity (20 km/hr)giving rise to high 
potential evapotranspiration (PET) (6 mm/day) and 
high mean aridity index (78%). 

2. 	Wind blown desert sandy soils (850 g/kg sand), low 
In organic matter (1.0 to 4.5 g/kg). with poor water 
holding capacity (250-280 g/kg), and high infiltra
tion rate (90 mm/hr). 

3. 	Scant groundwater resources and deep water tables 
(40-50 m) coupled with brackish groundwater (EC 
1.25 to 10.0 mmhos/cm) at many places. 

Table 1.Statewise areas of arid zones within states of India. 

Area under Portion of 
State arid zone arid zone 

km2 % 

RaJasthan 196.150 61 
Gujarat 62.180 20 
Punjab 14,510 5 
Haryana 12.840 4 
Maharashtra 1,290 0.4 
Karnataka 8,570 3 
Andhra Pradesh 2.155 7 

4. 	Soil salinity and alkalinity as great as 45% of the 
unirigated area. 

5. 	Surface crust formation after sowing following the 
light showers. 

6. 	 Limited choice of crops, low cropping intensity, and 
low yield potential of the conventional crops. 
It would be clear from tWe above that none of the 

factors of crop production, viz., climate, soils, ground
water, crops. varieties grown, etc.. are favorable for 
obtaining remunerative returns from crop production. 
An attempt has been made to understand the desertifl
cation processes In the arid zones of Rajasthan in the 
northwest India and Rayalaseema region of Andhra 
Pradesh in peninsular India (Fig. 1). Zones prone to 
desertification were delineated using the Subramaniam 
procedure (1983). By utilizing the index of water ade
quacy (ratio of actual to potential evapotranspiration)
and crop yield information, agricultural droughts were
studied in detail for their frequency and intensity. The 
pattern of aridity and climatic shifts to different types of 
climate were also studied. 
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Agro-Ecological Zones of on the soil map of arid regions of Rajasthan and Rayalas-

Indian Arid Lands 	 eema. Soils of these regions are classified following the 
FAO system: there are four out of seven soil types. 
Resultant agro-ecological zones are identified and pre-

Delineation of agro-ecological zones isa prerequisite sented in Figure 2. The agro-ecological zones of Rajast
for the development of crop production partiularly in han arid region are MA,,,. lVlA5S 2. MA4S 2 . and MAsS 3" 
arid regions. Since better crop production in arid regions and that of 1Rayalaseema are MA1 S,, MA S., MA3S4 , and 
is dependent on the seitction of suitable cropping pat- MA4 5 . The zones MAhS.. MA 6S 2. MA5S. are prone to 

tern in a region, delineation of agro-ecological zones desert in these regions. Mainly rainfed crops with mod

erate to high drought stress like jowar (Sorghum sp.).
forms a useful basis. 

baJra toearl millet (Penisetumsp.), sunfiwer (Heian-
Panabokke (1979) delineated. agro-ecological zones 

thus annrls L.). castor (Ricinus communls) etc., are 
of south and southeast Asia on the basis of six rainfall 

regimes and seven soil groupings. Subramaniam (1983) favorable to grow in these regions. It is desirable to trans
of the agro

used index of water adequacy, and derived water bal-	 fer agrotechnolok' based on the potential 


ecological zones to combat dsertificatlon processes.

ance parameter (instead of rainfall) to delineate agro-

neverecological zones of India. This is because rainfall 

fully reflects the water status of a region, and because 
plants do not fully depend on rainfall alone. Besides, the Agricultural Droughts in 
significant role played by soil as the storage medium of Arid Regions of India 
water cannot be overlooked. Based on the water ade
quacy values, six water adequacy regimes are classifiedand given below. Subrahmanyam et al. (1963) attempted to compare

the index of water adequacy, lma (AE/PEx 100), with the 

Symbol Description distribution of some crops in India. An interesting con-
MA, Sufficient water adequacy throughout the year. clusion that emerged from this study was that most of 
MA Sumcient water adequacy throughout the year with a agricultural crops in India do not seem to have favorable 

weekly expressed intervening period of moderately conditions for development below 40% values of the Ima 
low water adequacy. unless there is supplemental irrigation. It has also been 

MA, Sufficient water adequacy during the main cropping reported that, for efficient growth and development of 
season followed by a well-expressed dry season at rice(Oryzasativa.avalueintherange6Oto 100%oflma 
least 2 consecutive months. is required. However, when the index falls below 80%, 

MA4 	 Moderate degree of variability of water adequacy the yield would be considerably reduced. For millet, a 
between years. but usually sufficient water adequacy te ye w o be sdeled. 
within the main cropping season followed by a well- range of 40 to 60% was suggested. 
expressed dry season o, at least 3 consecutive dry The concept of the Ima in assessing the agricultural 
months. potential is considered here for classifying agricultural 

MA, Moderate to high degree ofvariability of water adequacy 
between years as well as within the main cropping 70' 7 an' 

season followed by a well expressed dry season of at 4 
least 3 consecutive dry months. . . 

MA, Inadequate water adequacy throughout the year. 3?- INIA 

Utilizing the available data, the water adequacy N . 
regimes are first delineated and they are superimposed IN 

3d' 
2. Minimal required values of the index of moisture /./ 	 ",

Table 

adequacy (Ima) for different crops in Rajasthan and Rayalaseema . " .
 
region. ' ' "
 

Kharif BaJra Jowar Groundnut --- ! a 
Station pulses (Pearl (Sorghum) M-' 

millet) 
-2% 	 26-

Rajasthan 
Jalsalmer 20 20 20 -

Jodhpur 38 40 43 Bay of Bengal 
Bikaner 27 30 35 
Ganganagar 29 30 35 .Arabian 

Sea 
Rayalaseema 

Anantapur - 50 48 60 
Cuddapah 62 58 68 70' 7V 10' S* g0 W7658 60Chittoor 

Kurnool 56 54 60 Figure 2. Agro-ecological zones in arid regions.
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drought as suggested by Subramaniam and Sastry 
(1979) in Rajasthan and Rayalaseema arid regions, 

The Ima was developed by computing the water 
balance of some stations in Rajasthan and Rayalaseema 
for the growing season of different crops. It is very well 
known that the growing season varies for different crops 
and for different regions of the state. Before classifying 
agricultural droughts, it is essential to find out the 
minimal value of the index of water adequacy above 
which yield would always be higher than the average 
yield and below which the yield would be lower than the 
average value. 

In this study. the index of water adequacy, calcu-
lated from established water balance values, is consid-
ered as the basis for drought study. The minimal value 
of the Ima for agricultural drought classifications for 
different rainfed crops was estimated. Since the yield 
data may not be accurate due to observational errors, 
instead of taking the absolute values, the relative values 
(that is whether the yield value is above or below the 
average) were considered. For each individual year, the 
yield is marked as a closed circle if it is above the average 
value and an open circle if it is below the average value 
against the corresponding Ima value for that individual 
year (Fig. 3). After plotting all the individual years for 
every station and for every crop, a line is drawn parallel 
to the x-axis above which the yields are lower than the 
average yield value. However, in some years the yields 
may be lower above the line and higher below the line, 
because the yield is a complex variable involving a 
number of factors other than Ima, such as pests and dis-
eases, bad farm management, etc. Hence, the line is 
drawn so that an equal number of anomalies are ad-
justed above and below the line following procedures 
adopted by Azzi (1956). 

Figure 3 shows the minimal value of Ima (%, below 
which the yields are less than the average and above 
which the yields are greater than average for four sta-
tions of Rajasthan for three rainfed crops, i.e.. bajra, 
jowar, and kharif pulses and for two stations of Rayalas
eema for three crops, viz., jowar. bajra, and groundnut 

(Arachishypogaea). Table 2 shows the minimal required 
value of the index for different stations of the regions. 

Classification of Agricultural
 
Droughts
 

The departure of Ima from the minimal value is 
consideredforclassifyingtheagriculturaldroughtswhich 
will vary from crop to crop and region to region. Such a 
scheme for classifying the agricultural droughts, al
though arbitrary. is based on rational concepts as 
suggested by Subramaniam and Sastry (1979), and is 
used in the present study. The classification suggested 
by them is as follows: 

Departure of Ima (%) Agricultural drought 
below the minimal value intensity 

Less than 10% Moderate 
0to 0o eLarge 

Greater than 30% Disastrous 

However, In the case of western Rajasthan. since the 
aridity conditions are very severe, the above classifica
tion of drought had to be further modified, taking into 
account the fact that the higherordercategoryofdrought 
is reached for even lesser deviation of Ima than the 
classification mentioned above. For western Rajasthan 
the following classification of agricultural droughts is 
suggested: 

Departure of Ima 1%) Agricultural drought 
minimal value intensity 

5% Moderate 
5-10% Large 
10-15% Severe 
15% Disastrous 

Based on the above system of agricultural drought 

Table 3. Frequency of occurrence of different kinds of agricultural droughts in the region. 

Kharif 
Study Jowar BaJra pulses Groundnut 
Period 

Station M LS D, MLSD MLSD MLSD 

Years 
Bikaner 1956-57 - I I I I - - I

(3) (3) (2) 
Jodhpur 1956-57 - I-1 1 1 - I I- I 

(2) (3) (2)
Anantapur 1961-81 2 2 3 4 1 2 3 5 - - - - 3 3 1 5

0I 1) 0I 1) (12) 
Cuddapah 1961-81 2 1 -1 2 3- . 2 3

(6)
Kurnool 1961-81 2 - 2 3 - 2 2 3 - -- 1 4 

(7) (7) (7) 

IM-moderate; L-large: S-severe; d-disastrous. 
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classification, the intensity and frequency of agricul
tural droughts foi three rainjed crops, viz., bajra, Jowar. 
and kharif pulses for four stations of Rajasthan and for 
bajra,Jowar, and groundnut for four stations of Rayalas-
eema region have been computed and presented (Fig. 4). 
Anantapur experienced 11, 11, 12 drought years for 
Jowar, bajra, and groundnut, respectively, during 1961-
81;Kumool and Chittoor experienced 7 and 6 drought 

years, respectively, for each crop: and Cuddapah expe-
rienced 4 droughts for Jowar, 6 for baJra, and 6 for 
groundnut. Anantapur is one (if the worst drought-
affectcd districts in the country. For kharif pulses. 
Jaisalmerexperienced 12 drought years while Jodhpur, 
Bikaner, and Ganganagar experienced 8. 11, and 10 
droughtyears, respectively, during 1956-1974. Forbajra 
crop, 12 drought years were experienced at Jaisalner of 
which 2 each were moderate and large, and 4each were 
severe and disastrous. 

Jaisalmer experiences the same drought years in 
case of Jowar as bajra crop. During the study (1956-
197-l for bajra crop, Jodhpur experienced 9 drought 
years of which 3 were moderate, 2 large, and 4 disas-
trous. In case of Jowar crop, 10 drought years were 
observed of which 2 were moderate, and 4 each were 
large and disastrous droughts. Bikaner experienced 13 
droughty years for the bajra crop and 16 years for the 

Jowar crop. Out of 13 drought years ofbaJra crop. 4 each 
were moderate and large. 2 severe, and 3 disastrous. Out 
of 16 droughtyears forjowar crop, 3 each were large and 
moderate and 5 each were severe and disastrous. Gan-

ganagar experienced 8 years for bajra crop of which 1 
was moderate, 2 each were large and severe, and 3 were 
disastrous. Out of 16 drought years for Jowar crop. 3 
each were large and moderate, and 5 each were severe 

and disastrous. Ganganagar experienced 8 years for 
bajra crop of which 1 was moderate, 2 each were large 
and severe, and 3 were disastrous. This analysis indi-
cates that there are more moderate-intensity droughts 
and fewer disastrous-type droughts for the crops for all 
four stations in Rajasthan considered as a whole. Table 
3shows the frequency of occurrence of different kinds of
agricultural droughts for the three crops at the eight 
stations in the arid regions of Rajasthan in northwest 

and Rayalaseema in the Peninsular India. These studies 
enab!e selection of crops less prone to drought and 
enable combating of droughts in agricultural planning. 

These studies indicate that the farmer must increas
ingly resort to crops with higher drought stress resis-
tance such as bajra, Jowar, and castor. 
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Introduction 

Lack of available climatological data for agricultural 
planning and management is a serious limitation in 
many countries. The recent famine in Africa is an 
alarming indication of the necessity for agricultural 
development. In fairly large areas in Africa, food produc-
tion is less than what is needed by the present popula
tion. A difficult resource condition that makes planning 
more difficult is the variability and the cyclical tendency 
of climate. This paper describes a database and some 
procedures that may facilitate Improved agricultural 
planning and management. 

The success of agricultural planning and manage-
ment depends in large degree on the availability and 
reliability of climatic data. Crop yield models are pres-
ently available so that with adequate climatic data the 
effect ofvarious agricultural practices on probable yields 
can be estimated. By knowing the probable yield, pro-
duction costs and crop values can be used to evaluate 
the potential benefits from various practices. Optimiza-
tion studies can be conducted forvarious plantlngdates, 
supplemental irrigation, full irrigation, and various fre-

quencles and amount of fertilizer applications. 

This paper describes a monthly climatic database 
for Africa which, together with a weather generating 
model and crop yield models, can be used to calculate 
rainfall probabilities, potential yields from rainfall and 
supplemental irrigation, extreme rainfall values, and 
crop water requirements. 

The Arican Monthly
 
Database 

A weather generating model called (WMAKER) has 
recently been developed at Utah State University (Keller, 
1982, 1987). The WMAKER model produces stochastic 
daily climatic data from monthly values of potential 
evapotranspiration (ETP), temperature, number ofrainy 
days, rainfall amounts, and the standard deviations of 
each of these values. Samani and Hargreaves (1986) 
developed a monthly climatic database for 299 locations 
in Africa to be used with the WMAKER model for the 
purpose of agricultural planning and management in 
Africa (Table 1). 

Table 1. An example of the monthly climatic database (actual values) typical of the 299 stations. 

Station Matam Latl5"36 N' Long 13" 18'W Elev 17.0 M 30 Years 

Jan Feb Mar Apr May Jun 

TMAX 33. 36. 39. 41. 42. 40. 
TMIN 14. 16. 18. 22. 25. 26. 
ETP 155. 168. 227. 238. 245. 213. 
TEMC 24. 26. 29. 32. 34. 
SDT 1.5 1.7 1.3 1.4 1.0 

PM 0. 2. 0. 1. 3. 
RPAR 0.2 0.2 0.9 0.2 0.2 
SDPM 1. 6. 0. 7. 5. 
RDAY 0.2 0.2 0.0 0.1 0.5 
SDRD 0.5 0.5 0.0 0.3 0.6 

TMAX = mean daily maximum temperatures for the month in "C. 

TMIN = mean daily minimum temperatures in "C. 

ETP = potential evapotranspiration with a cool season grass 


(Alta fescue) as the reference crop. 
TEMC = TMAX plus TMIN divided by 2.
 
SDT = the standard deviation of TEMC in 'C.
 
PM = mean monthly rainfall in mam.
 

34. 
0.9 

32. 
0.9 
27. 
2.8 
1.7 

RPAR 

SDPM 


Jul Aug Sep Oct Nov Dec 

36. 33. 33. 36. 36. 33. 
25. 24. 24. 24. 20. 15. 
183. 164. 152. 165. 161. 147. 
30. 29. 29. 30. 28. 24. 
1.7 0.9 1.1 1.2 0.8 1.2 

112. 156. 108. 25. 4. t. 
4.2 6.1 2.9 0.3 0.2 0.2 
50. 68. 69. 32. 12. 2. 
7.3 10.3 7.7 2.4 0.4 0.2 
2.9 3.2 2.2 2.4 0.8 0.6 

= the Gamma function or shape parameter. 
= the standard deviation of PM in mam. 

R DAY = the average numbaer of rainy days in the month. 
SDRD = the standard deviation of R DAy. 
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Applications of the Database 	 PROBABILITY 

Figure 2. Probable relative dry matter yields of 
The monthly climatic database has various applica- corn from the PLANTGRO model with actual and
 

tions for agricultural planning and management. Some WMAKER simulated climatic values.
 
of the more important uses are listed as follows:
 

* 	 Estimating rainfall probabilities, and estimated values from the database are shown to be 
* 	 Calculating probable yields from rainfed agriculture in close agieement (Samani. 1988).
 

and supplemental irrigation,
 
* 	 Evaluating flood risk from extreme rainfall, and 
* 	 Estimating crop water requirements. Calculating Probable Yields 

Estimating Rainfall Probabilities The Africa database together with the weather gen
erating model (WMAKER, Keller, 1987) and a crop yield 
model can be used to estimate the probable yield fromRainfall probabilities are important in Irrigation rainfall and supplemental irrigation. The dlatabase illus

useproject design for calculating the required capacity of rated yTale m t al was in 
pupin plntsto pr- by I Matam, 

irrigation canals or pumping plants to supply the per- WMAKER model to generate daily stochastic data. The 
centage of water requirement to be supplied to crops synthesized data were then used in a yield model 
through irrigation. One proposed method for calculating (PLANTGRO model, Hanks, 1974) to calculate probable 
the Irrigation system capacity is to use 75% of rainfall as dry matter yield for corn from rainfall and one S;upple
dependable rainfall and plan for irrigation for the rest of mental irrigation applied 65 (lays after planting. The 
cropwaterrequirements (HargreavesandSaman, 1986). total growing season for the corn was 94 days. The 
This design will make sure that there will be adequate probability distribution of relative dry matter yield of 
water 75% of the time. In design of water supplies for corn calculated from synthesized data and from meas
domestic use, one may use a higher probability. ured daily climatological data are presented in Figure 2. 

The rainfall probability distribution can be calcu- The differences between yield values predicted from the 
lated from the information prGvided in the database database and actual measured climatic data are within 
tables. The values of Gamma shape parameter (RIPAR of acceptable range for agricultural planning and manage-
Table 1) and average rainfall (PM ofTable 1) can be used ment. 
to estimate the monthly rainfall probabilities based on 
Gamma distribution (Saman and Hargreaves. 1986). 
Calculated rainfall probabilities for Matam. Senegal, are Summary and Conclusions 
presented in Figure 1. Rainfall probability values can 
also be calculated from standard deviation and average A monthly climatic database is described and rec
values of rainfall using the log-nornmal distribution. 

Extreme rainfall values for different durations and ommended for use with a weather simulation model to 
return periods can be calculated by using a modified produce synthetic daily climatic values. The simulated 
version of the WMAKER model called WMAKER2 (Sa- values can be used with crop yield models to calculate 
mani, 1988). The measured values of extreme rainfall probable yields from rainfed agriculture and various 

irrgatono anas uppy te trated Table for Senegal was Used in 
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supplemental irrigation practices. The database can 
also be used to estimate the probability of assured 
rainfall. 

The Africa database herein described is strongly 
recommended as a powerful planning tool. Development 
and use of a more detailed monthly climatic database is 

strongly recommended, particularly for the food-short 
developing countries. The development of a worldwide 
database is currently in progress by the authors. 
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Introduction 

Climate and day-to-day variations in weather have 
major Influences on dryland agriculture and rangeland 
processes such as production, livestock water, insect 
dynamics, runoff, and erosion, as well as other agricul-
tural and engineering management decisions. Weather 
data are needed to assess the effects of climate on 
agricultural and rangeland processes and as inputs to 
management models. For many dryland agricultural 
sites, climatic records of sufficient length are not avail
able for making the desired analyses. Therefore, it is 
often desirable to have the capability to generate climatic 
data series which have the appropriate statistical char-
acteristics for the location. 

In this paper, we give a summary of the microcom-
puter program, CLIMATE.BAS (Woolhiser et al., 1985, 
1988), and describe recent additions to the program. 
CLIMAFE.BAS is a system which provides historical 
daily climatic information or simulated daily weather 
data for a location within a state or region. The daily 
climatic record Includes precipitation, maximum air 
temperature, minimum air temperature, and solar ra-
diation. 

Model Description 

Precipitation 

The Markovchain-mixed exponential model (MCME) 
(Woolhlser and Roldan, 1986) is used to describe daily 
precipitation. Precipitation occurrence Is described by a 
first-order Markov chain specified by parameters-Poo(n), 
the prob'_: 1v of a dry day on day n given that day n- I 
was dry, . I Po(n), the probability of a dry day on day 
n given that day n- I was wet. On wet days. the amount 
of precipitation greater than 0.254 mm Is described by 
the mixed exponential distribution: 

fx) = q/3(n) exp [-x/3(n)J + (1-o)/6(n) exp [-x/6(n)] [1] 

where o is a weighting parameter with values between 0 
and 1, P3(n) and 6(n) are the means of the smaller and 
larger exponential distributions, respectively. The mean 
precipitation per"wet" day. p(n), equals -[3(n) +[1-1 6(n). 
The parameter o is a constant and the seasonal vari-

atlons in the parameters P,, P1 , [{, and p are described 
by the Polar form ofa finite Fourier series (Woolhiser and 
Pegram, 1979). 

The Fourier coefficients for each parameter were 
originally estimated from 40 years of data for 20 South 
Dakota stations using numerical m1aXim1uml likelihood 
procedures. Coefficients for each parameter are now 
available for other stations in the Northern Great Plains 
which include northeast Colorado. eastern Montana, 
Nebraska, North Dakota, and eastern Wyoming. 

Temperature and Solar Radiation 

The procedure used in CLIMATEBAS to describe 
the multivariate process of maximum temperature. 
minimum temperature, and solar radiation has been 
described by Richardson (1981) and Richardson and 
Wright (1984). In this model, the daily means of maxi
mum temperature, minimum temperature, and solar 
radiation, conditioned on whether the day is wet or dry. 
are described by a Fourier series, as are the conditional 
standard deviations. Deviations from the means are 
modeled by the weakly stationary generating process 
used by Matalas (1967) for generating streamflow at 
multiple sites. The 12 parameter Values required for 
each station can be interpolated from maps provided by 
Richardson and Wright (1984). The parameter values for 
several stations in each of the western states of the 
United States are stored in the computer program. [See 
Richardson and Wright (1984) and Woolhiser et al. 
(1988) for more complete discussion of this generation 
process.] 

Since the work by Woolhiser et al. (1988) was 
completed, a subprogram has been added to 
CLIMATE BAS to adjust daily solar radiation Ior sloping 
terTain (Richardson et al., 1987). This subprogram ad
justs the solar radiation for a horizontal surface to the 
actual slope and aspect conditions existing at a site. 

The Program CLIMATE.BAS 

The program CLIMATE.BAS is written in BASIC 
language and has been run on several different micro
computers. The program is available an diskettes. 

The program is "user friendly" in that the user is 
guided through the program by a series of screen dis
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played questions. After the program is initiated, the user 
has the option of either using file data for the location in 
question or developing a data file for new stations. In the 
western United States, the next operation is to enter the 
latitude and longitude in degrees and minutes of the 
center of the geographic area under study. A map will 
then be drawn on the screen that includes an area 2 
degrees north and south arid 3 degrees east and west of 
the central grid location (Fig. 1). The next operation is to 
use the arrow keys to move the cursor to the desired 
location and have the 48 and 161 km radius circles 
drawn on the screen as illustrated in Figure 1.If there are 
one or more stations with the 48 km radius, the nearest 
neighbor estimate of the daily parameters can be used. 
The other option is to use the average values from the 
stations within the 161 km radius. Also, any of the 
stations can be omitted if they do not represent the study 
location. e.g., Lead, South Dakota, in Figure 1, which is 
a mountain station and may not represent the Great 
Plains conditions that surround the Black Hills. 

The western United States map drawing subroutine 
is an addition to the earlier version of CLIMATE.BAS by 
Woolhiser et al. (1988). The earlier version had a routine 
to display the state of South Dakota on the screen. Also, 
a discussion in the paper by Woolhiser et al. (1988) 
outlines the procedures required to modify CLIMATE.BAS 
so that the program can be used for other states or 
regions. The version of CLIMATE.BAS discussed in this 
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FIgure 1. An example of the area that is displayed 
on the screen with concentric circles around the 
location where weather data are desired. 

paper has the climatic parameter files, located in stor
age, for only a few locations in each of the western United 
States. Therefore, in order to perform daily weather 
simulations in some areas, it may be advisable to add 
parameter files for more locations within the area of 
study. 

Next, the screen will provide options to select the 
calculation of the probabilities of various amounts of 
total precipitation or number of wet days for an n-day 
(n<30) period, beginning on any day of the year, or the 
simulation of n-years of climatic data. If the first option 
is selected, calculation ofprecipitation probabilities, the 
program will calculate the cumulative distribution func
tions and they can be displayed graphically on the 
screen, output to a line printer, or both. 

If the second option is chosen, simulation of n-years 
of climate data, the sequence ofinstructions appears on 
the screen. By providing the properinput at the prompts, 
the user will obtain a sequential file of n years of 
simulated precipitation data or precipitation, maximum 
temperature, minimum temperature, and radiation data. 
These simulated data would then be readily accessible 
for use as input for daily simulation models such as 
SPUR (Wight and Skiles. 1987), which is a comprehen
sive rangeland resource model, and other hydrologic or 
plant growth models. 

Application of the Model 

CLIMATE. BAS was used to generate a 30-year sample 
of weather data for Boise, Idaho, as an example of the 
application of the weather gctieration procedure (Table 
1). The precipitation parameters were obtained from a 
40-year record and the temperature and solar radiation 
parameters were obtained from the maps published by 
Richardson and Wright (1984). 

Generated mean precipitation amount and average 
number of wet days per month and year were very close 
to that of the historic record. Generated mean daily 

and minimum temperature compared favora
bly with the observed data for most months. The greatest 
difference between the monthly maximum temperature 
was 40C for February and the greatest minimum tem
perature difference was 31)C for February and August. 

and generated mean annual maximum and 
temperatures were within 10C. 
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Table 1. Summary of historical and generated mean monthly climatic data for Boise, Idaho. 

Temperature 

Precipi- Number of Maximum Minimum Solar Radiation 
tation wet days 

H- Gb H G H G H G H G 

mm C MJ m2 day' 

Jan 42 39 13 14 3 2 -5 -6 5.9 5.2 
Feb 27 33 10 11 7 3 -2 -5 9.7 8.9 
Mar 26 34 9 11 11 9 -1 -2 14.7 14.7 
Apr 30 29 8 9 16 16 2 3 20.3 20.6 
May 31 29 8 8 21 23 7 7 24.6 25.2 
Jun 24 17 7 5 27 29 11 11 26.5 28.0 
Jul 7 9 2 3 33 32 15 13 28.1 27.5 
Aug 10 7 3 2 31 30 14 11 24.3 23.7 
Sep 15 15 4 4 25 25 9 8 19.1 17.6 
Oct 19 19 6 6 18 18 4 4 12.9 11.8 
Nov 33 32 9 10 9 10 -I -1 7.2 6.4 
Dec 34 34 12 11 4 4 -4 -5 5.2 4.6 
An. Total 298 297 91 94 
Month Ave. 17 17 4 3 16.5 16.2 

1H = historical (1951-1980). 
bG = generated (30-yr simulation). 
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Introduction 

The semiarid tropics (S.A.T.) has been described by 
Kanwar (1982) as those regions of the world where 
averagre monthly rainfall exceeds potential evapotranspi- 
ration for 2-7 months in a year with the mean monthly 
temperature above 180C. Semiarid Ghana (Fig. 1) is 
located between latitude 081 5' and 11010' North. 
Changes in the physical environment of this region are 
edaphically and anthropogenically induced. Environ-
mental factors such as temperature, relative humidity, 
and particularly rainfall, have influenced the cropping 
systems. This region experiences a monomodal pattern 
of rainfall. 

Bovill (1933) identified the effect of weather factors 
such as rainfall on cropping patterns in the semiarid 
tropics. In semiarid Ghana the practice of mixed crop-
ping is also intensified by agroclimatic constraints such 
as undependable rainfall. Better understanding by the 
agricultural communities in the region of the changing 
weather conditions, particularly the truncation of the 
rainy period, has influenced a gradual shift to sole 
cropping (NAES, 1982) in some locations In the region. 

The objective of this study is to assess the variation 
of weather patterns in selected locations in semiarid 
Ghana and its influence on the croDping systems and 
crops chosen in the region. 
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Figure 1. Map of semiarid Ghana and the groups of 

Methods 

Climatic Data 
Six locations, namely, Lawra, Navrongo. and Manga-

Bawku from the Sudan zone, and Bole, Nyankpala-
Tamale, and Yendi from the Guinea savanna zone were 
selected to represent the existing cropping systems 
(NAES, 1983). Data from Lawra were incomplete and 
could not be used in this study; therefore, data from only 
five stations are discussed. The data were obtained from 
the National Meteorological stations from both direct 
reading and autographic records. Most of the instru
ments are read and reset at 0900 hrs GMT each day. 

Methods by Hargreaves (1975) have been used for an 
indication of the soil water availability. Potential 
evapotranspiration (PE) values were calculated by the 
Penman (1948) method to determine the water a availa
bility index (MAI). 

Results and Discussion 

Weather Patterns in the Locations and Zones 

In the Sudan zone, annual average rainfall is nor
mally below 1000 mm. November to April is the driest 
period and relative humidity sometimes drops to about 
7% during the afternoons. Rainfall variability is between 
20 to 30% (Zonneveld, 1980) and annual temperature 
decreases gradually southwards. 

Manga-Bawku and Navrongo are characterized by
short duration rains usually preceded by violent storms 
which sometimes cause soil erosion. Although the differ
ence in the 30-year mean (Table 1) for the two locations 
was only 4%, large positive departures do occur as 
shown in 1986 rainfall, 34 and 24% In Manga-Bawku 

Navrongo, respectively. In 1986, the dry spells 
occurred in May and July in Manga-Bawku (Fig. 2) and 
August in Navrongo (Fig. 3). The significant observation 

the multiannual mean rainfall distribution pattern 
was the water stress associated with July In Manga-
Bawku and June in Navrongo. The peak of the rains was
in August for both locations with mean temperature 
above 291C. 

The guinea savanna zone is a region of wide diurnal 
temperature variation during the dry season. Annualrainfall is slightly over 1000 mm with a rainfall variabil

of 15-20%. Rainfed agriculture has a higher probabil
ity of success in this zone. Differences in the weather 
patterns for Bole, Nyankpala-Tamale, and Yendi were 

cropping systems. observed. 

mailto:Uppw.E@W
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Table 1. Summary of some important climataic data: rainftll (RR), relative humidityi (RH), and mean temperature (Ta) of the 
various locations. 

Loca- Manga -b Navrongo Bole Nyankpala Yendi
 
tion Bawku 
 Tamale 

Year RR RR Ta RH RR Ta RH RR Ta RH RR Ta RH 
(mm) (mm) °C % (mm) 'C % (mm) " % (mm) 1C % 

1977 930 671 28.2 43 926 26.7 58 944 27.5 60 1245 27.6 56 
1978 949 1217 28.5 50 920 26.4 68 877 27.9 
 55 1330 27.4 62
 
1979 1150 1026 28.8 51 1306 26.8 62 1063 
 28.2 54 1269 27.8 60
 
1980 804 940 29.1 48 1i09 64
26.8 
 989 28.4 56 992 28.1 51
 
1981 741 819 29.0 47 1248 26.6 62 996 28.3 53 1320 27.9 57
 
1982 901 1021 28.6 48 994 26.5 61 1090 27.8 55 1040 27.5 57
 
1983 668 720 29.3 27 762 27.3 44 984 29.4 42 766 28.4 58
 
1984 756 767 28.6 38 1085 26.9 58 1095 28.6 53 1120 27.2 58
 
1985 753 965 28.9 38 1194 26.5 59 736 28.6 54 1230 27.6 59 
1986 1270 1225 28.7 49 1034 26.6 60 792 
 27.8 54 1137 27.5 58
 

Longterm 951 992 1161 1043 1254 
average
 
rainfall
 
(1957-86)
 

'All relative humidity values are the mean of 0900 and 1500 hours. GMT recordings.
 
'a and RH data not available for Manga-Bawku.
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Figure 2. Mean monthly rainfal, Manga/Bawku. Figure 3. Mean monthly rainfall, Navrongo. 

Rainfall distribution at Bole indicated periods of Environmental Influence on the Cropping
water stress in June and August during the growing Systems of the Locations 
season (Fig. 4). Although average rainfall values do not 
normally indicate the dependable character ofthe rains, The locations have been selected to correspond to 
these dry spells sometimes occur in Yendi in May and the heterogeneityofcroppingsystemsin semiarid Ghana. 
August as observed in 1986 (Fig. 5). There are six broad groups of cropping systems (Fig. 1)

In Nyankpala-Tamale (Fig. 6), the dry season was including four groups described in the Guinea Savanna 
experienced in July orAugust. The interannual variation zone (NAES, 1983). 
of rainfall in the zone increased from Bole or Yendi Generally mixed cropping is the traditional cropping 
toward Nyankpala-Tamale. where annual mean rainfall system in semiarid Ghana, but recently, and with in
was the lowest. This underestimated the multiannual creased dry years, sole cropping is being practiced in 
mean by between 5-42% for 7 years (Table 1) within a some locations (Table 2). 
decade (1977-86). The mean temperature was 280 C and In the western system where rainfall is slightly short 
relative daytime humidities for the period were 60% and farmers have a good understanding of agroclimatic 
(Bole), 58% (Yendi), and 54% (Nyankpala) during the conditions, the pattern of cropping is varied and the crop 
day. combinations are innumerable. Sole crops of maize (Zea 
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Yendi 

Table 2. The importance of crops in terms of area allocated to 20
 

the major crops by a sample of farmers. 240
 

Crops % of total area" % of area under sole crop 20 

Maize 58 9 200 
Sorghum 52 6 1,80 
Millet 36 2
 

82
6Rice 
25 7 E40Groundnut 


Cowpea 24 1 = 120
 
Yam 11 6
 

Area on which crop is intercropped as a percent of the total 80
 
cultivation area, therefore, the sum exceeds 100. A total of 262 60
 
ha were measured. Source: NAES Annual Report 1982.
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Figure 4. Mean monthly rainfall, Bole. to t 

mays L.). cowpea (Vigna unguiculata L. Walp). and 230 

groundnuts (Arachis hi.pogaeaL.) are seeded during the ,0 

pre-rainy period in May. Sometimes sorghum (Sorghum o F A I A I "I. 
bicolor (L.) Moench.) and yams (Dioscorea rotundata 0 1977-1986 + 1967-1986 01986 

Poir.) are also sole-cropped in the western system (Fig. Figure 6. Mean monthly rainfall. Nyankpala. 
1). Several ecological factors influence crop choice and 
cultivation intensity. In Bole, potential evapotranspira
tion equals precipitation by the middle of May, and soil Additionally the resultant hydrological imbalance has 
water accretion is maintained until the last week ofSep- given rise to harsher weather trends and more dry years 
tember (Fig. 7). The water availability values (Table 3) have been recorded in the last decade. 
also indicate excessive water from July to September, The understanding of this weather trend by farmers 
and moderately deficient water in October. The post- has induced sole cropping of rice (Oryza saliva L.) and 
rainy plus residual water is exhausted by the end of maize (NAES. 1982) within the period. A positive water 
November (Fig. 7). balance is established at Nyankpala-Tamale in June and 

In the central system, the introduction of mecha- maintained until the last week ofSeptember (Fig. 8). The 
nized agriculture ushered in indiscriminate removal of water available for crop growth is almost adequate from 
vegetation which carried with it subsequent changes in June to August, excessive only in September, and mod
the associated soil and air environment in this location. erately deficient in October (Table 3). 

Table 3. Water availability index (MAIl for the selected locations (except Manga) in semiarid Ghana. 

Station J F M A M J J A S 0 N D 

Navrongo 0.00 0.00 0.01 0.31 0.79 0.86 1.38 1.85 1.33 0.31 0.01 0.00 
Nyankpala-
Tamale 0.01 0.04 0.24 0.45 0.80 1.05 1.18 1.27 1.67 0.34 0.09 0.02 
Bole 0.01 0.04 0.44 0.54 0.94 0.06 1.60 1.52 1.42 0.74 0.08 0.06 
Yendi 0.01 0.03 0.27 0.57 0.82 1.12 1.48 1.74 1.64 0.61 0.05 0.11 
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Figure 8. Mean monthly P & PE (1977-86), Figure 10. Mean monthly P & PE (1977-86), 
Nyankpala/Tamale. Navrongo. 

In the southeastern cropping system in Yendi area, east system in the Sudan savanna zone, where a consid
cultivation ofsole crop rice is on the Increase and the sole erably short moist period exists (Fig. 10). The growing 
cropping of yams and maize is not uncommon. The water period of Navrongo Is from May to September (Fig. 3). 
trend is quite dependable in this location with a moder- Both sole and intercropping of cereals and legumes are 
ate day time relative humidity of 58%. practiced. Sole cropping of rice can also be found in the 

A close relationship exists between the higher mean lowlands. Adequate water is available for crop growth 
annual rainfall and the length of the growing season from July to September (Table 3). and the post-rainy 
(Kassam, 1979) which is relatively longer (Fig. 5) than period plus residual water extends to mid October (Fig. 
the central system. A positive water balance is estab- 10). 
lished by May until the end of September (Fig. 5). The In Manga-Bawku, the rainfall (Fig. 2) is erratic and 
moist period, the humid period with storage, also ex- the growing period is short. Few crop types are grown 
tends to November (Fig. 9). This location is suitable for due to the rain pattern. Sole cropping of legumes and 
almost all the major crops in the Guinea savanna zone. cereals is practiced. A less complex type of intercropping 
Water availability for "rop growth is adequate or exces- is found in this location. Both early and late varieties of 
sive from June to E ?tember (Table 3). millet are Intercropped with other cereals such as sor-

In the northeatem farming system (Fig. 1), the ghum. 
rainfall is short and intercropping is practiced, but it is 
of a less complex type. Sole-cropping of legumes Is com
mon and cereal, such as millet (Pennisetumsp.) are also Conclusion 
sometimes intercropped with sorghum and legumes. 

Navrongo and Manga-Bawku are within the upper The analysis of data for 10 years (1977-86) confirms 



354 Agroclimatology 

that differences in weather patterns exist between zones 
and among locations in the zones. The difference in the 
multiannual mean for the two locations in the Sudan 
savanna indicates relative uniformity within the zone, 
but in the Guinea savanna zone that is not the case. 
Rainfall values for the two zones show a 19% increase in 
the Guinea savanna over the Sudan zone. The major 
difference between the zones is the peak of the rains in 

September for the Guinea savanna and August in the 

Sudan zone. 
In the Guinea savanna zone, a harsher weather 

pattern prevails at Nyankpala-Tamale with annual miean 
rainfall underestimating the long term mean for 7 years 
within the period. Differences in the weather elements 
(Table I) across locations influence the cropping pat-
terns and crop selection. Also, under the different crop-
ping systems in the various ecological zones, there is a 
gradual shift to sole cropping in some locations in 

association with harsher environmental trends. This 

assessment of the physical environment could help in 

agricultural planning activities and could improve the 

production potential of cropping systems In semiarid 
Ghana. 

References 

Bovill, E.W. 1933. Caravans of the old Sahara: An introductory 
to the history of the Western Sudan. Interna'donal Institute 
ofMrican Languages and Cultures. Oxford Univ. Press, Lon
don. 

Hargreaves, G.J. 1975. Water requirements manual for irri
gated crops and rainfed agriculture. EMBRAPA and Uta 
State University Publication No. 75 - D 158. Bcasilia, Brazil. 

Kanwar, J.S. 1982. Problems and potentials of Vertisols and 

Alfsois. The important soils of the S.A.T. - ICRISAT Experi
ence. Proc. Int. Symposium and distribution characteriza
tion and utilization of problem soils. Tsukuba, Japan, Oct. 
19-26. 1981. 

Kassam. A.H. 1979. Multiple cropping rainfed productivity in 
Africa. Consultant's Working Paper No. 5. FAO, Rome. Italy. 

N.A.E.S. 	 1982. Nyankpala Agricultural Experiment Station. 
Annual report 1982-83. 

N.A.E.S. 	 1983. Nyankpala Agricultural Experiment Station, 
Annual Report 1983-84. 

Penman, H. L. 1943. Natural evaporation from open water. bare 

soil and grass. Proceedings Royal Society of Agronomy. 
193:120-145. 

Zonneveld, I.S. 1980. International Institute for Aerospace 
Survey and Earth Sciences Journal, 255 p. 



102 The Relationship Between Actual Weather Data, 
Wheat Yields, and Data Utilization 

in Crop Forecasting 

Mengu Guler 
Field Crops Improvement Center (TARM) 

P.K. 226, Ankara, Turkey 

Introduction 

Recommended practices from initial tillage to har-
vest of wheat (mticum aestivum L.) in the Central .Aa-
tolian plateau ofTurkey were developed as a result of the 
research started in the 1920s. The two major compo-
nents, if understood and utilized properly, can result in 
higher yields. They can be categorized as cultural prac
tices, and climatic conditions. If the cultural practices 
are all kept at an optimum, yield levels will then depend 
upon the climatic conditions. 

In the Anatolian region, wheat is sown in early 
October and harvested in mid-July. The amount of 
: ainfall and the variations in temperature during this 
period determine the yield level. Depending upon the 
stage of the crop, the rainfall distribution, and tempera-
tures, yields will be affected in different ways. 

Lindstrom (1976) noted that under the conditions 
similar to Central Anatolia: 

a. 	 50% ofannual rain occun-ed between November 
and March, and 6% of that amount was useful 
to the crop. 

b. 30% of annual rain fell between April and June. 
and 85% of that amount was useful to the crop. 

Mann ( 977) calculated a multiple regression equa-
tion for estimating wheat production based on the 
weather conditions of Cent,'al Anatolia. There was a 
positive effect on yield with fertlizer consumption and 
the increase of rainfall in April and May. January and 
February temperatures were positive for wheat produc-
tion, while the increase in June temperature was nega-
tive. 

Guler (1980) reported that the amount of water ac-
cumulated in the soil profile up to the beginning of spring 
was more effective on wheat yield than with the water 
accumulated afterwards, 

Benli and 'rokgoz (1980) used October temperature, 
May relative humidity, September-June total rainfall, 
January minimum temperature, and technological in-
puts as the independent variables for the wheat produc-
tion forecasting in Konya province by using multiple 
regression techniques. 

Sonmez et al. (1982) developed a procedure for 
estimating wheat production of state farms of Central 

ture, the number of rainy days In April, November 
average soil temperature, and November minimum soil 
temperature as the most effective factors. 

The objective of this study was to determine the 
relationship between wheat yield, rainfall, and tempera
ture occurring at different growing stages and to utilize 
this relationship in crop forecasting. 

Material and Methods
 

The 	Agronomy and Breeding Departments of the 
Field Crops Improvement Center (TARM) have con
ducted agronomic research throughout the Anatolian 
Region since 1970. The yield results obtained from the 
trials conducted by these two sections were used in this 
study (TARM, Agronomy Department Annual Reports 
1976-1986, TARM Breeding Department Annual Re.
ports 1980-1985). 

In order to avoid the variations that would occur 
because of the differences in cultural practices applied 
and varieties used, the yield results of the variety, Bolal 
2978. obtained unde, optimum cultural practices from 
1,976-1986 were used as dependent variables. 

Monihly rainfall, average temperature, and relative 
humidity values from the beginning of the fallow to crop 
harvest were evaluated in order to determine the inde
pendent variables. 

Relative humidity values were not used in the study. 
There were differences among the relative humidity 
values by months, but the variations among these 
monthly values by years were small. 

The rainfall during the fallow period and average 
temperature values were not used in the study since it 
was observed that the variations among the amounts of 
conserved water at seeding time by years was small. 

The climatic data obtained for the months of October 
to June (seeding to maturity)were used to determine the 
relationship between wheat yields, monthly rainfalls, 
and average temperatures. 

Different combinations of monthly rainfall and aver
age temperature values were analyzed as the independ
ent variables and the yield was used as the dependent 
variable. These two factors were then used in the mul-

Anatolia. using November minimum extreme tempera- tiple regression analysis. 
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Results and Discussion 

The equation obtained with the highest coefficient of 
determination, as a result of the analysis of the climatic 
data in different combinations, is shown below: 

Y=3910+ 16.1 OR+9.4NR+67.53NT+20.97FT+ 
0.88 FMR + 2.07 AMR - 132.46 JT 

R2=88
 
Standard error of estimation = 260
 
Y = Yield (kg/ha)
 
OR = October rainfall (mm) 

NR = November rainfall (mm) 

NT = November average temperature (OC)
 
FT = February average temperature + 10 (0C) 

FMR = February and March rainfall (mm) 

AMR = April and May rainfall (mm) 

JT = June average temperature (0 Q) 


The equation obtained by using some factors of the 
climatic data explains 88% of the annual variations in 
wheat yields. 

The order of importance of the independent vari-
ables and the percentages were tried to determine their 
standard partial regression coefficient (Table 1). 

Table 1. Standard partial regression coefficients and the per-
centages of the independent variables used in the equation. 

Standard partial Order of 
Variable regression coefficient importance 

% 
October rainfall 0.559 31 
November rainfall 0.565 31 
November average temp. 0.186 10 
February average temp. 0.126 7 
February and March rainfall 0.033 2 
April and May rainfall 0.088 5 

June average temperature 0.251 14 

October and November rainfalls were found to be the 
most important factors affecting wheat yields, followed 
by June average temperatures (negatively), November 
average temperature, February average temperature, 
April and May rainfall, and February and March rainfall 
(Table 1). 

The real and calculated yield levels of the areas stu-
died for the period of 1976-1986 are shown in Figure 1. 

Examination of the results indicated that: 
a. The rainfall was found to be more important than 

temperature on wheat yield. 
b. 	The temperature in the months of November and 

February determine either a positive or negative 
effect on plant growth. 

c. The effect of the temperature increases at the end of 
the growing period had a negative effect on yield. 

d. 	 The increases in rainfall at the beginning of the 
growing period were more effective than the rainfall 
Increases afterwards. 
The greater importance of the Increases in rainfall 

on wheat yield compared with the increases in tempera-
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Figure 1. The real and calculated yield values of 
the areas studied. 
ture is in agreement with other researchers (Lindstrom, 
1976: Tsukibayoshi, 1976; Guler, 1980). 

It was observed that only the temperature increases 
of the months of November and February had pot itive 
effects on wheat yleld. The temperature changes in these 
months determine if the crop continues to grow or not. 
During the other months of the growing period, exclud
ing June, the crop either continues to grow (October, 
March, April, and May) or stops growing (December and 
January) with little variation by years. 

The neg;tive effect ofthe increases in June tempera
ture on yield can be explained by the increased water 
loss because of the increased rate of evapotranspiration 
which causes relatively high temperatures and insuffi
cient water uptake by the crop. These findings are in 
agreement with Mann (1977) and Yilmaz (1986). 

The relatively higher effect of the rainfall at the early 
stages of crop growth compared to later rainfall is in 

agreement with other researchers (Lindstrom, 1976; 
Tsukibayoshi, 1976; and Guler. 1980). 

In the region, the greatest yearly variations occur in 
October and November rains. For example at the TARM 
Research and Production Farm, November rainfall was 
0 mm in 1983 and 94.8 mm in 1984. The standard 
deviations of February and March and of April and May 
rainfall were always very low compared to the fall rain
fall. The lower variation observed In spring rains by years 
shows that the risk factor in this period was smaller. 
(There was a higher probability of getting spring rain 
compared to fall rains.) 

Achievement of potential yield is only possible if 
there are no stresses at all growing stages. The first 
condition for this is to have a timely and healthy emer
gence. 

if the crop completes its emergence in fall with 
sufficient rain and temperature in October and Novem
ber, it continues to develop. The roots in fall and in early 
winter will be 5-10 cm deep in the soil, which is warmer 
than the surface and results in a well-developed root 
system in spring. In this case, the crop makes use of the 
optimum temperature and water conditions of spring to 
reach the highest yield level. 

The equation can only forecast the yield level when 



all the factors other than climatic conditions are kept at 
an optimum. In other words, only the potential yield can 
be estimated by using the equation. It can be assumed 
that there can be an increase in potential yield by the 
introduction of higher yielding cultivars in the future. 

The direct estimation of farmers yield levels seems 
impossible by using this multiple regression equation. 
The farmers yield levels are far from the potential yields 
depending upon the amount of and/or cultural prac-
tices they utilize. 

On the other hand, the evaluation of farmers yield 
levels can be projected in some other ways: 

a. The difference between the theoretical yield, wh'ch 
can be calculated by using the equation, and the real 
yield can show the yield loss because of the wrong 
and/or Incomplete applications of cultural prac-
tices. 

b. By determining the ratio between farmers real yield 
and theoretical yield obtained the previous year, and 
the theoretical yield that will be obtained the current 
year, it may be possible to make indirect yield 
estimations. 

c. The percent increase or decrease in wheat yield can 
be estimated by using the previous and current 
years climatical data. 

The necessity of timely seeding in dryland areas and 
timely seeding and fall irrigation in irrigated areas, in 
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order to increase the production in the region, were the 
most important findings of this research. 
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The group papers on agroclimatology contained two 
basic themes: 1) can a better understanding of the 
interaction between the physical environment and crop 
growth lead to manipulation of agronomic strategies; 
which would result in a reduction of production risks 
experienced by dryland farmers and 2) can improved 
assessment of these risks through analysis of event 
probability also help guide farmers and planners in their 
decision-making processes to promote improved yields 
and yield stability from crops in dryland environments, 

It is evident from both central concerns that there is 
a need and scope for better use of the water which is 
available to crops under current dyland management. 
Evaporation losses from bare soil continue to be a major 
factor in poor water use efficiency and, in many cases, 
this appears to be associated with crops grown in supra-
or sub-optimal air temperatures (Guler: Wallace et al.: 
Sharratt and Cochran). 

Recently, considerable progress has been made in 
micrometeorological recording techniques. These have 
permitted a better understanding of crop/environment 
interactions, particularly below the crop canopy level, 
Opportunities. therefore, exist for maximizing the poten-
tially beneficial aspects ofresidue management, not only 
In preserving water, but also in relieving the acute air 
temperatures and vapor pressure deficits experienced 
by plants within an incomplete canopy (Hatfield). 

The advent of a reliable system of measurement for 
determining evapotranspiration at a field scale in real 
time is a major step forward compared with previous 
estimation from energy-based equations (Wallace et al.). 
However, the removal of this bottleneck highlights the 
difficulties of obtaining real time estimates of crop 
productivity, and crop physiological variables at a field 
scale of measurement (rather than that of individual 
plants). Real progress is unlikely to occur until both crop 
water use and growth can be measured on the same time 
and space scales. Suggestions on how a linkage might be 
made between physiological and environmental proc-
esses have been made by Monteith. 

Irrespective of these research advances, it is evident 
from many papers that the use of conventional meteoro
logical data sources can still be rewarding in ensuring 
that crop management is better attuned to environ
mental variation (Hargreaves and Samani). This may 
take the form of using crucial rainfall events, such as the 
start or timing of the midpoint of the rains, for making 
real time management interactions to reduce the risks of 
dryland farming (Stewart). Alternatively, rainfall event 
analysis has been used to facilitate recommendations 
for developing appropriate germplasm selection strate
gies for dryland conditions (Keatinge and Rees). 

A novel approach has been adopted by Sharratt and 
Cochran in their premise that alterations in crop geome
try might be used to influence the environment expert
enced by the crop. This has been shown to be as least 
partially successful in that the altered geometry did 
measurably influence the crop's thermal environment. 
Such an approach migh! also be profitably adopted in 
stubble management and intercropping studies to try to 
maximize the efficient use of scarce water resources and 
reduce vapor pressure deficits. 

The problem of ensuring efficency in water use has 
been extended to irrigated systems by Zhu et al. who 
suggested that irrigation scheduling wou!d most appro
priately be based on an analysis of the curvilinealty of 
the relationships between soil water supply and physlo
logical variables (stomatal resistance and rates of tran
spiration and photosynthesis). 

It is evident from the papers presented in the field of 
agroclimatic studies in dryland agriculture that innova
tion and exploitation ofestablished research techniques 
are currently a fruitful area of research-induced change 
in agricultural management. It is expected that these 
types of studies will help to reduce the degree of risk and 
uncertainty which dryland farmers presently experi
ence. This should in turn permit amendments in agricul
tural management capable of substantially increasing 
consistent productivity from dryland areas. 
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Introduction 

Soil fertility is a very integral part of food and fiber 
production in dryland farming. Supplying the amounts 
and kinds of essential plant food elements needed for 
profitable crop production is a challenge for the grower 
in dryland farming. Managing soil fertility for most 
profitable crop p'oduction is enormously more complex 
in dryland farming than in areas where rainfall is more 
abundant and consistent. 

For the Tu,-pose of this presentation, dryland farm-
ing is confined generally to areas where potential evapo-
ration exceeds precipitation and specifically where the 
precipitation is insufficient or so variable that soil water 
is often a limiting factor incrop production. The various 
rainfall patterns in semiarid regions are recognized. 
However. other factors including distribution within a 
given pattern (i.e., its reliability), storm intensity, and 
probability of drought within the expected rainfall period 
influence crop yields: and rainfall variability even from 
year to year at a given location is characteristic of most 
low-rainfall areas, especially semiarid regions. 

Semiarid regions are actually a transition between 
humid areas and deserts. They are broad expanses of 
land area where soil variability is normal. Such regions 
are of tremendous importance in food production and 
are occupied by a higher than normal hardy group of 
farmers and ranchers who have been conditioned by the 
effects of not only climatic extremes, but inconsistent 
weather patterns between years. 

Climate 

Dryland farming areas ark,not uniform with respect 
to climate but do possess certain common general 
weather characteristics. There is a tendency for lower 
relative humidities and more sunshine than higher 
rainfall areas which gives larger variability in daily 
temperatures. In many of the semiarid regions of the 
world, high wind velocities are common, especially in the 
Great Plains ofNorth America and the steppes of Russia. 
Sustained high wind velocities adversely affect crop 
production, 

Soils 
Soils in semiarid regions vary widely. Soil formation 

is a function of the parent material upon which soils are 

formed as well as biological activity, including microor
ganisms and higher plants, the amount of weathering, 
and the surface relief. Therefore, climate plays an ex
tremely important role in the kinds of soils which are 
developed. Many soils in the semiarid parts of the world 
possess characteristics similar to humid soils because 
they were developed during geological ages when rainfall 
was much higher. The large variation in parent material 
helps explain the wide differences in soils in low rainfall 
areas. Some generalizations can be made concerning the 
vast majority of soils occurring in regions where poten
tial evaporation exceeds the rainfall as contrasted to 
humid areas where sufficient rainfall is received to grow 
crops without irrigation if principles of dryland farming 
are practiced. 

Soils developed in semiarid areas are generally 
higher in bases than humid soils. Bases have accumu
lated in the soil profile because they are not as readily 
leached out of the root zone as in humid soil. The higher 
content of bases gives relatively high pH values. These 
soils tend to be alkaline, but this is not universally true. 
Some soils developed from granitic parent materials are 
acidic and many semiarid soils are acid on the surface. 

Many semiarid soils are calcareous, e.g.. extractable 
calcium and magnesium exceed the cation exchange 
capacity. If the total salt load is high enough to interfere 
with growth ofmost plants, the soil is saline. Salinity can 
be caused by excessive soluble calcium and magnesium. 
in which case, it is a nonalkali saline soil. Excessive salt 
can also be primarily sodium and result in a saline-alkali 
soil. Alkali soils may or may not contain excessive salts 
and be saline. 

The relatively high soil pH and base content usually 
means that other cations, such as potassium, are also 
present in higher than normal concentrations. However, 
some semiarid soils are low in exchangeable potassium. 
Removal of crop residues and hay have depleted ex
changeable potassium levels and some coarse-textured 
soils lack the potassium retention mechanism. In adoli
tion, the large amount of calcium in highly calcareous 
soils may interfere with potassium uptake. 

Soil organic matter is extremely variable in semiarid 
soils. Because many semiarid soils were developed under 
grasslands and the climate does not favor long periods 
of uninterrupted decomposition, soil organic matter 
levels were relatively high prior to cultivation. Many 

areas where the warm season is short remain fairly high 
in organic matter while depletion of organic matter has 

. .I,
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been rapid where summers are hot and long. Soil organic 
matter losses on a Pratt fine sandy loam (Psammentic 
Haplustall) in the U.S. Southern Great Plains were as 
high as 60 % after only 60 years of cultivation (Haas and 
Evans, 1957). 

The depletion of organic matter has created a multi-
tude of soil problems including a lack ofnitrogen and the 
lack of chelation of certain micronutrients such as iron. 
Chelation is vitally important in plant nutrition. 

Soils in the semiarid regions which were originally 
grass prairies, provided a relatively high level of readily 
decomposable soil organic matter that supplied an 
adequate level of nutrients for a number of years after 
they were brought under cultivation. However, even in 
these, continued production of crops, combined with 
fallow in many areas, soon reduced the supply of soil 
nitrogen. Presently. regular replenishment with nitro-
gen is necessary for profitable yields. 

Phosphorus levels are variable in semiarid soils. 
Total phosphorus levels tend to be low, but available 
phosphorus tends to be higher than in acid soils. In most 
semiarid soils, nitrogen is the most limiting plant food 
element, but on some rather large semiarid land areas 
phosphorus is more limiting. This seems to be true in 
central Africa. The calcareous nature of soils in low 
rainfall areas results in the formation of apatite com
pounds with di- and tricalcium phosphates being the 
major inorganic phosphorus compounds in these soils. 
As organic phosphorus levels dim' ;sh with cropping. 
phosphorus deficiencies become widespread. Erosion of 
surface layers is a major contributor to phosphorus 
deficiency. 

In addition to iron, the chei.,',-al solubilities of zinc, 
manganese, and copper are reduced at soil pH values 
from neutral to calcium saturation. This coupled with 
reduced chelation from low organic matter levels causes 
these elements to be deficient in' susceptible crops. 

Low organic matter tends tc reduce available sulfur 
reserves but sulfates are generally important anion 
components of calcium and magnesium salts found in 
semiarid soils, and are seldom deficient. Boron and 
molybdenum deficiencies are rare in semiarid soils. 

Crops and Cropping Systems 

Almost every crop grown in the world is produced in 
semiarid regions but grains and forages predominate in 
dryland systems. Because of the wide range of crops, 
many cropping systems are used. These vary from 
monceultures to double cropping. The nonadaptability 
of many crcps successf,'lly grown in humid regions 
forces considerable monocuiiure in order to maximize 
profits. Fallo-., is essential for much of the area, because 
rainfall is stored in the soil' for crop use the subsequent 
year. In this system, the soil is free of vegetation for one 
season and 2 years oi soil water is used to produce one 
crop (in some areas two crops are grown in 3 years.) 

The most important cultivated dryland crops, in 
term, of areas, include wheat (Triticuinsp.), grain sor-
ghum [Sorghum bicolor (L.) Moench] cotton (Gossyplum 

hirsutumL.). and forages. Native ranges and improved 
pastures are exceedingly important to dryland agricul
ture. In fact, the area of thcse crops far exceeds the areas 
of cultivated crops. Grasses predominate, but some 
legumes and forbs are utilized by livestock. Legumes are 
introduced into improved pastures in some areas. 

Legumes are grown extensively in dry climates, but 
the number of adapted species is limited. Pasture spe
cies include many clovers (Trifolium sp.) and vetches 
(Vicia sp.). Annual legume species seem to thrive better 
than perennials where water stress is common. Subter
ranean clovers are extensively grown in subpar water 
regions as pasture legumes. 

Alfalfa is the most extensively grown forage legume 
on cultivated soils in dry areas. It is adapted to deep 
high-calcium soils with good internal drainage. Alfalfa is 
not adapted to the tropics and subtropics. 

Low humidity is generally a favorable climatic factor 
for good seed production. Much of the seed used in field 
crop production in humid areas is grown in dry regions. 
Dry weather provides excellent climatic conditions for 
production of seeds with high germination and good 
seed appearance. Low humidity reduces disease inci
dence. which is another major factor in seed yields in 
semiarid regions whenever sufficient water is available. 

Soil Fertility Concepts 

The "nutrient mobility concept" developed by Roger 
H. Bray of the University of Illinois (Bray. 1954) has 
provided a most valuable scientific understanding of soil 
fertility-plant relationships. A knowledge of this concept 
has been especially useful in developing an understand
ing of the complex soil fertility regime in semiarid 
regions. The concept fits the soil fertility status of such 
regions extremely well. Over the years, soil fertility 
professionals have developed methods and procedures 
for assessing soil ilertility status and needs of soils which 
precisely fit the nutrient mobility concept. 

The concept has been independently verified. The 
Nutrient Mobility Concept is based upon the relative 

mobility of nutrients in soils and recognizes that nitrate 
nitrogen (N) is quite mobile in soils. Its uptake by plants 
during a growing season is not dependent upon the 

magnitude of the root system. Because N is mobile, it 
follows the concept of Liebig's Law of the minimum and 
optima! amounts of N must be present in the soil to 
produce a given yield. Its mobility means that there 
exists the possibility for the uptake of a large portion of 
the applied N during the first season in which it is 
applied. The concept further explains the utility of the 
balance sheet approach to N fertilization and elucidates 
the reasoning of applying N rates commensurate with 
yield possibilities. Yield possibility is defined as the yield 
obtainable for any given field under the existing climatic 
conditions when all nutrients are present in sufficient 
but not harmful quantities. This approach to N fertiliza
tion has gained v, Idespread acceptance. 

Phosphorus (P) is immobile in soils. It follows the 
concept formulated by Mitscherlich known as the "per
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centage sufficiency concept." Its uptake by plants Is North Dakota State University. The use of the nitrate-N 
strongly influenced by the magnitude of the root system test for measuring residual available soil N was dis
and, even under the most favorable conditions, only a cussed at a Great Plains Agronomy Workshop at Stillwa
smali percentage of added phosphate fertilizer can be ter, Oklahoma in August 1966. The Oklahoma Coopera
taken up by a crop in one growing season. The amount tive Extension Service adopted the profile nitrate-N test 
of P fertilizer needed Is not dependent upon yield, but on as a part of a N recommendation program for wheat 
soil tests. There exists in the soil sufficient available P to production in 1964. Now every state in the semiarid 
produce a percentage of the yield possibility. Yields may region of the U.S. and the wheat-producing provinces of 
fluctuate widely, yet at a given soil test value, there is Canada utilize nitrate-N tests to assess Nfertilizer rates, 
sufficient P to produce a percentage ofwhatever yield the and the practice is spreading into higher rainfall areas. 
climate and cultural practices will allow. In addition to As mentioned earlier, the other component for making 
providing an estimate of rates of P application, the N recommendations for nonleguminous crops is arriving 
concept allows for an understanding of P placement at a yield goal on which to base the total N requirement. 
schemes needed for optimum production. The yield goal must be logical and realistic. If the yield 

Potassium (K), along with other cations, is also goal is too high and not achieved, more N will be applied 
considered an immobile soil nutrient although K is not than needed. Yield goals which are too conservative 
as immobile as P. On soils with a high cation exchange eliminate the possibility of achieving high yields if yield 
capacity, cations are relatively immobile but on others possibilities are high. In semiarid regions, average yields 
mobility increases. over long periods can be improved only by producing 

high yields in favorable seasons. 
Due to fluctuating weather conditions, especially 

Management Strategies rainfall, arriving at reasonable, profitable yield goals 
becomes the most difficult decision facing the grower or 

Bray's nutrient mobility concept is useful in soil those making fertilizer recommendations. No foolproof 
fertility management and accurately reflects soil chemi- method for making most profitable yield goal decisions 
cal processes. It recommends making N fertilizer recom- has evolved. Any procedure is subjectd.re at best. Using 
mendations based upon yield goals and P and Krecom- average yields in semiarid regions is too conservative 
mendations based upon soil tests. These more recent and actually results in lowering average yields with time. 
developments lend more credence to the basic nutrient A 9-year N rate study conducted at the Sandyland 
mobility concept. Research Station near Mangum, Oklahoma on grain 

sorghum provides insight to developing yield goals. 
Following the study, calculations were made as to N 

Nitrogen rates for maximizing profits over the period. Profits were 
maximized when sufficient N was applied to achieve a 

Prior to making recommendations for rates of N, a yield goal of 5260 kg/ha, but supplying that quantity 
yield goal must be established. The yield goal is an each year resulted in an average yield of only 3360 kg/ 
estimate of the yield possibility when preparations are ha. The actual average was reduced because of I year of 
being made for N fertilization. The amount of N needed drought with low yields regardless of Napplication, and 
for yield levels of various crops has been well docu- another year when planting was delayed too long be
mented. Once a yield goal is reached, decisions on N cause the soil was too wet for timely planting. If the yield 
rates become a simple task. goal each year had been set at the average of 3360 kg/ 

Residual or carryover N can be measured by deter- ha, the average would have dropped to 2020 kg/ha. This 
mining the concentration of nitrate-N in the soil profile. drop would have resulted in a ceiling of 3360 kg/ha in 
This quantity is subtracted from the total N requirement the more favorable years when 5264 kg/ha cou!d have 
to produce the yield goal. Plants can extract nitrates been produced with the higher N rates. in this experi
from anywhere in the root zone, but efficiency decreases ment, the response range was bracketed with some 
somewhat with rooting depth. Wheat can extract ni- rather high rates and maximum yields of 6720 kg/ha 
trates from as deep as 2 m, but because of sampling were produced. However, adding enough N annually to 
difficulties to that depth. it is recommended that samples produce the top yield greatly reduced profits below that 
for nitrates be taken at approximately 60 cm. In the hard obtained when setting a goal for the 5260 kg/ha yield. 
red winter wheat (Tittcum aestivum L.) belt of North The results of this study are summarized as an example 
America, it is estimated that more than two-thirds of any to show that fertilizing for average yields is too conserva
carryover nitrate-N will be accounted for in the root zone. tive and adding Nto achieve the top yields possible is too 
The reduced uptake efficiency below 60 cm helps ame- liberal, both of which result in less than maximum 
liorate estimates ignoring concentrations below that profits. In this study, each plot received the same annual 
depth. application. Measuring residual nitrates and adjusting 

Pioneers in developing the nitrate-N tests as a guide N application rates based upon profile nitrates could 
in assessing Nfertilizer rates for small grains production have improved profits further. 
ii dryland farming included Leggett (1959) of Washing- Several "rules of thumb" have emerged to help 
ton State University. Michalyna and Hedlin (1961) ofthe growers arrive at logical yield goals. These include 
University of Saskatchewan, and Young et el. (1965) of choosing yield goals based upon: (1) highest yield within 

http:subjectd.re
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the past 5 years, providing crop management was good. 
(2) yield goal set at 1.5 times long-term average, and (3) 
yield goal based on soil capabilities as defined in Stan-
dard Soil Surveys, using yields of top growers in the 
vicinity on the same kind of soil. Ifcrops are be±ing grown 
for farm consumption as is often the case for forages, an 
Important consideration is the amount ofproduce needed 
and amount of desirable land area available. In dryland 
farming, soil water is generally a limiting factor in 
production. Yield levels, with adequate plant nutrients. 
are commensurate with available soil water. The higher 
the stored subsoil water at planting, the greater the 
probability for satisfactory yields. Fallowing is used to 
increase soil water and yield levels. In some semiarid 
regions, soil water is plentiful at planting because it 
nearly always is replenished during the rainy season. 
However, whether or not the stored water is adequate for 
the crop planted after the monsoon depends upon when 
rainfall subsides and begins again (i.e., the length of the 
dry season). 

It must be remembered that fallowing not only 
increases subsoil water, but also increases N availabil-
ity. Two seasons of mineralizable N is used to produce 
one crop. Testing for available N (nitrate test) can meas-
ure the N mineralized during the fallow period. 

A knowledge of the amount of subsoil water plus 
probabilities of various rainfall quantities during the 
growing season helps improve the accuracy of most 
profitable yield goals. Even though yield goal predictions 
can be improved using stored water and rainfall proba-
bilities, relationships between fertilizer responses and 
measured soil water at any given date have not been 
describable for the most part. For more than 30 years, it 
was popular to measure soil profile water at frequent 
intervals during the growing season on all soil fertility 
field experiments. Very little of the collected data proved 
useful in predicting fertilizer responses. In the Great 
Plains ofthe U.S., with a few exceptions, monthly rainfall 
has failed to correlate well with wheat yields. 

Other considerations in N fertilization include fac-
tors such as: (1) crop residue utilization, (2) crop rota-
tions and cropping sequences. (3) use of animal and 
other wastes on the land, and (4) length of cultivation or 
other factors which influence soil organic matter activity 
(rate of decomposition). 

Highly carbonaceous crop residues increase avail-
able N as a consequence of the biological decomposition 
process. Leaving protective cover on the surface until the 
succeeding crop can provide adequate cover for erosion 
control is a desirable practice, but results in significant 
decomposition while the crop seeded into the residue is 
also actively growing. This places a heavy demand on 
available N supplies. 

Crop rotations which include a legume in the crop-
ping sequence can supply significant quantities of N to 
succeeding crops, but these N forms may not be meas-
ured as nitrate-N. Also, the length of fallow periods 
between harvest ofone crop until the next crop is seeded 
influences quantities of N mineralized, 

Animal wastes contain varying quantities of N, but 
the N occurs in many forms. Some forms are immedi-

ately available with other forms being mineralized over a 
period of time. The concept of plant available N (PAN) is 
used to estimate the quantity of N estimated to be 
available for plant growth during the growing season 
immediately following application. Plant available N is 
primarily a function of soil temperature, soil water, and 
soil aeration. Considerable amounts of ammonia N in 
animal and municipal wastes are lost through volatiliza
tion. 

Phosphorus 

Phosphorus applications depend upon the soil test 
value rather than yield levels because it is an immobile 
nutrient. Certainly, over a period of time, higher yield 
levels, with consequently higher P removal, result in a 
need for higher P fertilizer rates which will be reflected in 
subsequent soil test values. 

Soil tests for prediction of fertilizer requirement of 
crops have to be calibrated in real field situations. 
Calibration of soil tests are necessary because several 
compounds or forms of a nutrient present in the soil 
contribute to available supplies. It is not possible to 
define each form and to measure its contribution to 
available supply throughout the growing season. Efforts 
to develop methods to measure the total forms available 
to a crop during the season have failed. The capacity of 
the soil to replenish the concentration of a nutrient in 
soil solution upon depletion by plant roots is more 
important than the quantity of an available form present 
at any given time. However, through field calibration, the 
relationship between yield and soil-test value is estab
lished. The same field experiment can be used to relate 
yields io levels of added nutrients at various soil-test 
values. It should be emphasized that soil-test interpre
tations and fertilizer recommendations based on one 
region with a given set of soil conditions may not be valid 
for another region. The varying soil chemical properties 
in semiarid regions makes calibration for a single extrac
tant for P difficult. 

A satisfactory soil-tes calibration research program 
includes a large number o field experiments and should 
include soils differing au much as possible in their 
content of the available nutrient to be tested. Adequate 
levels of all nutrients except the one to be tested are 
applied. The tested nutrient is applied at several rates, 
either in arithmetical or geometric progression. T h e 
experimental design should conform with demands for 
statistical evaluation of data. A quantitative integration 
on soil-test value and yield responses is needed. The 
quantitative description of the effects of fertilizer on 
yields, calculation of optimal rates, development of soil
test calibration equations, and analysis of variance of 
data from fertilizer experiments all require the reresen
tation of yield as a function of available nutrient in the 
soil. A suitable mathematical model is chosen and 
values for its parameters estimated. Although these 
models are based on some basic observations, there is no 
universal theoretical model for the effects of nutrients on 
crop yield. Therefore, any empirical mathematical model 
and equation based on observations, experience, and 



ease of defining and calculating the needed parameters 
may be chosen. 

Total P levels are, in general. lower in semiarid soils 
contrasted to other regions, but availability seems to be 
higher except for those soils that are calcareous. A 

in semiaridconsiderable portion of total available P 

surface soils is in the organic fraction. Expariences of the 
author brought out the realization of the importance of 
the organic P fraction. During the initial years offertilizer 
tests on wheat production in western Oklahoma (early 
1950s), responses to added phosphate were commonly 
obtained and by the late 1950s responses to N fertiliza-
tion became widespread with rapid adoption of N fertili-
zation by growers. In the 1960s, rcsponses to P fertiliza-
tion became scarce but by the late 1970s yield increases 
from added P again became common and more dramatic 
than previously obtained. This puzzle was solved when 
soil P fractionation studies clearly showed a release of 
rather large quantities of organic P stimulated by N 
fertilization of wheat fields. 

Throughout semiarid regions, buildup ofavailable P 
levels by frequent P fertilization has occurred and to a 
larger extent than had been experienced in the more 
humid regions. Reversion of added P to nonavailable 
forms is a lesser prob'emin many semiarid soils. APrate 
study conducted on a rather typical Great Plains soil at 
the Wheatland Conservation Experiment Station, Chero-
kee, Oklahoma shows the accumulation of P during an 
8-year study. Phosphorus levels at the end of the study 
are shown in 'fable 1. The P soil test index at the 
beginning of the study was 38. Eight years of cropping 
without P fertilization had caused 'he soil-test index to 
fall to 32. Ai.nual applications were 22, 44, 66. and 88 
kg P205 ha. Soil-test values steadily increased with 
increasing increments of P fertilizer. No responses to 
applied P are expected with indexes above 40, and 
maintenance applications are suggested up t9 an index 
of 65. With a drop of six units during the 8-year period 
on control plots, it is clearly evident that the accumula-
tion created by the two highest rates results in plentiful 
available P for several years. This experiment shows the 
importance of P accumulation in dryland farming. 

Potassiumand OtherNutrients 

As a general rule, exchangeable K levels are rather 
high, but some soils are deficient especially where high 
yields of hay have been removed. Potassium fertilization 
follows the same guidelines as P because it is an immo-
bile nutrient, 

Iron deficiency chlorosis is widespread in semiarid 
soils, especially on grain sorghum. Iron chelates and 
foliar fertilization with ferrous sulfate do eliminate the 
chlorosis but these methods are costly. Increasing 
chelation ofsoil iron by application of feedlot wastes and 
barnyard manure is effective after the manure under-
goes some decomposition. First-year applications havr 
been disappointing and tend to discourage further use. 
In severely deficient soils, switching to less sensitive 
crops generally is a preferred management scheme. 

Sulfur and zinc can also be deficient. Fertilizatic a of 
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Table I. Phosphorus accumulation in a Grant silt loam soil 
(Udic Arqiustoll)-Wheatland Conservation Experiment Station. 
Cherokee. Oklahoma. 

O application rate
Anul8-Year Total Soil-Test P"Annual 

kg ha 

0 0 32
 
22 176 37
 
44 352 48
 
66 528 73
 
88 704 97
 
Initial test -38 

both can easily be accomplished with a number of 
sources. 

When micronutrients are deficient, they need to be 
applied, but micronutrients receive far more attention 
than they deserve based upon economic losses resulting 
from the few deficiencies that occur. 

Soil acidity is increasing on many surface soils in 
semiarid regions. This is a relatively recent occurrence 
and becomes an economic burden to growers. Agricifl
tural professionals not expecting severe soil acidity 
problems have been caught off-guard with respect to the 
problem and often expend much effort in exploring other 
ways to solve the problem. In many semiarid areas whe-e 
soil acidity is becoming a major problem, sources of 
limestone are not locally available causing"aglime" to be 
expensive. A complete aglime industry may have to be 
developed in many semiarid regions to remedy the soil 
acidity problem. 

Other management procedures include fertilizer 
placement, timing of application, and kinds or forms of 
fertilizer to apply. All of these have received considerable 
research effort, and, for local specialized situations, 
these methods can be important in improving fertilizer 
efficiency. Semiarid climates may generate conditions 
that warrant specific methods of fertilizer application, or 
specific compounds for maximizing fertilizer effective
ness. Such conditions may be inherent to soils devel
oped under these climates, as. for example, excessive 
soil salinity and soil alkalinity, or they may be formed by 
agrotechnical practices suitable to the area. Many such 
practices are popular in a cyclic nature, e.g.. fertilizer 
placement. Banding of P becomes a commonly accepted 
practice and gives way to broadcast application only to 
again become popular after a period of time. In the 
opinion of the author, sufficient fundamental knowledge 
has been learned about soil fertility, soil chemistry, and 
plant nutrition to adequately predict the effectiveness of 
most special soil fertility management practices. Contin
ued research effort on these practices is not likely to yield 
significant benefits. Some adaptive research may be 
fruitful, but over the long-term the challenge facing soil 
fertility professionals is to formulate and test new ideas 
and concepts which will propel us Into a new era in the 
struggle to eliminate nutrient deficiencies as constraints 
in crop production. 
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Introduction 

Efficient utilization of available water is the overrid-
ing consideration in sustaining dryland farming. To 
accomplish water use efficiency, there are several other 
soil constraints, not common to all dryland areas, that 
must be managed. In this paper we describe some of the 
regional or site-specific soil-related constraints that 
must be addressed in sustainable dryland farming sys-
tems. 

Dryland Setting 

Experience with land use in the United States was 
the basis for establishing the ustic soil water regime
which was then defined in terms of probability of avail-

able soil water (Smith, 1986). In this paper, we equate 

"dryland" with the ustic soil water regime (Soil Survey 

Staff, 1975). The dry limit of the regime defines soils 
where it is possible, in an average year, to grow at least 
one crop without irrigation, e.g., when there are more 
than 90 consecutive days when soil water is available. 
The wet limit of the regime defines soils where, in an 
average year, available water limits crop growth for at 
least a 90-day period when soil temperature is suitable 
for crop growth. An important aspect of this classifica-
tion is the significance of soil temperature. When soils 

with an ustic soil water regime have either an isotem
perature regime (less than 50C soil temperature. ap

proximately 70C air temperature difference between the 

mean June, July, and August temperature a.d the 
mean of December. January, and February tempera
ture), or a hyperthermic soil temperature regime (mean 
annual temperature higher than 220 C), the dry season 
can occur anytime during the year. Soils with such 
temperature regimes are often called "tropical" soils. In 
the "temperate" (non-iso) soils with ustic soil water 
regimes, the water stress must occur during the summer 
months. The significance of this distinction is that in the 
"temperate" soils, planting, timed to correspond with 
temperature, takes place following a period of low poten
tial evapotranspiration and the soil profile has some 
stored water. In the "tropical" soils with the ustic soil 
water regime, planting usually takes place in completely
dry soils and early crop development is totally dependent 
on subsequent rainfall. 

Agronomic Considerations Common 

to Dryland Farming 

Lack ofadequate water during the growing season is 
the major lim!tation of dryland farming, but a dry season 
is both good and bad for farming. Advantages and 
disadvantai!es of a dry season can be compared to the 

Table 1. Advantages or disadvantages of ustic soil water regime vs. the udic soil water regime for various aspects of sustainable 
agriculture. 

Agricultural activity Tropical (iso] areas 

Germination Disadvantage (planting is in hot, dry soil) 

Erosion control Disadvantage (incomplete plant cover 
at the start of the rainy season) 

Weed control Advantage (dry season weed suppression) 
Disease control Advantage (dry season diminishes virus. 

mold, fungus Infestations) 
Maturing crop Advantage (less grain deterioration) 
Storage and Advantage (better road repair) 

marketing 
Herbicide residue Advantage (decomposition of residue) 
Crop residue recycling Advantage (no leaching loss of nitrate) 

Soil compaction Advantage (adequate time to till) 

Temperate (non-iso) areas 

Disadvantage (planting on 
cold, wet soil) 

Usually no disadvantage 

Usually no advantage 
Usually no advantage 

Usually no advantage 
Usually no advantage 

Usually no advantage 
Advantage (crop residues serve as ground cover 

during the winter) 
Usually disadvantage (limited time to till) 
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more humid. udic soil water. in both "temperate" and factors that many soil properties are related to. Among 
"tropical" situations. these are relationships of pl-[and base saturation, both 

Several agricultural advantages of a dry season in tend to be higher in dryland areas than in more humid 
tropical areas are listed in Table 1. Similar advantages areas. This generalization, while true in temperate areas 
are not apparent in the temperate zone. The relative high of the northern hemisphere. does not apply to many 
populations in the ustic tropics has come to be partly tropical areas. Soils in many temperate areas are formed 
because of these advantages. The ustic tropics also have in materials ofrelatively recent glacial origin and contain 
some important disadvantages, the main one being the abundant reserves of weatherable minerals. In tropical 
incomplete ground cover at the start of the rainy season areas, far removed from recent sources of unweathered 
where rainfall erosivity is usually higher than during the 	 parent material, a much greater diversity of soil proper
rest of the year. 	 ties exists in drvland areas. Few. if any. generalizations 

can be made about soil properties other than the pres
ence of an ustic water regime. Fable 2 contains data of

Diversity of Soil Properties in profiles representative of extensive soils in tropical and 
Dryland Farming Areas temperate dryland areas. Extensive areas of acid and 

non-acid soils exist in the ustic tropics, while non-acid 
Most of the scientific understanding of soil forma- soils dominate the ustic temperate-region. 

tion has been learned from experience in the temperate These specific examples of dryland soil characteris
areas of the world. Climate is one of the soil forming tics emphasize that in addition to water, a wide range of 

Table 2. Characteristics of representative pedons of various dryland areas in tropical and teinpterate regions. 

Soil and Location 
Ann. 
ppt. Depth pH Sand Silt Clay Org.C. 

Exch. 
Bases 

Ext., 
Al 

Al' 
Satn. AWC9 

TROPICAL AREAS 

Anionic Acrustox" 
very-fine. allitic. 
isohvperthermic 
Brazilla. Brazil 

20) 

mm 

1605 

em 

0-10 
10-30 
30-50 

50-110 

5.0 
4.9 
5.0 
5.3 

120 
120 
110 
120 

120 
80 
70 
60 

g/kg 

760 
800 
820 
820 

41 
27 
18 
12 

cmol/kg 

0.7 1.4 
0.2 0.6 
0.2 0.1 
0.1 0.0 

% 

67 
75 
33 
0 

cm ' 

0.06 
0.10 
0.06 
0.06 

Typic Kandlustult' 1360 0-10 5.9 780 40 180 15 2.8 0.0 0 0.06 
fine-loamy siliceous 10-21 5.2 780 40 180 8 0.3 1.1 79 0.05 
isohyperthermic 1003) 21-48 5.0 730 30 240 4 0.2 0.7 78 0.08 
Kasama. Zambia 48 80 5.1 670 30 300 3 0.2 0.6 75 0.03 

80-119 5.4 680 30 290 2 0.1 0.6 86 0.03 

Typic Kandiustalf' 830 0-19 4.8 870 80 50 5 1.2 I 0 0.08 
fine-loamy mixed 19-31 4.7 860 80 60 2 0.5 0.2 29 0.10 
isohyperthermic (0161 31-72 5.7 750 70 180 2 1.9 0.0 0 0.02 
Mochlpapa. Zambia 72-125 5.8 690 60 250 1 1.9 0.0 0 0.04 

Psammantic' Paleustalf 658 0-9 4.9 910 60 30 3 0.5 0.3 38 0.09 
sandy, siliceous 9-30 4.9 910 60 40 2 0.3 0.4 57 0.10 
Isohyperthermic p. 32 30-58 4.9 880 60 60 1 0.4 0.3 43 0.09 
ICRISAT Center 58-78 5.0 890 60 60 1 0.6 0.1 14 0.09 
Niamy. Niger 78-98 5.1 880 	 50 70 1 0.6 0. 1 14 0.09 

TEMPERATE AREAS 
Udertie Plaleustall 1025 0-15 5.1 560 380 60 4 2.2 0.2 8 0.17 

fine. montmorillonltic 15-35 4.6 300 290 410 3 16.7 4.4 21 0.07 
thermic p. 106 35-63 4.4 340 330 330 2 16.0 1.8 10 0.07 
Kaufman Co.. Texas 63-100 5.0 350 320 330 2 19.3 0.2 1 0.08 

Udlc Pellustert" 925 0-15 6.4 230 410 360 10 28.4 0.0 0 0.14 
fine. montmorillonitlc 15-55 6.3 170 390 440 9 33.6 0.0 0 0.13 
thermlc p. 314 55-83 6.6 160 390 450 8 36.3 0.0 0 -
Collin Co.. Texas 83-122 7.7 160 390 450 6 33.9 0.0 0 0.14 

SMSS-USDA-SCS-SNLCS-EMBRAPA. 1986. 	 'In KCI 
hSMSS-USDA-SCS. 1985. 	 1AI/ECEC x 100. 
"West et al.. 1984. 	 IAWC = available HO (33 - 1500 KPa).
d USDA-SCS, 1976. 	 1tr = trace. 



soil-specific constraints exist. This Issue must ie recog-
nized to achieve sustainable agriculture. Overall soil 
constraints of the dryland tropics are shown in Table 3. 

Soil Acidity 

Although not commonly considered as a problem In 
the dryland tropics because of temperate dryland expe-
rience, soil acidity is a widespread limitation in extensive 
drylandareasofSouth America. Asia, andAfrica. Whereas 
this is easily recognized in areas mapped as Ultisols or 
Oxisols (Ustults and Ustox) such as the Cerrado and the 
Llanos of South America, acidity also is a severe problem 
in many Alfisols (Ultic subgroups of Paleustalfs and 
Kandiustalfs) in tile Sahel. In shifting cultivation sys-
terns (slash and burn), soil acidity can be ameliorated for 
a short time by the liming effect of the ash. I lowever, 
much of the ustic region has too little vegetation for 
burning to be an effective source of ash. To sustain 
periods of cropping beyond I or 2 years. supplemental 
sources of lime are often needed in these soils. Surface 
soil is further acidified by nitrogen fertilizers and by the 
decomposition of organic residues applied as mulch or 
manure. This "secondary acidity" is considered a major 
problem in dryland areas of West Africa (Pieri. 1987). 

Acid subsoils are a more severe limitation when 
present in an ustic soil water regime than in the better-
watered udic soil water regimes. Physiologically. both 
the virtual absence of calcium and the presence of high 
aluminum saturation restrict root elongation of acid-
ser. itive plants, thus, limiting effective rooting volume 
(Gonzalez et al., 1979). In some situations, a viable 
alternative to liming is the use of aluminum-tolerant 
cultivars. Recent advances in this technology, especially 
in sorghums (Sorghum sp.). millets (Pennisetum sp.), 
upland rice (Onjza sativa), and cowpeas (Vigna sirtensis) 

Table 3. Areal extent of soil constraints in the dryland (ustic) 
tropics incomparison with tile humid (udic) tropics, according 
to the fertility capability classification system (fron Sanchez et 
al.. 19831. 

Dryland tropics Humid tropics 
Soil constraint (1.54 x 10"ha) (1.41 x 10"ha) 

Drought stress for more 
than 3 months 100 0 

Soil acidity and alu73inu 
toxicity 62 73Low nutrient reserves 30 66 

High phosphorus fixation 17 38 
Steep slopes 

(more than 30%) 17 17 
Shallow soils 

(less than 50 cm) 12 7 
Poor drainage 9 13 
Vertic properties 7 1 
Low cation exchange 

capacity 6 11 
Calcareous soils 5 
Gravel 4 1 
Salinity I 
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are encouraging (Gourley and Salinas, 1987. Sanchez 
and Benites, 1987). 

Phosphorus 
Many dryland soils, especially in tropics, are Iormed 

oil materials that have weathered under oxidizing con
ditions for millions ofyears. The result is a composition 
ofquartz, kaolinite, iron. and aluminum oxide. These are 
the clayey textured Oxisols represented by the first soil 
in Table 2. Such soils are extremely low in available 
phosphorus and the large surface area of the fine clay 
and secondary iron oxide inactivate every form of phos
phate added as fertilizer. This fixation capacity can be 
estimated at 5 to 10 kg lP/ha for each 1% of clay in the 
plow layer. Attempts to circumvent this problem by band 
applications of P are severely restricted in the ustic soil 
water regime because crop roots proliferate only around 
the P band, and the plant is then vulnerable to drought 
because of its restricted root volume (Yost et al., 19791. 
Fortunately. such phosphate fixation problems, can be 
overcome by a one-time application of 200 kg li/ha or 
more. depending upon plow layer clay content (Goedert. 
1986). This practice has proven effective and is being 
used in Oxisols of central Brazil. Keys to such technology 
are credit facilities that view P fertilizer cjst as a capital 
expense to be calculated in land development cost much 
the same as an agricultural drainage system. Some 
annual maintenance of P fertilizer is required, about 25 
kg l/ha. forcontinuous croppingin high P-fixingOxisols. 
Many other soils of the dryland tropics, that do not fix 
high quantities of P. are still very deficient in this 
element. Such is tile case with most Vertisols (Le Mare. 
1987: Virmani. 1987). 

Potassium 

Potassium (K) is usually not a limitation in dryland 
"temperate" soils, due in part to tile high content of silt
sized mic- derived from continental glaciation. Potas
slum deficiency is most frequent when production levels 

are high in areas with sandy soils. Low K reserves are 

present in about a third of the tropical dryland areas 
(Sanchez et al., 1982). 

Other Nutrients 

Dryland areas are not exempt from micronutrient 
deficiencies. Many Ustox and Ustults are deficient in 

sulfur, magnesium, zinc. copper, boron, and molybde
num (Lopes, 1983: Plerl. 1987). The calcareous Ustalfs, 
Ustolls. and Usterts are often deficient in zinc and Iron 
(Le Mare, 1987: Virmani 1987). 

Salinity and Alkalinity 

Soluble salt and sodium accumulations are com
mon problems in seep areas of the drylands. Farmers 
seek to plant on seep areas within a landscape because 
of the visual presence of water. The localized nature of 
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sailnization and alkalization processes make regional 
discussion difficult. However, we havc never seen prob
lems in Ustox or Ustult dryland areas. In most cases, the 
problem areas can be traced to salt or sodium-rich 
geologic formations; or in the case of salinity, use of 
irrigation water derived from salt-rich geologic forma-
tions. 

Comparing Soil Constraints in 

Dryland (Ustic) vs. Humid (Udic) 


Tropics 


The areal extent of soil constraints in dryland and 
humid areas of the tropics is estimated in Table 3. In 
addition to the drought stress that defines the ustic soil 
water regime, two-thirds of the areas suffer from soil 
acidity and aluminum toxicity, a similar proportion of 
the extent of this constraint in the humid tropics. Low 
nutrient reserves ard high phosphorus fixation, al-
though half as extensive as in the humid tropics occupy
30 and 17% of the dryland tropics, respectively. Steeslopes are in equal proportion in both agroecologlcal 

zones. Shallow solum depth, vertic, calcareous. gravel 
content, and saline properties are more extensive in the 
ustic tropics while poor drainage and low cation ex-
change capacity are more abundant in the humid trop-
ics. 

Conclusion 

Maximum utilization of water is of paramount im-
portance in dryland areas. Methods for maximizing 
efficiency of water use in sustaining dryland farming are 
often beleaguered by one or more of the soil constraints 
we have presented. While sustainability of farming in 
dryland areas is not possible without attention to effi-
cient use of water, it is equally important to alleviateiert useilofeater iontintsuallyimprtto alrevate 
other soil-related constraints to farming in order to 
achieve maximum water use efficiency. Many of the 
agronomic practices required to alleviate them are well-
known (Goedert 1986; Virmani, 1987). 

To be sustainable, these practices require the estab-
lishment and maintenance of road and market infra
structure. 
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Introduction 

Agriculture in drylands can be a mining activity, 
when little effort is made to maintain the long term soil 
productivity. Resource base degradation is a common 
phenomenon in many of the dryland situations. Many 
times, drylands do not receive adequate attention in 
agricultural development plans. It should, however, be 
recognized that drylands represent a resource, which 
should be preserved and judiciously utilized, 

Nutrient stress can be a serious limiting factor for 
crop production in dryland agriculture. Low input of 
organic matter is a key factor resulting in low soil 
fertility. While fertilizer use in irrigated areas has appre-
ciably increased in recent years, its consumption in 
drylands continues to be low and irregular. In view of low 
soil fertility status, nutrient management assumes vital 
importance in drylands. Weak socioeconomic status of 
the farmers in these areas points to the need of develop-
inglocal manurial resources on a sustained basis coupled 
with measures to supplement nutrient requirements 
through fertilizers. This paper discusses the concept of 
integrated nutrient management based on utilization of 
various resources, viz., soil, organic, biological, and 
mineral fertilizers with particular reference to drylands. 

Integrated Plant Nutrition System 

The basic concept underlying the Integrated Plant 
Nutrition System (IPNS) is to provide ideal nutrition for 
a crop through a proper combination of various nutrient 
resources and their optimum utilization along with 
maintenance of soil productivity and ecology. The con-
cept of IPNS is illustrated in Figure 1. 

Some of the main objectives of IPNS are as follows: 
" 	To provide an ideal nutrition system for various soil-

plant s!tuations. 
* 	 To build up an optimum combination of various 

nutrient resources for nutrient supply. 
" To develop local manurial resources and increase 

their contribution towards nutrient supply. 

" To ensure efficient use of nutrient resources. 

* 	To avoid overexploitation of nutrient resources, to 

maintain loig-term soil fertility, and to prevent soil 
degradation. 

* 	To maintain the ecology. 
The components of IPNS consist of the soil resource, 

organic manures. bio-nutrient resources, and mineral 

fertilizers. Proper management of each of these compo

nents is essential for development of an effective IPNS. 

IPNS in Drylands 

An IPNS for drylands is influenced by special char

acteristics of drylands. 
* 	The soil resource often provides a poor nutrient 

supply base, and its erosion and degradation take 
place rapidly. resulting in lower soil productivity. 

* 	 Biomass availability in drylands is of a low order. 
Many times there is a conflict among various objec
tives. viz., nutrient, fuel, and fodder supplies. 

e 	 Choice of bio-nutrient resources is limited due to 
water deficient situations. For example. it is not 
feasible to supply Blue Green Algae (BGA) and Azolla 
in many situations. 

* 	 Utilization of mineral fertilizer resources by plants is 
limited due to inadequate soil water. 
Proper management of IPNS components in dry

lands can be difficult because other limitations such as 
poor economic conditions of the farmers, their poor 
managerial capacity, inadequate credit, high risks, and 
limited availability of agricultural inputs, especially at 
critical periods. 

1PNS Concept-Its Implementation in
Drylands 

The concept of IPNS is gradually gaining momen
tum. At quite a few locations, integrated farming sys
tems have been set up. However, adoption of IPNS on a 
large scale is yet to come. Since its establishment 
requires understanding of the concept and availability of 
basic information and scientific data, people at the field 
level find it difficult to implement. Few examples of IPNS 
are available for drylands. However, efforts have been 
made to study the effect of individual components of 
IPNS on crop yields and soil productivity, and results 
from several dryland studies are given in the following 
paragraphs. 

Experiments conducted at different dryland centers 
in India indicate the value of simultaneous use of farm 
yard manures (F..M) with mineral fertilizers for dryland 
crops. The simultaneous us,: of FYM and mineral fertil
izer significantly increased ,'jearl millet (Pennlsetumty
phoideum)yields at Jodhpu• (Rao and Das, 1982). Simi
lar results have been obta ned for sorghum in West 
African countries (Gigou, 1986). 
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Dryland research in India has shown the value in 
using crop residues. Experimental results on residue 
management at Bangalore show that the use of crop 
residues with fertilizer for maize (Zen mays L.) signifi-
cantly increased yields (Venkateswarlu. 1983). It has 
been found that returning crop residues as mulch can 
maintain the organic matter in soil and prcvide for a 
sustainable cropping system (Parthohardjono and 
HardJono, 1986). Use of a mulch at the rate of 6 Mg/ha 
with 50 kg N/ha produced forage maize yields equivalent 
to those obtained with the application of 100 kg N/ha 
alone at Hoshlarpur (Prihar and Arora. 1980). Addition 
of Leucaena leucocephalaloppings with fertilizer N re-
sulted in increased grain yields of sorghum [Sorghum 
bicolor (L.) Moench] at Solapur (Narkhede et al., 1984). 

Experiments on sorghum and pearl millet carried 
out on drylands at Hyderabad, India, show that simul-
taneous use of mineral fertilizer and a biological source 
of nutrients like Azospirillum result in higher yields of 
sorghum and pearl millet (Randhawa and Singh, 1983). 

An IPNS Modelfor Drylands 

In order to develop a nilel for IPNS, the following 
steps may have to be adopted: 

e Identification of suitable and potential cropping 
systems for the area. 
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* 	 Assessment of nutrient removal by the cropping 
systems for the desired yield levels. 

* 	 Assessment of soil fertility status and its contribu
tion towards nutrient supply. 

e 	 Identification of local manurial resources (LMR) and 
their potential in the region, possible level of utiliza
tion. and availability of nutrient from the LMR's. 

• Identification of biological nutrient resources, their 
applicability, and contribution to nutrient supply. 

a 	 Establishing fertilizer rates on the basis of total 
nutrient requirements for the cropping system and 
the availability of nutrients through soil, organic, 
and biological resources while taking into account 
fertilizer efficiency. 

• Evaluation and monitoring of the effect of the above
mentioned system on the long-term crop yield, soil 
productivity, and ecology. 
Studies have been conducted in different agro-soil 

climatic regions to study and identify suitable cropping 
systems. Similarly, studies have been conducted to 
assess nutrient removal by individual crops and the 
cropping systems (AICARP. 1985-86). With the expan
sion of soil testing facilities, available nutrient status 
can be determined for an increased number of locations. 
Local manurial resources have been estimated for vari
ouscountries(Hesseand Misra, 1982). However, further 
detailed site-specific information is needed. Compos-
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Figure 1. Illustration of the Integrated Plant Nutrition System (IPNS) concept. 
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tion of various organic resources and nutrient availabil- productivity. Future strategies for management of dry
ity through these sources have been reported (Parr and lands should, therefore, include IPNS as an essential 
Colaclcco, 1987). Applicability of biological resources, component. Dissemination and adoption of IPNS tech
their technology, and nutrient contribution are now well nology at the field level would necessarily have to be 
known (Misra, 1983). Numerous reports are available backed up with: 
concerning the efficiency of fertilizers under different * A strong policy support by the government, plan
crop management and cultural situations. ners, and administrators. 

In order to develop an IPNS model for dryland ° Better understanding of the concept and Its benefits 
production, information on various factors as men- and impact on productivity and ecology. 
tioned above is a prerequisite. An attempt has been * Proper research infrastructure to provide the needed 
made here to develop an IPNS model for a typical dryland information for formulation of IPNS models. 
situation in the Solapur region of India (Tables I and 2). e An effective technology transfer network. 

The potential success of IPNS is very dependent on 
Prospects of Implementing IPNS these factors. Considering the lh-nltations and uncer-

The increasing utilization of drylands to meet tainties associated with drylands, the implementation of 

foodgrain needs is leading to depletion of soil fertility and IPNS in drylands is likely to be very challenging. 

Table 1. A suggestive model of Integrated Plant Nutrition System in a dryland village" in Solapur region. India. 

Cropping system : Pearl millet - Gram 
Production target (Mg/ha) : 2.5 
Total nutrient removal 

N-P-K (kg/ha) 94.4 - 16.8 - 84.2 

Needs met through various nutrient resources during, 
Resources Kharif Rabi 

N P K N P K 

kg/hac 
Soil resource 60 5.3 149 65 6.6 166 

(Available nutrients) (10) (50) (15) (20) (20) (40) 

Organic resources 26 4.4 10.8 Residual nutrients 

(30) (65) (75) (15) (30) (40) 

Biological resourcesd 20 0 0 20 0 0 

Fertilizer 45 15.4 20.7 10 35.2 0 
(40) (20) (80) (60) (15) (75) 

Basic data of village
 
Net cultivated area : 200 ha
 
Rainfall 700 mm
 
Soil type Black
 
Human population : 1.000
 
Animal population : 320
 

Nutrient available through various organic sources* 

Type N P K 

kg/ha/year
 
Cattle (a) 9.2 1.32 5.49 
Buffaloes (b) 2.1 0.31 1.25 
Goat (c) 1.5 0.18 0.17 
Crop residues (d) 5.7 1.23 2.32 
Human (e) 7.5 1.32 1.66 

Total 26.0 4.36 10.79 

,Calculated on the basis of average output per animal and standard composition. Assumed level of utilization: (a) & (b): 50% for
 
dung and 75% for urine; (c) 80% for dung and 75% for urine: (d) 75%: (e) 80% for feces and 75% for urine.
 
b Kharif: June - September: Rabi: October - March.
 
Figures in ( ) indicate percent nutrient emciency/release rate.
 

d Pearl millet: Azopirilluni, Gram Rhizobium.
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Table 2. A suggestive model of Integrated Plant Nutrition System in dryland village In Solapur region, India. 

Nutrient removal 

Crop Production N P K 

Pearl millet 
Mg/ha 

1.5 49.6 
kg/ha 

13.5 52.6 

Gram 1.0 44.8 3.4 31.5 

Figures in ( indicate percent nutrient efficiency/release 

References 

Resources 

Soil resource 

Organic resource 

Biological resources 
(Azospirillum 
inoculation)
 

Fertilizer 


Soil resource 

Organic resources 

Biological resources 
(Rhizobium 
inoculation)
 

Fertilizer 


rate. 

Needs met through various 
nutrient resources 

N P K 

kg/hal 
60 5.3 149.4 

(10) 
13 

(50) 
2.2 

(15 
5.4 

(30) (65) (75) 
20 0 0 

50 46.2 33.2 
(40) (20) (80) 

65 6.6 166 
(20) (6.6) (40) 

13 2.2 5.4 
(25) (50) (65) 

20 0 0 

15 6.6 0 
(60) (15) (75) 
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Introduction 

The biological components of agricultural soils, 
excluding roots, comprise soil microorganisms and soil 
invertebrates. The diversity of these organisms is great, 
as is the complexity of sites within soil as habitats for 
these organisms. The major limitation to the activity of 
soil microorganisms is 'he availability of carbon sub-
strate. Plant residues and root-derived compounds are 
the major carbon source fcr heterotrophic soil organ-
isms. Agricultural practices and climate will dictate 
which organisms are active at any time due to changes 
in the che mical and physical enviroiment of soil. It is 
realistic vo attempt to understand how agricultural 
practices change the leve' of activity of beneficial organ-
isms in soil, with the intention of assessing the potential 
for management to attain maximum soil fertility. Such 
management may include Inoculation if particular or-
ganisms (e.g., root nodule bacteria) are absent, 

With a knowledge of the abundance and activity of 
potentially beneficial soil microorganisms and an under-
standing that varying the soil physical, chemical, and 
biological environment can change the level of activity of 
particular organisms, what are the options for manage-
ment to gain greater benefits from them? Microorgan-
isms may play an important role in dryland agriculture 
by affecting the infiltration of water and its uptake by 
plants. First, water-stable aggregates may be forrn-ed 
either by mechanical binding of soil particles by micro-
organisms or by the production of microbial polysaccha-
ride gums (Lynch and Bragg, 1985). Second, mycorrhi-
zal plants may have a greater capacity to tolerate water 
stress than non-mycorrhi,al plants. This greater capac-
ity may be related to both improved phosphorus (P) 
nutrition (Nelson and Safir, 1982) and to an ability to 
deplete soil water to a greater extent (Bethlenfalvay et al., 
1987). However. in this reviewwe will concentrate on the 
role of soil microorganisms in affecting nitrogen (N)and 
P availability for plants in dryland agricultural soils. We 
will present an approach to managing vesicular arbus-
cular (VA) mycorrhizal fungi as an example of the 
nrocedures ne',essary for assessing the potential for 
management of soil organisms. 

Enhancing Nitrogen Supply 


mineralization of organic material or from biological N 
fixation. The mineralization of organic matter is a func
tion of heterotrophic microorganisms, with some inter
action with certain soil invertebrates. Whether or not 
mineralization leads to increased N availability for plant 
growth will depend on the timing of mineralization and 
nitrification in relation to uptake by plan!s and condi
tions which are conducive to nutrient loss via leaching. 
An understanding of how agricultural practices such as 
stubble management affect mineralization could be used 
indecidingwhetherthestubbleisburnt, retained on the 
surface, or incorporated into the soil. 

Biological Nfixation is a major source of N in dryland 
farming where fertilizer N is expensive or not readily 
available. Nitrogen fixation by bacteria occurs either 
symbiotically with plants or by bacteria iving freely in 
soil or in the rhizosphere of plants. Inoculation with 
suitable non-symbiotic N-fixing bacteria associated with 
roots is a possibility, but research so far has had mixed 
success (Jagnow. 1987). Nonsymbiotic Nfixation maybe 
enhanced in some environments by stubble manage
ment to provide suitable supplies of carbon released 
from organic matter by certain microorganisms for both 
free-living and "associative" N fixers (Roper. 1985: Hal
sall and Gibson. 1986). The widespread exploitation of 
these interactions among microorganisms has yet to be 
demonstrated, but would depend on the agricultural 
practices used in management of stubble, the type of 
tillage used, and the climatic conditions. 

The most successful management of soil mici 3or

ganisms has been with legume root nodule bacteria. 
Symbiotic N fixation has been established in areas of 
dryland farning where neither the host plant nor the 
required rhizobia were previously present. Initially. the 
appropriate management strategy was inoculation with 
selected rhizobla suited to particular legume species and 
soils. More recently, inoculation with more effective 
rhizobia which are saprophytically competent has been 
required, leading to difficulties in introducing the new 
strains into soils containing similar rhizobia which may 
compete with the 'noculant strains for nodulation. 

Agricultural practices may affect the abundance of 
established populations of rhizobla in soils. The prac
tices that could affect !he succeis of symbiotic N fixation 
include: (i)rotation, including the length of time between legume crops or pastures; (ii) tillage, which may affect 

Nitrogen available for plant growth in soil, with the the distribution of rhizobia in the soil profile, with 
exclusion of applied fertilizer, is derived either from cultivation spreading the bac,, ii more evenly within 
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the surface layers, thus reducing the numbers in the 
vicinity of the germinating seeo and possibly leading to 
reduced nodulatlon (Coventry et al.. 1985: (iii) soil 
amendments such as lime may enhance the abundance 
of rhizobia that are not tolerant of increasing acidity 
related to some agricultural practices (Coventry et al.. 
1985): and (iv) gypsum,which may reduce nodulation 
(French. unpublished data). Application of N fertilizer 
may also affect the establishment of an effective symbio-
sis. Decreasing mineral N in soil by incorporating resi-
dues ofpreceding cereal crops may increase N fixation by 
crop and pasture legumes. 

Important areas ior future research are the selectioa 
of root nodule bacteria which are: (i)effective symbionts 
for new pasture and grain legumes. (ii) competitive with 
naturalized strains, and (iit)tolerant of environmental 
stresses such as soil 7.idity and low temperature (Rob-
son and Abbott. 1987). 

Enhancing Phosphorus Uptake
 
By Plants 


The management of VA mycorrhizal fungi in agricul-
tural soils has potential for improving the supply of 
pliosphate for many plant ,€pecies (Abbott and Robson, 
1987). These potentially beneficial fungi occur naturally 
in all agricultural soils. The actual benefit that they 
provide is not known and is not easy to measure. Species 
of VA mycorrhizal fungi differ in their ability to increase 
plant growth (under conlroiie'i conditions) and species 
of plants differ in their responsiveness to mycorrhizal 
infection (Abbott and Fobson. 1984). 

Agricultural practices can alter the abundance of 
VA mycorrhizal fungi in soils used for dryland farming. 
Fallowing can markedly reduce the population of fungi 
available to colonize suLbequent crops (Thompson. 1987). 
Rotation can change rhe number of infective propagules 
(e.g., Brassica species). and lupins (Lupinus sp.) and 
wheat (Thtkcum aestimum' L.) may reduce the infectivity 
for later sovn crops or pastures (Hayinan et al.. 1975: 
Scheltema et al.. unpublished data). Mixtures of plant 
species in pastures are likely to affect the number of 
p-opagules of the fungi for subsequent plant growvth 
either due to diffeiences in total root length or suscepti-
bility of roots to colonization 6y VA mycorrhizal fungi. 
Tillage can change the distribution and abundance of 
propagules of the fungi in the soil profile (Smith, 1978). 
andin thelimited numberofstudiesexaminingtheeffect 
of grazing, the level of colonization of roots may be 
altered(Bethlenfalvayetal., 1987).Applicationsofherbi-
cides apparently do not have adverse effects on the 
populations of VA mycorrhizal fungi in soils provided 
they are applied at recommended rates (Trappe et al.. 
1984). Other agricultural practices requiring further 
attention in relation to the cology of VA mycorrhizal 
fungi in dryland soils are fe' ,,dzer practice (particularly 
levels of P supply and induced changes in soil pHi and 
the use of rotations of particular plant species that will 
build up the abundanc ofprcpagules of these beneficial 
fungi in the soil (France at al., 1985). 

To determine whether it would be practical to at
tempt to manage VA mycorrhizal fungi by changing 
agricultural practice (including the option of inocula
tion), it is necessary to be able to predict the likely 
benefits of any change from current practice. For bene
fits to be gained from these fungi in addition to those that 
may already have been received. P must be limiting for 
plant growth. It is also necessary to ensure that the 
indigenous fungi are not already providing the max!
mum benefit possible. Currently it is not possible to (i) 
identify sites where nycorrhizal fungi are operating 
suboptimally. (ii) quantify the benefits that would result 
from changing the rate of infection or the timing of 
infection in relation to the P requhements of the plant, 
or (iii) change the species of fungi present in the soil. 
With exist'rig knowledge. the most cost-effective man
agement practice for a particular site cannot be selected. 

Research Approach 

The following approach to managing VA i;.'ycorrhizal 
fungi (Abbott and Robson, 1987) is am,appropr'ate model 
for research aimed at enhancing the act ivity of beneficial 
soil organisms. As VA mvcorrhizal fungi occur in all 
soils, the current benefits they provide need to be 
known. Perhaps they are already contributing at their 
maximum level. First. it is necessary to predict the 
response of plant growth in a particular soil to P supply 
and to mycorrhizal infection. What is the likel level of 
infection that is needed for maximum benefit? Thus, th2 
relationship between root colonization and enhance
ment of plant growth is required for different plant 
species in different soils. What is the likely level of 
infection that will develop in plants growing in the field? 
Here a procedure for predicting infection development in 
field soils is required. This could be based on an under
standing of the effects of agricultural practices on the 
population of mycorrhizal fungi in field soils, as well as 
the development of a plant bioassay to measure the 
current infectivity of the mycorrhizal fungi in the soil. 
This information could then be used to predict the likely 
level of infection for a particular crop or pasture if 
relationships are first established between the bioassay 
and the actual colonization of roots of plants in the same 
soils in the field. 

If soils prove to have limited potential for mycorrhiza 
formation, inoculation with selected strains of the fungi 
may be an option. The other possibility is to change 
agricultural practices to enhance the abundance of 
mycorrhizal fungi. At this stage, further research is 
necessary to develop the relationshiDs described above 
before the potential for managing VA mycorrhizal fungi 
to enhance phosphate uptake by plants can be assessed. 
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Introduction 

The major rainfed cereals of west Asia and north 
Africa (WANA), wheat (Titicum aestivum) and barley 
(Hordeum vulgare), are grown on predominantly calcare-
ous soils under winter rainfall averaging 200 to 600 mm. 
Much of the wheat at the wetter end of this range 
routinely receives Nand P fertilizers, but recent findings 
(Cooper et a!., 1987) that fertilizer can also increase the 
yield of barley grown under lower rainfall, 200 to 350 
mm, have yet to be extended to farmers. In many 
countries, including Syria. fertilizer is a limited if often 
subsidized resource, and the areas and crops upon 
which it is used are to an extent determined by govern-
ment policies. Research is concerned as much with 
informing decision-makers as advising farmers and 
extension workers. The priority is to optimize the use of 
fertilizer in the context of both local, national, and 
international fluctuations in costs and values of inputs 
and products and evolving agricultural practices. In 
such circumstances, all research on soil fertility and 
fertilizer use needs to be viewed within a conceptual 
framework interlinking the natural environment (soils 
and climate), farming systems (agronomic and socio-
economic factors), and national policies. This paper 
attempts to define recent and projected International 
Center for Agricultural Research in the Dry Areas 
(;CARDA) work on wheat and barley fertilization within 
such - framework. 

Environment 

Data from five sites along a rainfall transect in 
northwest Syria exemplify the conditions for rainfed 
cereal production (Table 1). Rain falls mainly from Octo-
ber to April, frost varies from 10 to 65 days according to 
site and year, sowing is usually in November-December. 
and harvest is in May-June. Most soils are moderately 
heavy-textured, but may be shallow, particularly In drier 
areas. The climate keeps soil organic matter content low 
but encourages high soil pH. calcium carbonate accu-
mulation, and phosphate fixation: and amounts ofavail-
able-P in unaniended soils are generally low. Mineral N 
valuesare highlyvariable. Sowing-time means of around 

15 mg/kg (but with high s.d.) have been found for both 
wheat and barley topsoils; but some drier sites show 
signs of subsoil nitrate accumulation, and the sampling 
depths needed for best estimates of availability are 
currently being examined. 

Recent and Current Work 

The best index of P-availability is that of Olsen et al. 
(1954). Twenty years ago, about 70% of all wheat and 
barley soils had less than 6 mg/kg Olsen-P, and wheat 
yields responded well to both N and P fertilizers. Since 
then, wheat responses to P (though not to N) have 
declined, and a recent survey showedl that only 25% of 
wheat soils now have less than 6 mg/kg Olsen-P. The 
presence of a few very high values implies that some 
farmers have been using excessive rates offertilizer. This 
has prompted us to try to improve our understanding of 
the relationships between fertilizer input, soil P-status. 
and the P-absorption properties of these soils. Future 
research will seek to define the optimum regime of P 
maintenance dressings, in relation to soil type and 
rainfall. 

There is also soil testing. The current consensus 
from calibration work across the WANA region is that 
Olsen-P values less than 5 to 6 mg/kg usually represent 
serious P deficiency for both wheat and barley (ICARDA/ 
MIAC, 1987). However, this perhaps needs qualification. 

Results from wheat trials in Syria in recent seasons, and 
from barley trials in 1987/88, show that low available-
P is a less serious constraint when rain is abundant. 
Future recommendations based on soil testing will need 
to take account of local rainfall probabilities. 

In contrast to wheat, fields in drier barley-growing 
areas, where farmers have not been encouraged to use 
fertilizer, show much the same levels of P-availability as 
20 years ago. In 55 recent on-farm barley trials, grain 
yield responded significantly to P 37 times and to N 20 
times, In absolute terms, responses to both N and P 
decreased with decreasing rainfall (in the range 147-339 
mm), but relative responses to P increased with decreas
ing rainfall and approached 100% below 200 mm. This 
demonstrates the importance of adequate P nutrition for 
maximizing the efficiency of crop rainfall utilizE -ion. 



However, it also shows that, in a variable rainfall envi-
ronment, fertilizer use increases the absolute size of 
year-to-yearvariabilityinproductivity.ThishasImplica-
tions for attempts to stabilize production, 

Even when the need for fertilizer has been identified, 
there is still the question of how best to apply it. For 
phosphate, incorporation into th . soil at or before sow-
ing is essential, but questions of %rhetherthis should be 
done by banding or broadcasting are complicated by the 
varietyoffarmers' tillage and seeding technliques. CARDA 
wheat experiments at three sites in northwest Syria over 
the last three seasons have compared banded and 
broadcast P at two or three application rates (Table 2). 
Differences appeared early. By tillering, plants in banded-
P plots showed a clear superiority over those that had 
received the same rate of P broadcast. Although this 
difference diminished as growth proceeded, eventual 
grain yields showed a significant response to P in six out 
of nine trials, and the advantage of banding was evident 
in all nine. Differences between sites and seasons in the 
optimum rate of P, and between sites, season, and rates 
in the relative advantage of banding. ".'ereappreciable, 
However, over all rates in all trials, banding raised the 
mean grain-yield response from 17 to 29% with broad-
casting. 

The main mechanism by which phosphate im-
proves cereal yields in Syria is the acceleration ofgrowth 
and phenological development during the immediate 
post-emergenceperiod(Cooperetal., 1987). Earlyground 
cover is increased, evaporative loss from the soil is 
reduced, and a greater proportion of the available water 
is channeled through the crop. It seems, however, that 
the strength of this early boost is greatly diminished if 
the fertilizer is broadcast, presumably because con~act 
between roots and fertilizer granules is delayed. But 
much depends on the weather. Th !relative advantage of 
more rapid phenological development and earlier matur-
ity may be reduced if late rains are good and tempera-
tures moderate during grain-filling or lost completely if 
there are late damaging frosts. Conversely, at a dry site 
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In a dry year, when lack of water during grain-filling is 
the major limitation on yield, the maximum benefit may 
be achieved from low rates of banded P. The surest 
advantage from banding seems likely to be realized with 
barley in dry areas. 

It Is often said that banding phosphate is advanta
geous because it reduces the rate of fixation. Fixation 
rates were measured for broadcast and banded P in 
replicated cylinders at Jindiress. Tel ttadya. and Breda, 
and little difference was found. This was probably be
cause, even with the highest rate, 52 kg 1l/ha banded. 
each fertilizer grarzule was observed to be surrounded by 
soil particles. Rates of fixation differed between sites, 
being greatest atJlindiress. The mean "half-life" ofP (time 
to lose half the initial availability) across the rainfall 
transect varied from 5 to 15 months, with a further 15 to 
40 months needed for the soil to return to its original 
"equilibrium" availability level. Current field work aims 
to determine the implications of these findings for the 
size and reliability of crop response to residual P. 

With or without fertilizer, crop performance is often 
affected by crop sequence. In drier areas, where barley 
predominates, the only two important sequences, fal
low-barley (F/B) and barley-barley (B/13). have mark 
edly different effects on barley production level and 
fertilizer response. Predictably, unfertilized yields are 
lower and responses to N-fertilizer higher on land under 
continuous barley, but responses to P are similar. Wheat 
rotations are more complex, and various sequence ef
fects occur. For example. wheat following summer mel
ons (Cucumis or Citnllus sp.) outyields wheat following 
spring-planted chickpeas (Cicerarietinum). This may be 
because melons, unlike chickpeas, leave some water in 
the soil; or because chickpeas leave surprisingly little 
available-N, while low-density summer plantings of 
melons act to an extent like bare fallows. These and other 
wheat sequence effects are inder C(urrent investigation. 

Ultimately, knowledge of crop responses to fertilizer. 
residual effects, and crop sequence eftects need to be 
coordinated into specific fertilizer regimes for specific 

Table 1. Site conditions at live points along a rainfall transect in NW Syria. 

SITE 

Kafr Tel 
Jindiress Antoon Hadya Breda Kharinasser 

Rainfall. mm 290-720 250-700 180-420 75-430 98-390 
- range mean 479 444 342 278 215 

Major cereal crop Wheat Wheat Wheat Barley Barley 

Soil class (FAO) Chromic Chromic Vert/chr Calcic Calcic 
vertisol vertisol luvisol xerosol xerosol 

Topsoil Clay Clay Clay Clay loam Loam 
- texture 
- pH 8.0 8.0 8.1 8.3 8.2 
- org C. g/kg 6.5 4.9 3.9 6.3 7.4 
- Olsen-P, mg/kg 3.4 3.2 6.9 3.5 5.1 

From Harmsen et al.. 1983. 
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rotations. Data from a trial at Breda show how regular 
fertilizer use has affected mean production from barley-
fallow (B/F), barley-vetch (Vicia sativa)(B/V), and bar-
ley-barley (B/B)rotations over 6 years (Figure 1). Fertil-
izer increased dry matter production by 108, 73, and 
151% in B/F. B/V, and B/B rotations, respectively. The 
absolute increase was the same in B/F and B/V rota-

tions though differently distributed among grain, straw, 
and vetch hay. The B/B rotation showed the greatest 
increase, but since twice as much fertilizer was applied, 
its efficiency of fertilizer use was actually least. Farmers 
faced with new technology are usually as much con
cemed with its reliability from year to year as with the 
mean long-tem increase in productivity it promises. It 
is significant that. in the present trial NP fertilizer
reduced the coefficient of variation in the B/F rotation, 

but increased it in B/V and B/B rotations. 

Economic and Socioeconomic 

Considerations 


All the results summarized here derive from crops 
grown by scientists. As fairly complex trials are needed 
to explore the relationships between fertilizers, crops, 
and the variable growth environment, even the extensive 
on-farm work was scientist-managed. But we netd to be 
aware of the bias this can introduce and allow for it. In 
particular, at most sites, zero-fertilizer control plots in 
research trials usually yield more than the farmer's own 
crop in the same field. Differences of up to 53% are not 
uncommon. The reasons vary from site to site but arise 
from differences in husbandry. Yield responses Ln f-rtil-
izer in scientist-managed trials tell us a lot about site 
potential but nothing reliable about what the farmer 
would get if he used fertilizer. This makes any economic 
calculations we base on our experimental results, either 
to advise farmers or government planners of uncertain 
validity, 

We can respond to this problem in several ways. We 
can v!nture on informed guess about how much farmer 

a) With NP Fertilizer 

Rotation: B/F 8/V B 

6 5.74i.60 (28%) 5.95t2.07 (35%) 

dry 5 4.67z0.89 (191) 1 SD SD 

matter 
Mg/2 h 4 - . I SD 

3 GRAI 

2 
I 
0J 

b) Without Fertilizer A.1.65 (20%) 

3 -. 1 I. S2 

2 
2.240.7s (35%) 

1. SD ... s 

L 
0 

Figure 1. Effect of fertilizer on dry matter produc
tion from three rotations at Breda, Syria; 6-year 
means, 1981-87. (Production comprised barley 
grain and straw from 1 ha in B/F rotation but from 
2 ha in B/B rotation, and grain and straw from 1 
ha and vetch nay from I ha in B/V rotation. Fertil
izer 20 kg N and 26 kg P/ha, was applied to the 
barley seedbed only. The B/B rotation thus re
ceived fertilizer every year, the B/V and B/F 
rotation only in alternate years.) 

management might reduce fertilizer response and calcu
late profitability on that basis. Or. we can tie recommen
dations to a package of other management recommen
dations and assume that the response of the farmer's 
crop will then be the same as ours. Or, we can find out, 
eixperimentally, what happens when the farmer uses 
fertilizer. In our barley fertilizer work, we are now pairing 
each scientist-managed trial with an adjacent farmer
managed trial, in which the farmer himself tries a small 
number of the same fertilizer treatments. This gives us 
a measure of the effect of management on fertilizer 

Table 2. Response of durum grain yield to broadcast and banded phosphate over three seasons at three sites in northern Syria. 

SITE 

Breda Tel Hadya Jindiress 

84/5 85/6 86/7 84/5 85/6 86/7 84/5 85/6 86/7
 

Sig. P response: + + + + + + 

Mean yields. Mg/ha:' 

Control 1.67 0.86 0.81 3.35 2.04 2.42 2.69 1.71 2.55 
Broadcast P 1.97 0.99 0.78 3.67 2.09 2.41 3.52 2.33 3.35 
Banded P 2.33 1.15 1.02 3.90 2.28 2.53 3.56 2.73 3.76 

% increase over control: 
Broadcast P 18 16 -5 10 3 0 31 36 31 
Banded P 40 34 25 16 12 4 32 60 47 

'In fertilized treatments, means of 18, 35 and 52 kg P/ha in 1984/5 and 1985/6, and of 18 and 35 kg P/ha in 1986/7. 

http:4.67z0.89
http:5.95t2.07
http:5.74i.60


response and some insight into the factors contributing 
to It. 

Thatproblemconcerningtheprofitabilityoffertilizer 
uie to individual farmers Is one of micro-economics. In 
the macro-economic context, however, It is not sufficient 
to demonstrate that phosphate significantly increases 
barley production in dry areas and that such increases 
give good economic returns to individual farmers. There 
must also be a better return, economically and in terms 
of national priorities, than there would be from the same 
fertilizer applied elsewhere to other crops. There is also 
a time dimension. Circumstances change. For example, 
the relative values of barley and wheat may be expected 
to fluctuate according to changes in both world prices 
and, locally. in the demand for wheat and barley-based 
livestock products. At the same time, we may expect the 
P-availability ofregularly fertilized soil to increase gradu-
ally. reducing the returns of yield and cash to further 
fe.tilizer additions. 

In time, such a decline would be likely to alter the 

balance of advantage from applying phosphate between 
the different agricultural sectors. We may anticipate a 
time when much of the irrigated and wheat lands will 
require only small maintenance dressings. The best 
economic option nationally then will be to use more 
phosphate elsewhere, on barley and perhaps grazing 
land. The research objective for the next few years, 
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integrating a range of activities in soil chemical, agro
nomic, and economic disciplines, is therefore to study 
the parameters of that situation and, among other 
things, construct a model, "fertilizer allocation studies," 
aimed at maximizing the efficiency of fertilizer use on a 
national basis. The lessons learned will, we believe, have 
useful application in other countries of the WANA region. 
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Introduction 

It is estimated that the semiarid parts of Kenya. 
grouped under medium potential productivity, occupy 
about 5.5% of the total land surface, leaving 12% to high 
potential and about 82.5% to low potential (arid) areas. 
The high potential land is densely populated due to high 

population growth which is estimated at 3.9% annually 
(Republic of Kenya, 1983). There is now population 
pressure on potential agricultural land: this has caused 
more people to move and settle in marginal land areas for 
cultivation. The knowledge, however, used in cultivating 
these fragile soils is borrowed from parts of the country 
where continuous use of soils with low management in 
crop production is practiced. 

Continuous use of soils without rest, as is the case 
with shifting cultivation, may lead to soil fertility decline 
and low crop yields (Nye and Greenland. 1960; Stephen, 
1979: Aina. 1979). The decline of soil fertility is attrib
uted to deterioration of soil physical conditions and loss 
ofnutrients from soils (Lal, 1976; Powlson. 1980: Green
land. 1981; Mochoge. 1986). The rate of organic matter 
loss from soils is increased by tillage (Blevins et al.. 
1983). and this has an effect on other soil properties. 

The purpose of this study was to evaluate the tillage 
effects or soil properties of the fragile soils from marginal 
areas of Kenya. 

Materials and Methods 

The soils for this study were taken from farmers' 
fields situated in the Machakos District. Kenya (10 35'S 
latitude. 370 14' E longitude: 1575 m above sea level). 
Mean annual rainfall here is around 700 mm and is 
bimodal, thus allowing two short growing seasons. 

The soils are deep, clay in nature, and of neutral 
acidity. They originate from a precambrian basement 
system of rocks composed of quartz. feldspatic, and 
gneiss materials. The soils are Ferral chromic-Luvisols 
(FAQ-UNESCO, 1974)or Oxic Paleustalfs, order Alfisols 
in the USDA (1975) Soil Taxonomy System. 

Surface sealing is common with these soils and they 
are very erodible. Tillage is usually done by ox-drawn 
plow and weeding is done by hoe. Use of mineral feitLil-
izers and manure is uncommon. Crop resi'iues are 
removed from fields after harvest and fed to animals 

during the long dry seasons. 

Soil samples were taken from cultivated and adja
cent uncultivated fields [under local grasses and scat
tered thor trees (Acacia sp.)). The cultivated fields 
(usually under a maize [Zea mays L.I Katumani compos
ite B, crop) had been in continuous use for nearly 10 
years. 

Five soil samples per profile were collected from 
eight profiles representing depths of0 to 10. 10to20. 20 
to 30, 30 to 40 and 40 to 50 cm. Organic carbon was 
determined by the We Ikley-Black method (Black. 1965), 
total nitrogen (N)by a Kjeldhal method as described by 
Fleige et al. (1971), cation exchange capacity by ammo
nium acetate extraction at pH 7.0, aggregate stability 
according to a wet-sieving method using Endecotts test 
sieve shaker (Model EFL - 2) (Kemper. 1965). and 
textural analysis by a hydrometer method (Day, 1965). 

Results and Discussion 

Organic Carbon (OC) and Total Nitrogen (Nt) 

The results ofOC changes in soils are shown inTable 
1.The values are means from four samples per depth. OC 
in this soil is generally low, ranging between 18.5 and 0.5 
g/kg, and decreases with depth. The uncultivated fields 
showed consistently higher OC content at all depths 
that the cultivated fields by a margin of 28 to 30%. This 
difference was only significant (**P< 0.01) at upper 
depths (0-30 cm). 

The soil samples from uncultivated fields showed 
relatively higher levels of N, throughout the soil profile 
(Table 2). The losses due to tillage ranged between 30 and 
20% with higher (**P<0.01) reductions at the topsoil (0 
- 10 cm). Being an Integral part of OC, N changes had 
similar trends to those of OC, but with slightly lower 
magnitudes. 

Tillage undoubtedly appears to have enhanced the 
reductions of organic matter and total N in this soil. This 
is attributed to Increased decomposition and minerali
zation rates (Powlson, 1980) and disruption of aggre
gates which apparently increased microbial access to 
organic compounds otherwise protected by physical 
entrapment (Rovira and Greacen: 1957). However: sur
face runoff and soil erosion are also contributory factors 
(Juoand Lal, 1977). Comparable losses of OC up to 58% 



Effects of Tillage on Soil in Kenya 383 

after 7 years of continuous cultivation of Alflsols from with OC while Kilewe (1984) attributed this to clay
 
Western Nigeria have been reported (Adepetu et al.. content.
 
1979).
 

Particle Size Distribution 
Cation Exchange Capacity (CEC) Results of textural analysis as shown in Table 5 

The CEC of the soil samples from uncultivated sites indicate that sand and clay were significantly (**P< 0.01) 
was between 13.2 and 24.5% higher than the corre- affected by tillage. The clay increased by over 26% while 
sponding samples from the cultivated sites (Table3). The sand decreased by a lesser margin in the cultivated soils 
differences were not statistically significant. This lack of as compared to soils from uncultivated fields. A high 
significance could be attributed to a !elatively higher correlation (r = -0.982) was recorded between sand de
clay content in cultivated soils (Table 5). which could crease and clay increase in cultivated soils. The differ
have compensated for the observed loss of OC (Table 1). ence in clay was widest in the 20- to 40-cm layer. 
or obscured any increase of CEC due to higher OC in Pulverization of sand and downward movement of clay 
uncultivated sites. might have led to this change. 

Aggregate Stability Conclusion 
As shown in Table 4. the water-stable aggregates 

expressed in mean weight diameter (MWD) in cultivated Tillage undoubtedly plays a major role in soil degra
soils were lower by 19 to 56% than those from unculti- dation. Unless proper soil management practices are 
vated soils. The differences in MWDs were pronounced incorporated, the situation can be hazardous, especially 
with depth increase. Mean weight diameters showed in marginal lands. 
positive correlations with OC (r = 0. 157) and sand (r = 
0.506) and a negative correlation with clay (r = - 0.428). References 
This would suggest that the higher MWDs recorded 
could be due to sand particles rather than to aggregates. Adepetu. J.A.. A.0. Obl,and E.A. Aduayi. 1979. Changes in soil 
This conclusion is contrary to earlier findings (Kilewe, fertility under continuous cultivation and fertilization in 
1984: Harris et al.. 1966). Harris et al. (1966) had South WesternNgeria. Nigeria Journal of Agricultural Sci
reported high correlations of water-stable aggregates ence 1:15-20. 

Table 1. Effect of tillage on organic carbon in soils in = 4). rable 3. Effect of tillage on CEC in soils in = 4). 

Area Area 

Depth Cultivated Grassland Depth Cultivated Grassland 

cm g/kg- cm cmol/kg
0- 10 12.3 (0.7), 18.8- ° , (1.6) 0- 10 14.8 (0.2), 18.9 (6.0

10 - 20 9.8 12.2) 14.4- (2.6) 10 - 20 16.3 (3.6) 19.7 (6.9)
°
20 - 30 7.4 (1.9) 11.6 (2.9) 20 - 30 16.6 (5.2 21.2 (8.4)

30 - 43 5.9 (0.9) 8.8 (2.2) 30 - 40 17.3 12.6) 21.8 (8.3)
40-50 5.2 (0.8) 7.5 (1.8) 40-50 18.0 (4.5) 20.7 (9.6) 

'Value in parentheses are standard deviations. "Values in parentheses are standard deviations.
b**denotes significance at 1%level; 'denotes significance at 5% 
level. 

Table 2. Effect of tillage on total nitrogen in soil (n = 4 1. Table 4. Soil wet aggregate stability expressed in MWDI in 
cultivated and grassland soils. 

Area 
Area 

Depth Cultivated Grassland 
Depth Cultivated Grassland 

cm g/kg 
0- 10 1.2 (0.1), 1.7*4h (0.31 cm mm 

10-20 1.0 (0.2) 1.3 (0.3) 0- 10 0.42 (0.28)" 0.50 (0.03)
20-30 0.8 (0.1) :.1 (0.2) 10-20 0.43 (0.07) 0.50 (0.06)
30-40 0.7 (0.1) 0.9 (0.2) 20-30 0.41 (0.14) 0.62 (0.23)
40-50 0.7 (0.1) 0.8 (0.2) 30-40 0.40 (0.09) 0.60 (0.11) 

- 40-50 0.43 (0.18) 0.60 (0,09) 
Valu. , parentheses are standaro deviations. 

b.. denotes significance at 1%level: 'denotes significance at MWD = Mean Weight Diameter (mm).

5% level. 'Values in parentheses are standard deviations.
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Table 5. Soil particle size distribution in cultivated and grassland soils (n = 4). 

Cultivated 

Depth sand silt 

cm 
0- 10 415 129 

(20) (31) 

10-20 350 122 


(48) (49) 
20-30 300 82 


(35) (29) 
30-40 298 88 


(35) (29) 

40-50 302 113 


(39) (52) 

'Values in parentheses are standard devihtions. 
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clay sand silt clay 

g/kg 
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(11 (77) (33) (54) 
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(70) (65) (44) (27) 
619 420 106 474 
(14) (62) (56) (38) 
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585 382 107 510 
(17) (56) (79) (15) 

Kemper, W.D. 1965. Aggregate stability. p. 511-519. In C.A. 
Black, led.) Methods of soil analysis. Madison, Wisconsin: 
American Society of AX iononi. 

Kilewe. A.M. 1984. lhys','al prop rties of soils in relation to 
erosion. East Africar grc'uhiral and Forestr Journal 44: 
242-2,46. 

Lal, R. 1976. No-tillage eflects on soil properties under different 
crops in Western Nigeria. Soil Science Society of Aoh-rica 
Journal 40:762-768. 

Mochoge. B.O.. and F. Beese. 1986. Effect of cultivation on 
nitrogen, carbon and phosphorus changes in some Kenya 
Red Soils. p. 296-302. In The Red Soils of East and Southern 
Africa. Proceedings International Symposium, Harare, 
Zimbabwe. February 1986. IDRC MRI 70E. 

Nye. P.. and P. J. Greenland. 1960. The soils under shifting 
cultivation. Technical Communication. No. 51. 1larpenden, 
U.K.: Commonwealth Bureau of Soil. 

Powlson. D.S. 1980. Effect of cultivation oil the mineralization 
of nitrogen in soil. Plant and Soil 57:151 - 153. 

Republic of Kenya 1983. l)evelotpnent Plan 1984-1988. Nal
robi: Government Printers. 

Rovira. A.D., and E.L. Greacen. 1957. The effect of aggregate 
lisruption oil the activity of microorganism s in the soil. 

Australian Journal of Agricultural Research 8:659-673. 
Stephen. D. 1979. Changes In yield and fertilizer responses 

with continuous cropping in Uganda. Experimental Agricul
ture 5:263-269. 

USDA Soil Survey Staff. 1975. Soil Taxonomy. Soil Conserva
tion Service. Agricultural Handbook 436. Washington D.C.: 
U.S. Government P'rintlng Office. 



110 Conservation Tillage Systems 
for South Australia 

R.G. Fawcett, T.N. Herrmann, and J.E. Schultz 
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Adelaide, South Australia 5001
 

Introduction 

Conservation tillage systems are being developed in 
South Australia (winterrainfall: 300-550 ram/year} with(rentrces(soil300Sth amofusig rainfall: 0 m ear) wReduced 
ptheof residues.roureons (esicinfal,ecrp a 
pasture residues, rotations, pesticides. etc.) for sus-
tained and economic farni productivity. Results are 

presented from field experiments dealing with the effects 
of: 1) tillage systems and fallowing on crop production; 
2) stubble residues on herbicide efficacy: 3) herbicide 
residues on sensitive genotypes: 4) tillage and rtations 
on pests and diseases: and 5) integration of tillage. 
rotation, and herbicides for increased productivity. 

Methods and Materials 

Site Details 

The locality, brief soil description, pH of the surface 
0- 10 cm. and average annual rainfall of the experiment 
sites referred to in this paper are: Halbury-loam over 
clay. pH 8.2. 450 mm rainfall: Lameroo-sandy loam 
over clay, pH 8.6, 370 mm rainfall: Northfleld-clay 
loam, pH 8.2. 530 mm rain, .11; and Salter's Springs-
clay loam over clay. pH 7.6. 490 mm rainfall, 

Tllage, Fallow, Seeding 

Fallow weed control vas with: 1)Conventional till
age (CT). cultivation only (full cultivation at seeding. 2)tillage (RT, reduced cultivation and/or herbi
cides (full cultivation at seeding): or 3) No tillage (NT), 
hricdsol(eerwthhas(pns)3 mwd: 
herbicides only [seeder with shares (points)30 mm wide: 
or with a triple disc drill in 1979 onlvl. Fallow length was: 

1) long-(begun in spring. 8-10 months): 2) short
(begun in autun. 1-4 months): or 3) iero-eweeds 

Genotypes 

Wheat (Triticumaestivum L.). barley (Hordeum vulgare 
L.), oats (Avena sativa L.), peas (P'sum sativum L.). faba 
beans (Vicia faba), oilseed rape fBrassica napus), pas
ture medics {Medicago spp.), annual rye grass (Lolium 
rigidum), barley grass (Hordeum leporinum), and sour
sobs (Oxalis pes-caprae). 

Fallowing 

Results emphasize the importance of a short fallow 
period for effective weed control prior to cropping in 300-

Table 1. Effect of fallow length on available soil water and nitrate nitrogen, plant establishment, and grain yield of spring wheat at 
Salter's Springs. South Australia, in 1983 and 1984: late May-June sowlngs. 
Fallow Average Grain 

per'-d soil water' Nitrate Establishment yield 

19831 1984 1983 1984 1983 1984 1983 1984
 

Weeks I rnm- - kg/ha- - Plants/nil -I Mg/ha 
<1 1 4 73 27 55 58 157' 1.21 1.41 
11 -28 57 85 63 79 118 169 3.10 2.89 
32-40 65 102 101 87 110 169 3.44 2.84 
P < 0.051 15 48 13 47 32 77 0.40 0.59 

1Soil cores 45 mm diameter; 0-85 cml were taken 2 weeks after seeding for estimates of available soil water (Fawcctt et al.. 1987)
 
and nitrate nitrogen.
 
"June rainfall below average.
 
' Plant numbers reduced approximately 50% by Cereal Curculio (Desiantha caudata)later in the season.
 
d Least significant difference at P <0.05 level. 
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to 500-mm rainfall areas. irrespective of the tillage or 
stubble handling system, in order to accumulate soil 
water and soil nitrate-nitrogen (N), and to reduce the risk 
of root diseases. Zero fallow-no till systems, while reduc-
Ing the risk of soil erosion in many situations, are not 
suitable for reliable crop production. Increases in crop 
yields associated with long fallows (8-10 months) are 
variable and most pronounced when the fallow year has 
above-average rainfall and rainfall during the growing 
season is below average. The results (Table 1) illustrate 
some of the effects of fallow length and season on 
available soil water. nitrate-N. and grain yield, 

Stubble Residues and 

Herbicide Efficacy 


It has been commonly accepted in southern Austra-
lia that the use of lower-cost incorporated herbicides 
such as trifluralin [2,6-dinitro-N.N-dipropyl-4-
(trifluoromethyl) benzeneamine is not compatible with 
stubble retention systems. The results (Table 2) show 

that substantial activity of triallate [3-(2.3,3-trichloro-2
propenyl) bis (1-methylethyl) carbamothioate (means of 
840 and 1200 g active ingredient (ai)/ha and trifluralin 
(means of 400 and 600 g ai/ha) can be obtained with 
relatively high levels of surfhce stubble (3-6 Mg/ha) at 
the time of herbicide application. The herbicides were 
incorporated with two passes of a stubble cultivator 
fitted with mulch treaders. Chlorsulfuron 12-chloro-N-[ 
[(4-methoxy-6-nmethyl-1,3.5-triazin-2-yl) aminol car
bonyl] benzenesulfonamide] (means of 15 and 30 g ai/ 
ha. applied post sowing-preemergence and not incorpo
rated) was least affected by the stubble treatments. 

Herbicide Residues and Sensitive 
Genotypes 

Residual herbicides such as chlorsulfuron have a 
potential role in the control ofweeds during autumn and 
spring fallows, providing the residual activity does not 
affect the following crop or subsequent crops and pas
tures. An assessment is being made in a current project 

Table 2. The elect of wheat straw (on the soil surface) on the efficacy of three herbicides at Northfield. South Australia, in 1983. 

Herbicide 

Triallate Trifluralin Chlorsulfuron 

(Oats"/Wheat)" (A.R.G."/Wheat)" (A.R.G.'/Wheatl' 
Wheat straw Plants Yield Plants Yield Plants Yield 

Mg/ha - no./rn Mg/ha no./ni Mg/ha no./n Mg/ha 
Control, 0 83.0 3.11 289.0 3.58 289.0 3.58 

0 16.0 5.05 49.7 4.59 14.3 4.89 
1.50 25.7 4.57 30.2 4.68 14.6 4.37 
3.00 28.1 4.62 41.0 4.27 12.2 4.61 
6.00 45.9 4.55 69.4 4.20 15.0 3.95
 

P < 0.05, 27.0 0.67 29.8 0.54 29.8 0.54
 

"The oats and annual rye grass (A.R.G.( were sown as target weeds. 
,Weed/crop combination. 
Least signillcant difference at P < 0.05 level. 

Table 3. The ellect of chlorsulfuron. applied in June 1982. on the growth and grain yield ofcrops grown in 1983 and 1984 at Northfleld. 
South Australia. 

Chlorsulfuron 1983 
Medic 

1984 
Peas 
1983 

Faba beans 
1983 

g al/ha 
0 

15.0 
30.0 

P < 0.05" 

5.00 
3.36 
2.91 

3.37 
2.92 
2.36 

1983: 

yield of tops iafter anthesis) Mg/ha 
6.47 5.96 
6.10 5.35 
6.06 7.15 

1.52: 1984: 0.75 

yield of grain. (pods & seeds for medlclMg/ha 
0 3.47 

15.0 1.85 
30.0 2.03 

P < 0.05" 0.74 

Least significant difference at P < 0.05 level. 

Rape 
1983 

Barley 
1983 

3.38 4.98 
4.13 5.08 
2.88 5.96 

6.85 
0.99 2.99 
0.89 3.38 
0.42 

1.64 4.86 
0.96 3.46 
0.75 3.62 
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of the potential use of residual herbicides such as Weed Control 
chlorsulfuron, atrazine [6-chloro-N-ethyl-N'-( 1-methyle
thyl)-1,3.5-triazine-2,4-dianiine], and associated cheni- The availability of suitable herbicides is critical to 

-cals for weed control in fallows, the period of residu l the success of reduced tillage and no-till systems. Sour
activity, and the location of activity within the soil profile. sobs were a major weed when a tillage experiment was 
An example of differences in genotypic sensitivity, ex- begun at Halbury in 1978. Incidence of the weed in 
pressed in growth and/or grain yield, to the residues of August-September, 1978 (about2 months after sowing), 
chlorsulfuron applied to an alkaline soil at Northfield, is was quite low on the conventionally tilled plots but high 
given in Table 3. The legumes-medic. peas. and beans- on the no-till plots (Table 4). This effect was due primar
were particularly sensitive. ily to the lack of a suitable herbicide (a knockdown 

herbicide used to control weeds before seeding only 
checked the soursob growth). Effective control of sour-

Tillage and Rotation Systems For sobs on the no-till plots only became possible after the
Weed and Disease Control introduction of chlorsulfuron in 1980. The continuedlow incidence of the weed on the continuously cropped 

Research and farmer experience is showing that the plots (both tillage systems), the increased incidence in 
incidence of weeds. insect pests, and diseases can often pasture years. and the adverse effects of the weed on 
be effectively controlled by an integrated use of tillage, grain yields should also be noted. 
herbicides, and rotations. The use of selective herbicides to remove grasses 

Table 4. The effect of tillage system, rotation, and herbicides on the control of soursobs (Oxalispes-caprae) and crop yields at Halbury, 

South Australia. 

Wheat - Pasture Wheat - Barley - Peas 

CT NT CT NT
 
Year Crop CT' NT" NO" N+" NO N+ Crop CT NT NO N+ NO N+
 

Weed score, Grain yield (Mg/ha) Weed score Grain yield (Mg/ha)
1978 Barley <1 10 2.59 3.00 1.58 2.32 Barley <1 8 2.80 2.97 1.35 2.38 
1979 Pasture 3 10 - - - - Peas <I 10 1.17 - 0.75 
1980 Wheat" 3 10, 1.12 0.98 0.86 0.86 Wheat" 3 10, 1.18 0.97 0.89 0.80
 
1981 Pasture 6 3 - - - Barley 3 <11 2.23 2.48 2.89 2.85
 
1982 Wheat" 61 2 0.42 0.46 0.72 0.70 Peas <I <1 0.43 - 0.55 
1983 Pasture <1I < - - - Wheat" <1 <l 2.97 2.86 3.46 3.21
 
1984 Wheat <1 3 2.52 2.66 2.87 2.67 Barley < I < I 2.81 3.77 2.30 3.56
 
1985 Pasture <1 3 - - - - Peas 
 I <1 2.43 - 2.79 

ICT.NT: see text.
 
"NO. N+: 20-35 kg N/ha.

'%-ed score: <1.nil or odd plants only and 10. plants throughout.
 
"Water stress during booting- grain filling.
 
IChlorsulfuron (15-19 g al/ha).
 

Table 5. The effect of tillage and rotations on bioassay ratings, 10-5) for Cereal Cyst Nematode (CCN: Heteroderaavenae)at Lameroo. 
South Australla. 

Wheat -Voluriteer pasture Wheat - Barley -Sown medic 

Year Crop CT' R" Crop CT RT 

1981 Wheat 3.5 2.0 Wheat 4.1 2.5 
1982 V/Pasture -- valey 3.0 1.5 
1983 Wheat 5.0 2.5 S/Med 
1984 V,'Pasture - - Wheat 1.3 1.5 
1985 Wheat 3.0 2.3 Barley 0.8 0.5 
1986 V/Pasture 3.8 1.5 S/Med 0.5 0.5 

1CCN bioassay ratings on soil samples by courtesy Agehem Pty Ltd. South Australia: 0 = nil infection; 5 = severe Ir.fLt.ton.
C'. RT: see text for details. 
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from pasture in winter (June-July)or to stop seed set in 
the spring (September-October) can substantially re-
duce the incidence of grasses in the following season. 

Disease Control 

The incidence of Cereal Cyst Nematode (CCN; Heter
oderaavenae)is substantially reduced by growing resis
tant genotypes in two consecutive years, while there can 
be some reduction associated with reduced tillage (Table 
5). Here, the sown medic and the barley cv Galleon were 
the resistant genotypes. The adverse effects of Rhizoc-
tonia spp. and associated fungi on crop yields are 
markedly reduced when a cultivated short fallow, rather 

than a no-till system, is used to ccntrol host plants 

(grasses. etc.) before seeding a crop. The incidence of 
Take-All (Gueumannomyces gramints)varies with sea
sonal conditions but can be reduced by effective control 
with herbicides of host genotypes (e.g., barley grass) in 

a legume pasture or grain crop grown in the previous 
year. 

Reference 

Fawcett. R. G., A. R. Richards. and R.N. Pederson. 1987. A 
"family of curves" filter paper method for estimating mols
ture release curves for individual samples of soil. In press. 
In Proceedings of National Workshop on the Effects of 
Management Practices on Soil Physical Properties. 
Toowoomba, Queensland, September 1987. 
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Introduction 

Nitrogen (N)is the most important variable for crop 
and fiber production in present day agricultural sys-
tems. It is, however, found in limitedandfinite quantities 
in most soil types in Malawi. Field experiments con-
ducted so far (Brown, 1962: Anon., 1974) have indicated 
that N is the most limiting nutrient element in most parts 
of Malawi. 

Although N is applied to increase crop yields, cur-
rent observations have indicated that N could have 
serious detrimental effects on humans, animals, and the 
environment (Nielsen et al., 1982; Watts and Hanks, 
1978). The Nleaching beyond the crop root zone pollutes 
groundwaters. while the N entering the atmosphere 
pollutes the environment and affects the ozone layer. 
The N not used up by the crop, which is lost through 
leaching. denitrification, and absorption on clay frac-
tions, reduces N uptake causing decreased grain and dry 
matter yields. Efforts to characterize N behavior under 
field conditions should, therefore, focus on minimizing N 
leaching to groundwaters and maximizing crop N-use 
efficiency. 

Past research investigations have concentrated on 
determining the total amounts of Nthat produced maxi-
mum and/or optimum grain yields (Bolton and Bennett, 
1974; Anon., 1968). These efforts have defined the 
criteria for quantifying N sufficiency and/or deficiency, 
From these findings, maize (Zea mays L.) crop produc-
tion functions have been determined which have formed 
the basis for fertilizer N recommendations. The limita-
tions of these approaches, although they are still useful 
and have provided us with a wealth of information, have 
recently been reviewed by Greenwood (1976) and Hanks 
et al. (1983). It is noted that (I)the resulting production 
functions (or regression equations) are site specific and 
should be used with caution when applied to other 
environments and that (i) these studies did not include 
all the factors and processes that dictate the fate and 
leaching of N. 

There is presently no data on the fate (leaching, 
sorption, transformations, and uptake) of N under rain-
fed conditions in Malawi which could be used as a basis 
for making N fertilizer recommendations. In the face of 
increasing costs of inorganic fertilizers, there is an 
urgent need to conduct systematic, coordinatcd efforts 
of management for water and mobile nutrients like N 

under Malawi field conditions. These should take into 

account the effects of interacting factors and processes. 
This will lead to the development of more efficient 
agricultural systems in which crop nutrient use effi
ciency is maximized and nutrient leaching beyond the 
crop root zone is minimized. With this in mind, the 
objective of the present studies is to determine the extent 
to which applied fertilizer Nleaches beyond the crop root 
zone and/or is retained in the crop root zone under 
rainfed conditions within the Chitedze environment of 
Malawi's Central Region. 

Methods and Materials 

A maize field (Zea mays L.) experiment was con
ducted at Chitedze Research Station on a fine-textured, 
sandy clay loam soil of the Lilongwe series (an Oxic 
Rhodustalf (Soil Taxonomy) or a Ferric Luvisol (FAO) in 
Block C. The field was previously planted with ground
nuts (Arachis hypogaea)as part of the rotation system 
that is followed at Chitedze. Detailed soil physical and 
chemical data for the Lilongwe series can be found in 
Billing (1978). 

The experiment was laid out as a 4 x 7 factorial in a 
randomized block design with the main objective of 
studying the effects of fertilizer N on corn grain yields, 
and nitrate-N transport in the corn root zone. There were 
four corn varieties: NSCM 41, UCA, MH 12, and local 
corn: and there were seven fertilizer N levels: 0, 35, 70, 
105, 140, 175 and 210 kg/ha N, giving 28 treatment 
combinations that we -e replicated three times. 

Fertilizer N, in the form of20:20:0 (20%N, 20% P205' 
and 0% K20) and calcium ammonium nitrate was ap
plied as a basal dressing on 12 December 1985, and as 
a top dressing on 17 January 1986, respectively. The 
fertilizer was surface banded onto the maize ridge. 

For this study, soil samples for water and Ndetermi
nations were collected in one maize variety (MH 12) and 
three fertilizer levels (0, 140, and 2 10 kg/ha N) in three 
replicates. Soil sampling sites were randomly selected 
from each plot. Soil samples were collected on top of the 
fertilizer band by a hand auger in 15-cm depth incre
ments up to a 60-cm depth. The 60-cm depth was 
chosen because it is widely believed that maximum root 
activity is between 30 and 60 cm. 

The various crop husbandry practices (weeding, 
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disease, and pest control), and the grain and dry matter 
yield data, are reported elsewhere (Ngwira. 1986). 

Results and Discussion 

Soil-Water in the Corn Root Zone 

The rainfall distribution pattern during the 1985/ 

86 growing season is depicted in Figure 1. A total of 1040 
mm of rain was recorded dur!ng the wettest months of 
October 1985 through April 1986. The corn was planted 
oil 20 November 1985 and emerged on 28 November 
1985. It reached physiological maturity at the end of 

March 1986. A total of 866 mi of rain was recorded 
between 20 November !985 and 31 March 1986, the 
effective crop growing season. 

Table 1 illustrates gravimetric soil-water content 
valdes measured in 15-cm depth increments during the 

growing season. These data indicate that there are small 

differences in soil-water contents both in time and space 
during the effective growing season (13 December 1985 
and 31 March 1986). 

The total amounts of water in the corn root zone (0
60 cn) during the growing season, together with soil
water at field capacity (0,, water) and wilting point (0, s 
water) (- 1.5 MPa matric potential) are depicted in Table 
2. The field capacity value reflects the upper limit of 
available water, while the wilting point soil-water indi

cates the lower limit ofavailable water. The total amounts 
of water residing in the corn root zone (0-60 cm) are all 
between 0 , (180 mm) and 01 5 (132 mm). except on 6 May 
1986 (177 days from planting) after tile maize had 
reached physiological maturity. Thus. stressing soil

water conditions developed well after physiological 
maturity of the maize. From these results, it can be 
concluded that the 1985-86 growing season had suffi
cient soil-water for optimum maize production. The 
rainfall distribution pattern in Figure I supports this 

observation. However, sufficient soil-water conditions at 

Table 1. Gravinetric soil-water content in tile maize root zone (0-60 cm) during the crop growing season (October 1985 to April 1986), 
Chitedze. 

Soil sampling dates 
Depth 12/13 1/7 1/21 2/4 2/19 3/6 3/20 4/6 4/21 5/6 

cl g/kg 
0- 15 185 228 226 232 188 225 242 224 147 114 
15- 30 196 216 232 208 199 221 199 240 181 120 
30-45 200 217 198 212 193 211 211 225 190 151 
45-60 196 203 187 212 196 212 203 254 188 173 

Mean 194 217 211 222 194 220 214 228 177 140
 

Table 2. Soil-water in the maize root zone (0-60 cm) during the crop growing season (October 1985 to April 1986), Chitedze. 

Soil-water 12/13 1/7 

01*water 180 180 
0is** water 132 132 
Profile water 150 168 

(0 - 60 cm) 

*0, water-field capacity soil-water. 
0, , water-wilting point soil-water. 

Soil sampling dates 
1/21 2/4 2/19 3/6 3/20 4/6 4/21 5/6 

mm 
180 180 180 180 180 180 180 180 
132 132 132 132 )32 132 132 132 
162 174 150 170 174 174 170 108 

Table 3. Nitrate-nitroge.i concentration profiles in the maize root zone (0-60 cm) during tile growing season (October 1985 to April 
1986), Chitedze. 

Soil sampling dates
 

Depth 2/13 1/7 1/21 2/4 2/19 3/6 3/20 4/6 4/21 5/6
 

cm mg/kg 
0 - 15 16 18 18 29 4 21 12 13 25 36
 
15-30 44 12 23 35 3 16 16 19 38 29 
30-45 64 23 15 31 3 13 15 11 25 17 
45-60 71 60 76 36 2 15 13 6 14 

* - Missing data. 
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Figure 1. Daily rainfall distribution for the 1985/ 
86 crop growing season. 

all times during the growing season might have the 
undesirable effect ofleaching fertilizer N beyond the corn 
root zone, thereby making it unavailable for maize 
uptake. 

These StL.,ies have assumed that the corn root zone 
is static and always 60 cm in depth. Th's assu-nption is 
not a true eflection of real field situations. The root 
system of a crop is a function of both space and time. It 
is zero at pL. tang and reaches its maximum when the 
crop stops growing at its physiological maturity stage. 
Nonetheless, the r : esent studies were carried out based 
on the widely h.jd assumption that maximum root 
activit' occurs between the 30- and 50-cm depth. Later 
studies will exten 1th, sampling depth to about 100 cm, 
depending on tht so," conditions, 

Soil NMtrate-Nitrogen 

Nitrate-N concentration profiles are illustrated on 
Table 3 for different soil depths and times of sampling in 
Replicate 1. Fertilizer N was applied on 12 December 
1L-85 and 17 January 1986, 24 and 67 days after 
planting, respectively. The data indicate that the nitrate-
N concentration profiles exhibited a conriderable degree 
of sp _al and temporal variability. For example, com-
pare the data recorded on 19 February wth the other 
times of sampling (Table 3). It is clear from tae data that 
fertilizer N leached beyond the corn root zone (60 cm) due 
to he processes of conv-ct!on, diffusion, and mechani-
cal dispersion in response to rainfall events, 

For most field management practices it !- usually 
assumed that the effects of diffusion and dispersion are 
neg'jgible, and the process of convection (or mass flow) 
is responsible for transporting solutes from one depth 
increment to another. If this approximation is correct, 
then the leaching of solutes due to the convective stream 
of water. obeyc, the "Piston Displacement Theory"; i.e., 
that the water initially in the soil Is displaced ahead of 
the water entering at the soil surface (Rao et al., 1977). 
If this is the case, then after any rainfall event (that 
effectively transports the solute) a solute peak front can 
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be identified. Data recorded on 20 March exhibit solute 
peak fronts between the 15- to 30-cm depth range. The 
decreasing peak positions (as a function of time and 
depth) reflect the extent to which N leaches beyond 60 
cm depth in responses to rainfall input events. 

The application of the top dressing on 17 January 
1986 is perhaps timely because studies conducted by 
Wood (1962) in the early 1960s indicated that the N flush 
occurring at the beginning of the growing season (which 
can be as high as 60 mg/kg soil is reduced to less than 
10 mg/kg soil by mid January. However, the occurrence 
of 121 mm of rain on 19 January was unfortunate 
because it leached the nitrate-N below the rort zone. The 

peak from the third sampling date cannot easily 
be identified. 

These preliminary data show results from one rep
licate and one fertilizer treatment only in order to dem
onstrate the extent to which fertilizer N leached in 
response to rainfall events. 

The observed variability can be attributed to (i) 
spatial and temporal variability, (ii) non-uniform soil 
surface baundary conditions due to methods of N appli
cation, (iII) differences between normal and actual N 
application rates, and (iv) differences of sampling sites in 
relation to sites of N application. Later studies will 
compare N use efficiency and leaching between different 
N levels and relate these findings to water input events 
and soil physical factors. This w!il facilitate predicting N 
leaching based on rainfall and soil physical parameters, 
which will be used in maKing fertilizer N recommenda
tions in conjunction with the determined maize produc
tion functions. A further thrust in these studies will 
concentrate on determining the total quantities of N 
residing in the crop root zone, relating the reidual N to 
the N flush that is reputed to occur at the beginning of 
the rainy season, and :cLmparing these with predicated 
results. 

Acknowledgments 

We would like to thank the Malawi Government, 
through the Secretary for Agriculture, for permission to 
present these results at the International Conference on 
Dryland Farmir ;. We are also grateful to our colleagues 
(I) in the Agronomy Section who carried out the corn 
experiment. (ii) in the Soil Physics Unit who helped in 
collecting and analyzing the soil samples. and (iii) Dr. 
Trent Bunderson for technical advice. This paper ts 
based on the work reported by the senior author in the 
Annual Report of the Soil Physics Unit for the 1985/86 
growing season. 

References
 
Anonymous. 1968. Annual Report of the Department of Agri

culture V:-scarch. Zomba, Malawi: Government Printer.
 
Anonymous. 1974. Annual Report of the Department of Agri

culture Research. Zomba, Malawi: Government Printer.
 
Billing, D.W. 1978. Soil Survey of the Chitedze Agricultural
 

Research Station. Soil Survey Section. Lilongwe, Malawi.
 



392 Fertility Management 

Bolton. A.. and A.J. Bennett. 1974. ODM Research Project-R. 
24 1. Maize Breeding and Agronomy General Report, Chit-
edze Research Station, Lilongwe, Malawi. 

Brown, P. 1962. Maize Agronomy Trials, Annual Report of the 
Department of Agriculture for 1960-61, Part 11.Zomba, 
Malawi: Government Printer. 

Greenwood, E.N. 1976. Nitrogen stress in plants. Advances in 
Agronomy 28 :1-35. 

Hanks, R.J., D.W. James, and D.W. Watts. 1983. Irrigation 
management and crop production as related to nitrate mo-
bility. p. 423-442. InW.E. Nelson, K.K. Tanjiand D.E. Elrick 
(eds.) Chemical Mobility and Reactlivity in Agricultural Soils. 
Monograph 22. Madison, Wisconsin: American Society of 
Agronomy. 

Ngwira. 	 L.D.M. 1986. Annual Report of the Maize Agronomy 
Research Project for 1985-86. Chitedze Research Station, 
Lilongwe, Malawi. 

Nielsen, D.R., P.J. Wierenga, and J.W. Biggar. 1982. Nitrogen 
transport in soil. p. 423-442. In F.J. Stevenson (ed.) Nitro
gen in Agricultural Soils. Monograph 22. Madison, Wiscon
sin: American Society of Agronomy. 

Rao, P.SC., J.M. Davidson. and L.C. Hammond. 1977. Estima
tlon of non-reactive solute front locations in soils. p. 235
242. In Proceedlings of the Hazardous Waste Residue Sym
posium. Tucson, Arizona. 

Watts, G.D., and R.J. Hanks. 1978. Asoil water nitrogen model 
for irrigated corn on sandy soils. Soil Science Society of 
America Proceedings 42:492-499. 

Wood, 	R.A. 1962. Soil Physics and Irrigation. Annual Report of 
the Department of Agriculture for 1960-61, Part II. Zomba, 
Malawi: Government Printer. 



112 Effect of Inoculation Rate on Nodulation 
and Growth of Soybean 

F.S.Wang, H.K. Chen, and F.Li* 
Huazhong Agricultural Uni-,ersity, Wuhan, Hubei 430070, People's Republic of China 

*Corresponding author. 

Introduction 

Inoculation of leguminous crops with efficient 
rhizobia is widely practiced in agriculture to establish a 
symbiotic system in soils that lack compatible rhizobium 
or to replace less effective rhizobia with more efficient 
ones. In the latter case, inoculation often does not result 
in significant yield increases. This prnblem has fre-
quently been encountered with soybean (Glycinemax L.) 
In China. Even in soils with no kmown history of soybean 
cultivation, there is certain amount of native rhizobia 
(Dowdle and Bohlool, 1985), but more rhizobia are found 
in soils planted to soybean for years. Ineffectivc. or less 
efficient rhizobia may be more competitive in nodule 
formation than the efficient Inoculated rhizobium strain, 
We have written a paper on the effects of rhizobium 
numbers and their distribution in soil in relation to 
nodule occupancy (Li et al., 1986). This paper presents 
the results of a study on inoculation rate to nodulation 
and soybean growth. Ways to increase efficiency of 
inoculum application are also discussed. 

Materials and Methods 

BradyrhizobiumjaponicumPRC005 (CAAS. Beijing) 
was used as the noculant. The sobean cultivarAijiaozao, 
supplied by the Oil Crop Institute, CAAS, Wuhan, was 
used for experimentation. 

Both pot and field experiments were conducted on 
an Alfilsol soil at the Farm of Huazhong Agricultural 
University. Some of its chemical properties were: pH 5.9: 
organic matter concntration, 18 g/kg; available N. 94 
mg/kg: total N, 0.91 g/kg: and total P. 0.55 g/kg. Before 
inoculation, the population of indigenous rhizobia was 
estimated by the MPN method of Vincent (1970) as being 
4.18 x 101 cell/g dry soil. 

Pot Experiments 

Earthen pots 10 cm in diameter and 10 cm tall were 
used for growing soybean plants. Soil collected from the 
experimental field and passed through a 1-cm opening 
sieve was filled into pots. Five treatments with six 
replications were carried out : 0:1, 1.2:1, 12:1. 120:1, 
1200:1 (inoculated rhizobia: native rhizobia at the time 

of inoculation). A liquid culture of strain PRC005 was 

mixed wIth all soil in a pot and sterli.ed water was added 
to adjust the soil water content. Seeds were surface 
sterilized and laid on sterilized wet sand to germinate. 
Six healthy germinated seeds were placed in each pot. 
and only four plants were maintained after seedling 
emergence. All pots were kept in an illuminated plant 
growth chamber. Nodule number (NN) and plant top dry 
weight (PTDW) were determined on the 35th day after 
planting. 

Field Experiment 

The field experiment was laid out In a randomized 
block split plot design with six treatments replicate-' four 
times. Plot size 5.5 x 2.4 m. Peat-based inoculum of 
strain PRCOO5 was mixed with about 10 cm of top soil 
just before sowing. Two treatments of no inoculum 
served as controls. In one, nitrogen (N)fertilizer ((NH .)2 
SO 4) was added. After inoculation, the cell numbers of 
strain PRCOO5 deiarmined by immunofluorescent anti
body detection in four different inoculum rate treat
ments were 4.7, 23, 173. and 586 times of indigenous 
rhizobia, respectively. Plant samples were collected on 
the 40th and 60th day after sowing. The whole root 
system was carefully dug out and the attached soil was 
gently removed by washing. Ten plants from each plot 
weresnmpled. PTDW, NN. nodule dry weight (NDW), and 
N concentration (NC) of plant tops were determined. 
Seed yields were calculated on the 90th day after sowing 
by harvesting plants from 4-m long sections of the two 
middle rows. 

Nod Ie Occupant Examinatiol 

The immunofluorescent antibody technique was 
ade ted to identify the nodule occupants to know the 
nodule percentage contributed by the inoculant strain 
PRC005. The procedure is described elsewhere in detail 
(Wang et al., 1985), 

Results 

Table I shows that by raising the inoculum rate. 
PTDW and nodulation percentage of the strain PRC005 

http:sterli.ed
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Table 1. Influence of inoculum rate on NN and PTDWI. 

Inoculum rate 
(PRC005: native) Nodulation PTDW 

NN g/plant 

0 :1 21.2 bl" 0.63 c 
1.2 :1 23.7 b 0.70 bc 
12 :1 24.9 ab 0.73 b 

120 :1 25.0 ab 0.73 b 
1200 :1 28.8 a 0.79 a 

_-

INN - nodule number: PTDW - plant top dry weight. 
bColumn values followed by the same letter or letters are not 
significantly different at P <0.05 (Duncan Multiple Range Test). 

could be increased to a certain extent at seedling stage. 
However, there were no significant differences in NN and 
PTDW between uninoculated control and of lower inocu
lum rate treatments. 

Piants were sampled at seedling arid flowering stages. 
Data of the flowering stage sampling are presented in 
Table 2. It shows that NN, NDW, and PTDW were 
increased slightly by itising inoculum rate. No differ-
ence among four rate treatments was noted. PTDW was 
increased considerably by the N-applying treatment, but 
tihc N content was lowe.r than that of the highest inocu-
lur rate treatment. Nitrogen fertilizer inhibited soybean 
nodulation, so the NN and NDW were less than those of 
all ino.ulum treatments, 

It can be seen from Table 3 that seed yield increased 
with Increasing inoculum rates. The yield difference 
between the highest rate treatment and the uninocu-
lated control was significant. No significant difference 
was seen among four inoculated treatments. Seed yield 
with the fixed Ntreatment was the highest, but it was not 
significantly higher than with the next highest inoculum 
rate treatment. 

Results of the pot experiments showed that the 
nodule occupancy of strain PRC005 increased with in-
creasinginoculum rates. Nodule occupancies of PRC005 
were 50.7% or 51.7% of total nodules formed when 
inoculum rhizobia were 120 or 126 times the indigenous 
rhizobia, respectively, in two series of pot experiments. 

Table 2. Influence of inoculum rate on nodulation and growth. 

Inoculum rate Totcl Nof 
(PRC005: native) Nodulation NDW PrI'D\V' plant tops 

NN mg/plant g/plant % 
4.7:1 2.91a b 48a 1.19a 0.17a 

23.7:1 5.0 a 58 a 1.29 a 0.20 a 
173:1 5.1 a 60 a 1.3 9 a 0.29 a 
586:1 6.4 a 63 a 2.28 ab 0.29 a 

0:1+N -6.3 b -19 b 2.98 b 0.24 a 

'All tIgures represent the difference between trcaupd (inoculation 
or application of fixed N)and untreated (only native rhizobia) in 
split plots. 
bColumn values followed by the same letter or letters are not 
significantly different at P < 0.05 (Duncan Multiplc Range Test). 

Table 3. Soybean seed yield. 

Inoculum rate 
(PRC005: native) Seed weight 

kg/ha 
0 :1 1390 ca 
4.7:1 1440 bc 

23.4:1 1550 bc 
173 :1 1630 abc 
586 :1 1910 a 

Values followed by the same letter or letters are not significantly 
different at P <0.05 (Duncan Multiple Range Test). 

The uata shown in Table 4 represent one of the two 
experiments. 

Discussion 

Results of both pot and field experiments conducted 
on soil well occupied by native rhizobia showed that the 
nodule number per plant increased as the quantity of 
inoculum was increased. However, the difference was 
not significant among inoculated treatments when plants 
in tile pot experiment were examined at seedling stage, 
except when the inoculum rate of 1200 times the indige
nous rhizobia was applied. In the field experiment, at the 
flowering stage, the number as well as dry weight of 
nodules and dry weight and total N concentration of 
plant tops increased to a certain extent by raising 
inoculum rate, but no significant difference was re
corded as compared with the split control. However, 
when comparison was made between the highest inocu
lum rate treatment and the control of no inoculum, 
inoculation increased the soybean seed yield signifl
cantly. Although the yield was less than with the N 
applying treatment, the difference was not significant. 

Heavy inoculum contributed to higher nodule occu
pancy (Table 4), which most probably was the cause of 
seed yield increase. Application of fixed N treatment 
produced highest seed yield in this study. There are a 
number of papers published dealing with the effect of N 
fertilization on N fixation by rhizobium-legume symbio
sis (Eaglesham et al., 1983; McNiel, 1982). A small 
amount of fertilizer N is helpful to legume growth,
particularly in poor soils. 

Soybean yield could be increased by inoculation 
even in the soil containing a large number of indigenous 
rhizobia. There are a number of factors influencing the 

Table 4. Nodule occupancy of PRC005. 

Inoculum rate Percent of total 
(PRC005: native) nodules formed 

0.12:1 0 
1.2 :1 6.7 

12 :1 9.4 
120 :1 50.7 
120 :1 72.2 



inoculation efficiency. The following points are what we 
would suggest in order to get good results when inocu-
lation is practiced. First, be certain the strain used as 
inoculum is much more competitive and effective than 
the indigenous rhizobia in the concerned soil. Second, a 
reasonably higher inoculum rate should be applied, 
better 500 to 1000 times of indigenous population, if 
possible. The greater the amount of inoculum applied, 
the higher the proportion of nodules containing the 
inoculant strain (Li et al., 1986; Kamicker and Brill, 
1987). Thirdly, although researchers have already put 
forth methods of improving inoculation (Boonkerd et 
al., 1978; Jensen, 1987), to mix the inoculum with the 
upper soil layer in the planting furrow probably is the 
best way. Lastly, ecological factors and method ofinocu-
lation have great influence on symbiotic Nfixation in soil 

(Schmidt and Robert, 1985: Kosslak and Bohlool, 1985), 
which must be managed to benefit both nodulation and 
plant growth. 
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Introduction 

The savannah belt that traverses the African conti-
nent below the Sahara from east to west is subdivided 
into ecologically distinct zones ofincreasing water availa-
bility (Fig. 1). The northernmost is the arid (<350 mm 
precipitation) Sahel, a tree and shrub steppe that barely 
supports extensive nomadic grazing. To the south fol-
lows the Sudan savannah with about 400 to 900 mm 
precipitation per year and a dry season of more than 5 
months which is used for grazing and millet (Penniseturn 
spp.) production. The Guinea savannah to the south 
with about 4 to 5 months dry season and up to 1300 mm 
annual precipitation is an important agricultural area 
producing a diversity of crops including sorghum [Sor-
ghum bicolor (L.) Moench], maize (Zea mays L.). yams 
(Dioscorearotundata),and grain legumes such asground-
nuts (Arachishypogaea). pigeonpeas (Cajanuscajan Mill 
sp.) and cowpeas (Vigna unguiculata). Preserved and 
utilized trees are mainly shea butter (Butyrospermum 
park/i), locust bean (Parkiabiglobosa). and the intro-
duced mango (Mangiferaindica).

Productivity of the Guinea savannah is limited by 

the irTegularity and unreliability of rainfall events, and 
years with less than 900 mm rainfall are common. 
Locally, the absence of a single rainfall event may 
constitute a drought, causing crop failures. Farming 
methods employ various means of risk avoidance such 
as intercropping of different crops with differing suscep-
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tibility to drought and flooding (during 	the brief but 

intensive rainfall events), and the use of early and late 
maturing varieties. Ridging, mounding, and the specific 
positioning of crop species relative to these elevations 
are elaborate means to accommodate the variable weather 
patterns. 

In addition to the climatic limitations, widespread 
ferruginous crust soils with low fertility and low average 
productivity (Adu, 1981)occur in large parts of semiarid 
west Africa (Fig. 1). The presence of ferruginous crusts 
aggravates climatic limitations like intermittent drought 
and intensive rainstorms since shallow soils overlying 
crust materials provide limited rooting depth and are 
subject to rapid erosion under unsuitable management. 

Population densities are generally low throughout 
the semiarids, but areas of local concentration have 
formed where soils are more fertile, such as the soils 
derived from greenstones in the Upper Region of Ghana. 
Other population centers have formed in the vicinity of 
towns such as Tamale in the Northern Region of Ghana 
where pressures on the land resource are considerable. 
This paper examines the fertility status of soils taken 
from the Volta basin in the Guinea savannah near 
Tamale and discusses some of the problems associated 
with the study of concretionary ferruginous crust soils 
typical for large areas in West Africa. 

Materials and Methods 

Soils 

The soils examined were obtained from the agricul
tural experiment station at Nyankpala near Tamale. 

included a catenary sequence, with its end 
members, of a moderately well drained upland soil 
(Tingoli series) containing large amounts of ironstone 
concretions and ferruginized sandstone fragments and 
an imperfectly drained depressional soil (Volta series) 
underlain by massive ironstone layers at varying depths 
(Adu, 1957). These soils are classified as Savannah 
Ochrosols and Savannah Gleysols in the Ghana classi
fication and correspond to Plinthic or Chromic Luvisols 
(Plinthustalfor Paleustal and Eutric or Dystric Gleysols 
(Tropaquepts). respectively, in the FAO (Soil Taxonomy) 

Figure 1. Vegetational belts and occurrence of system. Soils were sampled by genetic ihorizons. 
ferrugenous crust soils (shaded) in West Africa. On part of the upland area, a residual phosphorus 



fertilization trial was located in which 180 kg P/ha had 
been broadcast (Tessen et al., 1987). In an adjacent 
trial, crop sequences with maize, sorghum, yam, and 
groundnuts in a rotation had been maintained for 4 
years prior to sampling. Plant performance (Schmidt 
and Frey, Crop rotation effects in Northern Ghana, this 
volume) and residual nitrogen in the soil Tlessen, 1988) 
were evaluated. 

Analyses 

Effective cation exchange capacity, exchangeable 
cations, and base saturation were determined in an 
unbuffered I M ammonium chloride extract. Iron and 
aluminium were determined by plasma arc spectro-
photometry in oxalate and citrate-dithionite extracts 
(Schwertmann, 1964). Total P was determined by car-
bonate fusion. Phosphorus was fractionated into or-
ganic (Po), extractable inorganic, and residual non-
extractable P (Tiessenet al., 1984). Phosphorus sorption 
capacities were determined in 0.01 M potassium chlo-
ride (Tiessen et al., 1987). All analyses were performed 
on soil material screened through a 2 mm mesh (soil 
fines), and on the larger concretlonary material sepa-
rately. 

Table 1. Properties of selected soils from a catena in N. Ghana. 

Ox/DC 
Soil Depth Concret. DC Fe Fe Exch Al 

cm % mg/g 

DEPRESSIONAL 
SOILS 

Volta shallow 
Al 25 0.0 0.9 0.74 0.40 
A2 50 6.1 3.1 0.20 1.78 
BI 65 18.4 10.5 0.04 3.03 
B2 85 30.4 19.1 0.02 3.13 
B2-concretions - 51.6 0.01 2.63 

Volta deep 
Al 36 0.5 2.3 0.68 0.45 
AB 64 0.2 4.2 0.28 0.85 
BI 100+ 1.2 6.7 0.11 1.59 

UPLAND SOILS 

Kumayill 
Al 63 0.3 7.0 0.10 0.00 
B 74 11.1 9.3 0.06 0.04 

Tingoli shallow 
AP 30 52.4 8.6 0.05 0.00 
B 48 81.6 32.1 0.02 0.31 
B-concretions - 182.0 0.00 0.00 

Tingoli normal 
AP 10 11.5 11.4 0.05 0.01 
BI 48 17.1 16.2 0.06 0.00 
B2 78 15.3 18.0 0.06 0.06 
B3 100+ 44.4 22.6 0.04 0.08 
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Results 

Soils along the catenary sequence fell into two 
distinct groups of upland and depressional series (Table 
1). The upland soils are red to reddish-brown with 
significant concentrations of gravel-sized lateritic con
cretlons at the surface. An exception to this is the deeper 
Kumayili profile that is almost concretion free above a 

solid laterite crust at about 70 cm. Comparisons of 
profile depths with an earlier survey (Adu, 1957) indicate 
that about 20 to 30 cm of topsoil has been lost from the 
continuously-farmed Tingoli series. The Kumayili series 
is described as colluvial in the 1950 survey and is located 
on concave midslopes. Its total depth to the laterite 
pavement had not changed significantly over 35 years. 

All upland profiles are characterized by near 100/o 
base saturation giving them an adequate supply of K, 
Ca, and Mg for crop growth. They have relatively high 
dithionite-extractable iron contents and ratios of ox
alate- to dithionite-extractable Fe that are close to 0 
throughout the profile. This indicates a predominance of 
c'ystalline goethite (and lepidocrocite) over amorphous 
or ferrihydrite iron (Schwertmann et al., 1987). It has 
been suggested that these soils have been formed from 
pre-weathered shales and lateritic crusts of previous 

Exch Mg Exch Ca Exch K Total P Carbon Nitrogen 

cmol/kg mg/kg g/kg mg/kg 

0.26 0.86 0.10 68 3.8 306 
0.76 1.16 0.16 83 3.2 367 
1.62 1.73 0.29 96 3.0 413 
2.26 2.12 0.34 99 2.4 367 
2.18 1.84 0.34 94 2.5 327 

0.44 1.01 0.12 81 3.9 337 
0.61 1.08 0.13 87 2.4 291 
0.65 0.84 0.16 93 2.0 275 

0.71 1.96 0.13 111 4.5 389 
0.82 1.56 0.14 114 3.4 321 

0.55 1.85 0.21 117 4.8 367 
0.80 1.78 0.21 188 4.6 419 
0.44 0.88 0.28 807 2.4 164 

0.90 3.57 0.19 156 6.4 444 
0.90 2.72 0.12 161 3.5 306 
0.67 2.21 0.11 150 2.4 245 
0.64 2.24 0.15 150 2.6 275 
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land surfaces (Adu, 198 1). The abundance of thick (at 
times more than I m) lateritic crusts below relatively 
shallow top soils supports this theory. The very high 
base saturations seem contradictory and mineralogical 
and micromorphological studies are in progress to clar-
Ify this point. 

The greyish depressional profiles show slightly lower 
base saturations than the upland soils, and base satu-
rations clearly decrease with depth in the profile (Table 
1). Oxalate-extractable Fe predominates in the upper 
horizons but dithionite/citrate-extractable Fe contents 
increase with depth and crystailine goethitic oxides 
predominate at depth. Depth to the laterite pavement is 
variable and no uniform erosion or deposition patterns 
could be detected, although, in some sites, surface flow 
of water had exposed the pavement. Similar to the 
upland profiles, content of lateritic concretions in a 
horizon is related to its proximity to the laterite pave-
ment. 

Past reports have indicated not only relatively low P 
sorption for west African savannah soils (Juo and Fox. 
1977), but also erratic fertilizer responses (Ayodele and 
Agboola, 1983) despite generally low soil P contents 
(Brammer, 1962). 

Total P values in the topsoil increased from 70 to 120 
mg/kg along the catenary sequence from the depres-
sional Volta to the upland Tingoli series (Table 1). Plant 
available P (resin extractable) in all unfertilized top soils 
was deficient being I to 2 mg/kg. Organic P levels were 
30 to 40 mg/kg, extractable inorganic P roughly 15 mg/ 
kg, and residual nonextractable P was 30-90 mg/kg. The 
differences in total P along the catenary sequence were 
largely due to an increase in P content in the residual 
fraction which is thought to be tightly bound to Fe or Al. 
There were no trends in any of the other fractions. This 
is in concordance with results by Obeng (1970) who 
concluded that these soils are so highly developed that 
catenary position is no longer reflected in differences of 
P chemistry or mineralogy. There was a general trend of 
increasing total P from A to low B horizons as had already 
been found by Brammer (1962). 

Addition of 180 kg/ha fertilizer to the Tingoli soil 
raised the resin and extractable inorganic P levels tem-
porarily to 32 and 45 mg/kg respectively. Three years 
after the P application, all P fractions and total P of the 
soil fines were similar to the zero-fertilizer control levels, 
No significant differences between treatments in crop 
export of P and only minor differences of P contents of 
the the 20-40 cm soil layer were seen. The lateritic con-
cretions from the fertilized topsoil had a greatly in-
creased total P content of 500 mg/kg. Concretions from 
the 0-P control plot contained 320 mg/kg, part ofwhich 
was likely derived from previous fertilization, since the 
background level in concretions from a plot that was 
never cultivated was only 120 mg/kg. At a concretion 
content of the top soil between 12 and 25%, the increase 
in concretion P roughly accounts for the fertilizer addi-
tfons. The additional P in the concretions was all in the 
residual non-extractable fraction and is likely largely 
unavailable to subsequent crops (Tiessen et al., 1987). 
Similarly, high total and residual P contents in concre-

tions togetherwith low Pcontents in soil fines were found 
at the shallow Tingoli site which had received fertilizers 
for several years (Table 1). 

Maximum phosphorus sorption values were ap
proximately 250 mg/kg for the soil fines and 1500 mg/ 
kg for concretions (Tiessen et al., 1987). Clearly. the 
concretions were a very effective P sink. Since no crop 
responses were seen despite low resin extractable P 
levels in the original soils, the concretions may in fact 
withdraw P from available pools more effectively than the 
maize crop. Alternatively, the already-raised P levels in 
the concretions of the site have been a source of P for the 
maize crop and prevented a clear response to the added 
fertilizer. If this were the case, all cher' -al tests em
ployed to evaluate P availability have given erroneous 
results. This possibility of P desorption from these 
lateritic concretions to supply a plant is currently being 
investigated. 

In the crop sequence trial (Schmidt and Frey. Crop 
rotation effects in Northern Ghana. this volume), signifi
cant increases of 30 mg/kg residual N were observed 
with the inclusion of legumes in the rotation, but results 
were greatly affected by the variable (between 2 and 37%) 
concretion content of the trial plots (Tiessen, 1988). The 
effect of concretion content on residual N accumulation 
may be related to water availability, drainage or rooting 
depth. In addition, the sorption of inorg-'nic Nhy conere
tions was observed. Concretions from a nitrogen fertil
ized plot had average contents of 12.5 mg N/kg and 9.0 
mg N/kg of KCI extractable NO: and NH4, respectively, as 
compared to 0.9 and 2.5 mg N/kg in concretions from an 
adjacent unfertilized plot. 

Discussion and Conclusions 

Agricultural production in the Sub-Sahelian savan
nahs of west Africa is mainly limited by unreliable 
rainfall. Additional limitations due to low soil fertility are 
compounded by the high variability of the scarce rainfall 
since the ever present risk of crop failures due to short
term droughts practically rules out investments in fertil
izers by small-scale farmers. 

Phosphorus is the main limiting nutrient in the 
highly weathered soils. Responses to P fertilization are, 
nevertheless, frequently small and uneconomical, be
cause lateritic concretions in the soils are highly effective 
competitors for added P, removing P from plant available 
pools. Whether this removal is at least partly reversible 
is currently not known, although earlier authors consid
ered P "locked" up .n laterite concretions as lost (Pendel
ton, 1950). 

The results presented above and by Schmidt and 
Frey (this volume) indicated that the nitrogen supply 
may be successfully managed by suitable crop rotations. 
The long-term effect of such management through the 
carryover of residual soil N depends greatly on the soil 
and particularly on its content of lateritic concretions. 

The depth of soil above the laterite is largely deter
mined by past erosion history, i.e., slope position and 
management. As the soils become shallower, more con



cretionary material is mixed into the cultivated topsoil 
and the effects on nutrient cycling and availability 
increase. The danger of erosion and formation of barren 
areas (bovals) on these pavements has already been 
pointed out in earlier work by Obeng (1975) and others 

nted touthein
and led to the establishment of forest reserves on top 
slopes in northern Ghana in the 1950s. 

The role of organic matter In the cycling of plant 
nutrients including P (Lal, 1987; Stewart and Tiessen, 
1987) and its possible role in erosion prevention are not 
discussed here since annual burning and open dry-
season foraging effectively eliminate all above-ground 
organic returns in the area. Attempts to control annual 
burning have not been successful despite considerable 
penalties on Ghana's statutes and annual publicity 
campaigns. 

Methods for the supply and recycling of nutrients in 
low-input agriculture will have to rely on the use of 
suitable cropping systems. eventua introduction of 
residue management, and the use of P fertilizers on sites 
were the danger of P fixation by laterite is low. This 
requires guidelines on the fertilization of soils, which 
consider potential P fixation, based on depth to laterite, 
concretion content, and erosion hazard. In addition, the 
possible later availability of nutrients sorbed into later-
itic concretions will have to be investigated. 

This paper also indicates that the use of techniques 
developed on temperate soils, such as soil analysis on 
<2-mm material, can produce erroneous results in fer-
ruginous tropical soils. 
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Introduction 

Agricultural simulation models have proliferated 
t 	 e past severalyears. All require considerable soils data 
with which to operate. Much of the required basic soils 
data are similar. In this paper, we will discuss and 
illustrate how soil data are provided for the Erosion-
Productivity Impact Calculator (EPIC) model (Williams et 
al., 1984), which is designed to use soil data commonly 
available from soil characterization laboratories, pri-
marily the USDA-SCS National Soil Survey Laboratory 
(NSSL). The techniques illustrated may also be suitable 
for providing data for other models. The minimum set of 
soil attributes required for EPIC includes: depth. sand, 
silt, pH, organic carbon, calcium carbonate, cation 
exchange capacity, coarse fragment content, and sum of 
the bases. 

Depending on objective and availability, soils data 
f(r constructing EPIC soils data sets come from: 

* 	 Original laboratory data for a pedon from the simu- 
lation site. 

* 	 Laboratory data for a pedon from another location 
that classifies the soil the same as at the simulation 
site (a representative pedon). 

Layer No. 1 2 3 4 

Depth (m) 0.23 0.84 1.73 2.50 
Bu'k Den at 

33 lP, (mg/m) 1.60 1.50 1.66 1.66 
Wilttng Pt im/m) 0.05 0.16 0.13 0.13 
Mir Field Cap (m/m) 0.16 0.29 0.23 0.23 
Sand (g/kg) 831 582 549 570 
Silt (g/kg) 80 179 259 246 
Org N (mg/kg) 303 260 153 138 
pH 	 8.30 8.10 8.30 8.30 
Sum Bases (cmol/kg) 5.50 14.70 7.40 7.60 
Carbon (g/kg) 2.00 2.60 1.50 1.40 
CaCO,, (g/kgi 4.0 4.0 256.0 206.0 
Cation Exchange 

(cniol/kg) 5.50 14.70 7.40 7.60 
Coarse Fragment 

ig/kg) 0.0 0.0 20.0 30.0 
Bulk Den Ov Dry 

(Mg/rni) 1.71 1.60 1.78 1.78 

• 	Derived (or improved) estimates using available soils 

maps, associated data, and data summaries associ
ated with the soil classification unit of the soil at the 
site. 

All of these sources of data are used to produce EPIC soil 
data sets like that in Table 1. 

Derived soil data are the primary subject of this 
paper. In this context, derived data are based on sum
maries, interpretation of relationships of soil property 
values within large groups oifpedons with similar chemi
cal values, taxonomic classes, or other groups ofpedons. 
For this process to produce an acceptable data set, 
certain kinds of data must be available from the data
base and for the simulation site. The quality ofthese data 
influences the quality of the data set derived. 

For use ini the absence of site-specific data, over 
12.000 data sets, representing soil pedons from the 
United States and foreign countries analyzed by the 
USDA-SCS Soil Survey Laboratory, have been summa
ized for use as a primary soil reference source for 

modelers (Dyke and Rice, 1988).The data have been 
summarized by Soil Taxonomy great soil group, soil 
order, master horizon, and chemical and physical attrib
utes contained in the laboratory data base. Statistical 
and functional relationships of properties within and 
between classes are used to estimate values for the 
minimum set of attributes that are needed by the model 
(Baumer, 1987: Rice, 1988). The data summary illus
trated is classified using Soil Taxonomy (USDA, 1974) 

great soil groups (Table 2). The attributes summarized 
are listed in Table 3, and an example of the data is in 
Table 4 with the N representing the number of horizons 
used to calculate the mean and the CV representing the 
coefficient of variation. 

The ability to construct acceptable derived (esti-

Table 2. Great group taxonomic codes and names. 

AAQAL 	 ALBAQUALF 

AUSPA PALEUSTALF 
AUSRH RHODUSTALF 
DARPA PALEARGID 
EFLUD UDIFLUVENT 
ITRDY DYSTROPEPT 
UUDKA KANDIUDULT 
VUDPE PELLUDERT 



Soils Datafor Models 401 

Table 3. Identification of selected data elements summarized 
by Great Groups. 

Name in table Name on data sheets 

CLAY TOTAL CLAY 
SILT TOTAL SILT 
SAND TOTAL SAND 
CORSAN COARSE SANDS = COS, + VCS + .28"MS 
ORGCAB ORGN C (ORGANIC CARBON) 
SUMBAS SUM OF NH4OAC EXTRACTABLE BASES 
CEC CEC NH4OAC 
C03 CliRBONATES AS CaCO3 < 2 mm 
PH pH IN 1: 1 1-120 
BD3RD BULK DENSITY AT 1/3 BAR 
LL ATI'ERBERG LIMITS I. (LIQUID LIMIT) 
WRD WATER RETENTION DIFFERENCES 

Number of elements with summaries = 30 

mated) data sets depends greatly on the quality of the 
soil classification and location, site, and soil description. 
When the specific soil classification is not available, we 
translate the FAO-UNESCO soil map unit symbol of the 
site delineation to an equivalent soil taxonomy class. A 
soil map using any other well-documented soil classifi-
cation system can be used in the same way. Making this 
translation is critical. It is the responsibility of the 

individual researcher to obtain the quality ofdata that is 

appropriate and to use it within its limitation. By using 
derived data in the preliminary stages of simulations, 
when site data are not available, a scientist can fre-
quently learn enough to more confidently plan for the 
specific kind of data that meets particular needs. 

The technique illustrated in Figure 1 and in text 
following Figure 1 was found to be especially useful in 
quickly preparing preliminary responses to questions 
about far-off places that have minimal available soil 
information. It illustrates how we interpret information 
from the FAO-UNESCO soil map. find the appropriate 
soil water and temperature regimes, and identify the 
equivalent Soil Taxonomy great group. Continuing the 
illustration started in Figure 1. Van Wambeke (1982) 
suggests the soils have an aridic or ustic soil water 
regime and a hyperthermic soil temperature regime. 

The legend for the FAO Soil Maps (FAO, 1974) 
suggests that the soil of interest translates to Rhodus-
talfs (great group symbol AUSRH) or Paleustalfs (great 
group symbol AUSPA) in Soil Taxonomy (Table 3). The 

Table 4. Data elements summary for Great Group AAQAL. 

Table 6. EPIC soil data set assembled from laboratory data. 

Horizon 

A B C 

Depth 0.2 1.1 1.5
 
Bulk Density 1.7 1.7 1.7
 
Sand 76.0 52.30 48.0
 
Slt 15.0 11.0 17.0
 
Cas 5.6 5.4 5.7
 

Coarse sand 15.0 15.0 ~ 5.0
Macroporosity 2 3 3 
Sum of Bases 2.0 4.0 6.0 
Organic Carbon 0.5 0.4 0.3 
Calcium Carbonate 0.0 0.0 0.0 
CEC 2.0 6.0 7.0 

most authoratative cross-reference available should be 
used in this translation. Summarized data for this great 
group were used to produce the EPIC soil data shown in 
Table 5. For comparison. USDA-SCS NSSL data from a 
representative pedon with this classification from 
Botswana. were used to produce the EPIC soil data 
shown in Table 6. 

Most of the component parts of the process dis
cussed and illustrated exist and are used on a routine 
basis. The major component that is largely manual and 
which needs the expertise and experience of a soil 
scientist is translating the FAO-UNESCO soil map symbol 
to the appropriate Soil Taxonomy class. We hope to 
overcome that obstacle in the not too distant future. 

Table 5. EPIC soil data set from derived data. 

Depth 
Bulk Density 
Sand 
Silt 
pH 
Coarse Sand 
Macroporosity 
Sum of Bases 
Organic Carbon 
Calcium Carbonate 
CEC 

Horizon 

A B C 

0.3 1.1 1.8 
1.6 1.6 1.7 

74.0 50.0 49.0 
16.0 20.0 24.0 
6.4 6.7 7.3 

15.0 9.0 9.0 
2 3 3 
6.0 16.0 15.0 
0.6 0.3 0.2 
1.0 7.0 13.0 
7.0 18.0 15.0 

Soil Properties by Great Groups and Horizon 

BD3RD CEC PH CLAY ORGCAB 

N Mean CV N Mean CV N Mean CV N Mean CV N Mean CV 

A 43 :.471 7.6 95 10.97 47 123 5.712 13 122 15.7 43 121 0.8448 61 

B 98 1.504 II 181 25.54 34 227 5.866 18 229 39.2 29 220 0.3418 75 

C 16 1.471 12 29 27.35 39 43 6.337 15 42 33.7 46 42 0.1201 63 
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MAP S3125-Y1/2o
 

Figure 1. Interpretation of FAO-UNE8CO Boil Map Symbol to approximate coil taxonomy class. Information 
from FAO-UNE8CO Soil Map of Wr~rld - Vol. VI. Two degree window at 2O-22 ° S latitude and 26-28o E 
longitude. 
Soil Map Symbol = NF.45-3A NE = Eutic Nitosols 
45 = Associated Vertisols (V) Included Lithisola (I) 
3 = Fine Texture in Upper 35 cm 
a - Level or Gently Undulating Slope 
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Introduction 

Areas under dryland agriculture are characterized 
by high variability in the temporal and spatial rainfall 
patterns, and rainfall amounts are also low. Conse-
quently, there is a high demand for water, and agricul-
ture relies largely on stored soil water. Unlike other 
ecosystems, the water-holding capacities of these soils 
control agricultural productivity. Water stresses not 
only determine crop performance directly, but can also 
induce physiological drought conditions in some soils, 

One ofthe major constraints of agronomic and other 
soils research work done in less developed countries is 
the failure to properly characterize the sites where 
research is performed. This paper will use the complete 
characterization to elaborate on the concept ofsoil water 
regimes as used in Soil Taxonomy (Soil Survey Staff, 
1975). These data are from the Soil Management Sup-
port Services, World Benchmark Soils Project (WIBSP) 
along with other data from the United States Depart-
ment of Agriculture. Soil Conservation Service, National 
Soil Survey Laboratory, Lincoln, Nebraska. The WBSP 
contains complete profile data on 650 pedons from more 
than 35 countries. The database contains information 
on many other soil properties, including pH, cations, 
anions, charge characteristics, organic matter, particle 
size distributions and mineralogical data. All of these 
data can be used in agronomic research and manage
ment. Most of these data are for profiles sampled to 2 m, 
while much of the agrononkic sampling for fertility pur-
poses is only in the surface layer of the soil. Complete 
data to the depth of rooting and/or water movement 
allows for a much better understanding of the soils, 

Soil Water Regimes (SWRS) 

In Soil Taxonomy, sof water and temperature are 
considered as soil properties and unlike other classifica
tion systems, they are employed to classify soils. This is 
a major innovation in Soil Taxonomy and was intro
duced because: 1)soil water is one of the major controls 
of soil-forming processes: and 2) although the atmos
pheric climate may be similar, the actual soil water 
regime varies according to the kind of soil and the 
location of the soil in the landscape. On sloping land, due 

landscape positions where there is runon (water that has 

runoff land higher on the landscape), or on flat topogra

phy where most ofthe rain percolat :s. Crop performance 
is more a function of the soil water regime than of the 
total precipitation in the area. 

For classification purposes. a soil water control sec
tion (WCS) is identified and the depth limits are defined 
as follows: the upper boundary of the control section is 
the depth to which a dy (tension > 1500 kPa but not air 
dry) soil will be wetted by 25 mm of water within 24 
hours, and the lower boundary is the depth to which a 
dry soil will be wetted by 75 mm ofwater within 48 hours. 
To calculate the WCS bUlk density at 33 kPa. water 
retention at 33 kPa and 150u kPa horizon thickness are 
needed. These data are included in the WBSP. 

Soils with ustic SWRs characterize the semiarid 
tropics, and will be the major subject of this paper. The 
ustic SWR is intermediate between the udic and aridic 
regimes. The concept is one of limited soil water but the 
water is present at a time when temperature conditions 
are suitable for plant.growth. The ustic SWR borders the 
aridic SWR at one endand the udic SWR at the other end. 
These variations are Important for crop performance and
 

are recognized as subdivisions of the Ustic SWR (Van 
Wambeke, 1981, 1982) as Aridic Tropustic, Typic Tro
pustic, and Aridic T cpustic. For site specific appraisals, 
It is necessary to make actual soil water measurements. 

Major Soils in Dryland Areas 

A range of soils is present in the dryland areas of the 
tropics. In Soil Taxonomy, 10 orders of soils are recog
nized. The Aridisois. or the soils of desertic areas, have 
an aridic SWR and may only be present as minor 
inclusions in this zone. Table 1 lists the distribution of 

the major soils in the dryland areas. 

Soil Related Constraints Under 

Dryland Agriculture 

Apart from the soil water stress, which is the major 
constraint for agriculture, there are other constraints 
which are unique to the kinds of soils which may be 

to runoff, the soil water storage pattern is different from present in this ecosystem. 
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Table 1. Distribution of soils with ustic SWR in the world. 
(Unpublished data of Soil Conservation Service). 

Soil % 

Alfilsols 13.2 
Ustalfs 6.4 

Entisols, 8.3 

Inceptisols" 8.9 

Mollisols 8.6 
Ustolls 2.8 

Oxisols 8.5 
USTOX 2.6 

Ultisols 5.6 
Ustults 0.9 

Vertisols 1.8 
Usterts 1.7 

Land Area 

17.1 
8.3 

10.8 

11.5 

11.1 
3.7 

11.1 
3.4 

7.2 
1.2 

2.3 
2.2 

'No reliable estimate of soils with ustic SWR in this o.der. 

Soil Water Retention Properties of the Soils 

Soil water retention is a function of the particle size 
composition, mineralogy of the clay, and the tmount of 
organic matter. Soils show great variations in L..eir water 
retention properties. Table 2 gives the water holding 
capacity (WHC) (to a depth of 100 cm), for various 
particle size classes of the different orders. The data are 
summarized from the World Benchmark Soils Database 

(Eswaran et al., 1987) and from the National Soil Survey 
Laboratory of the Soil Conservation Service. USDA. 

Among the different kinds of soils, Oxisols have, in 
general, the lowest water-holding capacity (Table I -.-iu even lower than some soils with loamy textureu. The 

mean value of 115 mm/m is quite high for many Oxisols, 
particularly the sesqu!oxidic soils which have a very low 
water-holding capacity. In Oxisols, the WHC is strongly 
related to the amount oforganic matter and as there are 
many humus rich Oxisols in the database, the mean 
WIC is higher than expected. Plotting the data shows 
that the values are skewed to lower values in the Oxisols. 
The Ultisols also show a similar pattern as the minera
logical properties of these soils are close to the Oxisols. 

In contrast, the soils belonging to the other orders 
(Table 2) have much higher WHCs due partiy to the 
mineralogical compoaition of the clays. The humus rich 
Mollisols show very high values. Data in Tabi,- 2 indicate 
that the Inceptisols have the highest WHCs and this is 
partly because the Inceptisols in the database include 
the Andepts (the iicw order of Andisols would take out 
such soils). When the Andisols (Andepts) are considered 
as a group, with their dominance of short range order 
minerals such as allophane, they have a very high WIHC 
(Table 2). 

The WHC calculated to a specific depth, though 
useful for comparison between soils, is less meaningful.
Textural changes within a soil markedly influence the 
WI-HC and the texture in the upper part of the soil and 
may be the determining factor for successful crop estab
lishment or growth. Many Alfisols and Ultisols have a 
lighter textured surface norizon. This promotes infiltra
tion and reduces runoff, but the surface layers also 
dewater rapidly inducing water stress. Also, many soils 

Table 2. Water holding capacity (mm to 100 cm) for difTerent particle size classes by soil order. 

Particle size class 
Order Coarse Fine Coarse Fine Fine Very Fine 

loamy loamy silty silty clayey clayey 

am/ 100 cm 
Oxisols 116 
Vertisols 118 125 123 
Mollisols 114 132 169 137 133 116 
Alfisols 118 102 129 139 
Inceptisols 168 170 V,.6 201 
Andisols 

(Thixotropic - 353)
 
(Medial - 355)
 

Table 3. Clay concentration and water retention difference (WRD) of selected soils in Zimbabwe. 

Depth Oxsol Alfisol Vertisol Entisol 

Clay WRD Clay WRD Clay WRD Clay WRD 

cm g/kg cm/cm g/kg cm/cm g/kg cm/cm g/kg cm/cm
20 608 0.12 74 0.05 677 0.23 63 0.03 
50 586 0.09 126 0.06 698 0.21 75 0.04 
75 544 0.08 147 0.06 744 0.17 69 0.06 

100 529 0.10 167 0.06 738 0.15 78 0.08 



have lithological changes which can affect water storage 
and the water available to plants. Coarse-textured layers 
do not need to be very thick to greatly affect storage ard 
infiltration. This is evident in complete pedon charac-
terization data, but not ifonly the surface soil is sampled 
axd analyzed. Table 3 illustrates the particle size change 
with depth for some soils in Zimbabwe. Except for the 
Alfisols, the other soils (Table 3) have a relatively cor-
stant clay content with depth. The sandy surface h~orizon 
in the Alfisol and the general low clay content in the 
Alflsol of 'fable 3 makes this soil most susceptible to 
water stress and requires special management tech-
niques. These soils are most responsive to irrigated 
.griculture, but are highly risky for low-input traditional 
agriculture. 

Shrink/Swell Potential 

These problems are largely confined to the Vertisols 
and/or vertic subgroup- of other orders. The high clay 
content and the donminance of the clays by montmorillo
nite give special attrlbutes to these soils. Vertisols have 
a mean linear extensibility of 11.5 cm/m and vertic 
subgroups have a mean of 1I cm/m. If we compare this 
to the mean for all other soils with greater than 350 g/ 
kg clay (6.4 cm/ni), there are major differences. Plots of 
linear extensibility show the nonvertic soils are skewed 
to the left and the Vertisols and vertic subgroups to the 

right. The comparisons were only made between high 

clay content soils. If the low clay content soils in other 
orders were Included, the values for the non-Vertisols 

and vertic subgroups would be much lower. However, 
such comparisons would have little meaning. 
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Conclusions 

Water-hclding capacity and shrink-swell potential 
of the major soils in the ustic areas where dryland 
agriculture is practiced were compared. These compari
sons were made using data from the WBSP of SMSS and 
other SCS data stored at the National Soil Survey 
Laboratory, Lincoln, NE. The data in these fles are not 
just for the surface of the profiles, but to depth of greater 
than 1 m and, in many cases, to 2 m. These data are 
available for researchers and were used to determine the 
water-holding capacity of many different soils. They can 
also be used to make many other management recom
mendations, in agrotechnology transfer, and to make 
recommendations on areas where more research is 

needed and where the best use of limited resources can 
be made. 
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Introduction 

Long-term field studies are required to quantify 
tillage, crop rotation, and other treatment effects on soil 
properties. The magnitude of these treatment effects 
may be different for different soils. Unfortunately, soil 
variability in field plot experiments can increase vai-
ation in measured crop parameters and reduce the 
ability to detect 'true' differences between treatments, 
Therefore, quantfying soil spatial variability prior to 
initiating the experiment may improve statistical sepa-
ration of treatment effects. Geostatistics show promise
for estimating spatial distributions. Once the initial 
distribution is available, more precise estimates of 
changes in a soil property can be made, thus, reducing 
unexplained experimental variance on subsequent 
sampling dates. 

The objectives of this study were to quantify the 
spatial variability in selected soil properties and crop 
parameters, and to evaluate the effects of soil variability 
and crop productivity. 

Materials and Methods 

Three hectares of winter wheat (Trlticum aestivum 
L.) (var. Arkan) were selected based on uniform visual 
appearance of the crop and soil type. The plot area was 
200 m x 150 m and the soil was a Reading silt loam 
(Pachic Argiustoll). Approximately 400 plots, 3 m wide 
and 10 m long, were harvested onJuly 1, 1987. The grain 
samples were weighed and yields were adjusted to 125 
g/kg moisture content. Grain subsamples were dried at 
700 C for 48 hours and then ground to pass a 2-mm 
screen. Grain N and P were determined on a Technicon 
autoanalyzer, after digestion in hydrogen peroxide/ 
sulfuric acid (Linder and Harley, 1942). 

After grain harvest, soil sampling points were se
lected using a computer program to optimize variogram 
estimation (Warrick and Myers, 1987). Soil samples 
were taken on July 25, 1987, at 0- to 5-, 5- to 15-, and 
15- to 30-cm depth increments. Soils were dried in a
forced air oven at 300C, then ground to pass a 2-mm 
sieve. Subsamples were analyzed for organic carbon on 
a LECO Carbon Analyzer (Tabatabal and Bremner, 
1970) and for organic matter by colorimetric determina-
tion after oxidation with dichromate (Schollenberger, 
1945). Bray 1-P, pH, and KCI extractable nitrate were 
also determined (Dahnke, 1980). Weighted means of the 

0- to 5- and 5- to 15-cm depths for the above soil 

properties were used in the spatial variability analyses. 
Geostatistics require estimation of the semivari

ograms to describe the covariance among samples as a 
function of distance. The semivariogram is then used to 
find the coefficients required in krlging. Spherical sem
ivariograms were fitted to all variables, and the results 
are presented in Table 1.The spherical semivarlogram is 
given by: 

Caf 
(h) = 

Co + C for h>a I] 

where Co is the nugget, Co + C is the sill, and a is the 
range (Burgess and Webster, 1980). All soil and grain 
data were kriged on 5-m intervals. 

Results and Discussion
 

The range of the semivariogram ('a' in Table 1) was 
generally larger for crop-related variables than for soil 
variables. Properties with a large range produced en
closed polygons of larger radii than properties described 
with variograms of smaller range. Therefore, if statisti
cally independent samples are required, sampling inter
val for crop variables must be about twice the sampling 
interval for soil variables. 

Although the field appeared level, relative elevation 
ranged from 0 to 2 m (Fig. 1). Drainage water exited at the 
lower left comer of the field and may have influenced the 
variability ingrain yield, which ranged from 150 to 267 
g/m 2 (Fig. 1). The spatial distributions of yield (Fig. 1) 

Table 1.Summary of fitted semivariograms using the 
spherical model. See Eq. III for definitions of parameters. 

Variable Co C a 

Grain yield 200 4.84 40Grain N concentration 0.60 0.50 20 
Grain Ncontent 0.10 0.25 40
Grain P concentration 0.13 0.19 40 
Grain P content 0.008 0.11 40 
Soil NO,- 0.0 4.0 15 
Soil pH 0.0 0.70 15 
Bray-I P 0.0 1700 20 
Organic carbon 0.0 0.012 40 
Organic matter 0.0 0.11 10 
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Table 2. Correlation coefficients for crop ard soil v ,riables. 
Correlation among crop variables 

P content N content P conc. N .onc. 
Yield 0.627 00 0.968 ** -0.243 -0.131 
N conc. 0.387 ** 0.119 0.60804**1.0 
P conc. 0.593 * -0.090 1.000 
N content 0.801 * 1.000 

Correlation among soil properties 

Org. carbon Bray- I P pH 
Nitrate 0.266 * 0.357 0 0.430 *0 
pH 0.368 0 0.552 * 1.000 
Pray-I P 0.3250* 1.000 
Correlation of crop variables vs. soil properties 

Org. carbon Bray-I P pH Nitrate 

Yield -0.324 * -0.032 -0.185 -0.213 
N conc. 0.032 0.084 -0.089 0.089 
Pconc. 0.184 0.304 * 0.261 * 0.157 
IVcontent -0.317 * -0.016 -0.201 -0.198 
P content -0.106 0.195 -0.048 -0.059 
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122.5 /2 
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Figure 1. Spatial distribution of wheat grain yield 
(top)and topographic map of relative elevation 
(bottom). 
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Figure 2. Spatial distribution of grain N (top) and P 
(bottom) content. 

and grain N and P content (Fig. 2) were similar. Yield was 
positively correlated with N and P content, but was not 

correlated with grain N and P concentration (Table 2). 
soil properties were positively correlated with 

each other (Table 2) and resulted in similar spatial 

distributions (Figs. 3 and 4). Grain P concentration was 
positively correlated to Bray- 1 P and pH (Table 2; Figs. 

3 and 4). However, yield was negatively correlated with 
soil organic carbon (Table 2; Figs. 1 and 4). 

Geostatistics were found to be a promising tool for 

describing the spatial distribution of selected crop vari
ables and soil properties. In some cases, the spatial 

distribution of crop variables were related to the spatial 
variability In soil properties. Since the spatial variability 
of available soil P strongly influenced grain P concentra
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Figure 3. Spatial dltribution of grain P concen-
tration (top) and Bray 1 extractable soil P. 

tion, future measurements of crop P can be 'adjusted' or 
'weighted' accordingly. 
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Introduction 

The mycorrhiza, or fungus-root, is a symbiotic asso-
ciation formed by the roots of the host plant and its 
endophyte, a soil fungus. The term "mycorrhiza" Is 
overly restrictive, for it reflects only the relationship 
between the endophyte and the host plant. Vesicular-
arbuscular mycorrhizal (VAM) fungi, which colonize 
crop and forage plants, have equally important interac-
tions with the soil. Their extraradical mycelia form a 
loose network of hyphae around roots which extends 
into the surrounding soil by several centimeters. There, 
in the "bulk soil," the fungus enters into a second 
symbiotic association with the biotic component oi the 
soil. The site where the interactions between VAM fungi 
and the soil biota take place has been called the mycor
rhizosphere (Davey. 1971). The permeation of the bulk 
soil by this fungal extension of the root system broadens 
the spatial limits and the concept of the rhizosphere 
(Curl and Truelove, 1986), for the biological and chemi
cal reactions and exchanges concentrated in the 
rhizosphere (3 mm around the root) of non-VAM plants 
may be mediated by VAM-fungal hyphae up to 8 cm away 
from the root (Rhodes and Gerdeman, 1975). 

The symbiotic exchanges between VAM-fungi and 
the biota of soil microsites not reached by roots are 
taking on a new significance in an agricultural research 
environment increasingly dominated by the imperatives 
ofsoiland waterconservation (CAST, 1982).The fungus-
mediated transport of plant metabolites to the bulk soil 
(mycorrhizosphere) has been shown to act as a mecha-
nism for soil structure formation (Thomas et al.. 1986). 
The role of VAM fungi in the plant-soil system is not 
limited to that of plant nutrition, but extends to soil 
nutrition, by means of a two-way flow of nutrients from 
soil to plant and from plant to soil. 

Mycorrhizae in Agroecology 

Soils typically contain the propagules of more than 
one species of VAM fungus. Evolved primarily for sur-
vival and for compatibility with the existing biotic and 
abiotic soil conditions and the native flora (Bowen, 
1980), any shift in conditions, such as the introduction 
of exotic plants, cultivation, and agricultural chemicals 
is likely to alter the comp,'sition and effectiveness of 
VAM flora (Howeler et al., 1987). The results may not be 

discernible in terms of crop production under modem 
fertilizer regimes, but hidden effects of disturbing the 

balances which permit the plant-VAM fungus-soil con
tinuum to function in concert will accumulate. These 
hidden VAM effects are under intense study. They 
include plant resistance to pests (Dehne, 1982) and 
stress (Safir, 1987), the abundance and composition of 
the soil microflora (Curl and Truelove, 1986), soil struc
ture (Oades, 1984), and nutrient-use efficiency (Beth
lenfalvay et al.. 1987. The search for a "best" VAM 
fungus for high crop productivity with a minimum of soil 
loss is beginning to reveal that this best fungus is 
probably a combination of fungi. each most suited to 
perform different functions within the range ofsymbiotic 
requirements. 

Plant Nutrition 

Uptake of Mineralsfrom the Soil 

The provision of P by VAM fungi to host plants 
growing in P-deficient soils is so well known that it is 
often thought of as the "yAM effect". Since root coloniza
tion by VAM fungi of severely 1-deficient plants has 
similar effects on the host as does P fertilization, the 
fungus has even been called a biological fertilizer. The 
resulting relief from P stress can have dramatic effects 
on plant growth, development, and function. However, 
since the uptake of other mineral nutrients and effects 
on other symbiotic organisms are also involved, an 
integrated approach to the study of mycorrhiza in plant
soil nutrient dynamics is necessary (Ames and Beth
lenfalvay. 1987). 

Nutrient Transfer Between Plants 

Plant-to-plant nutritional interactions may follow 
two pathways. One is the soil-pool pathway (Newman 
and Ritz, 1986). in which organic compounds are re
leased from one plant into the soil and taken up by 
another following degradation and mineralization. An
other. direct transfer pathway also exists and is medi
ated by live VAM-fungal hyphae which connect the roots 
of plants. Such transfer has becn demonstrated for P,C, 
and N and for water in ectomycorrhizae. Direct nutrient 
transfer occurs in both inter- and intra-specific plant 
combinations. Its implications for plant-plant interac
tions are profound (Fitter, 1985) and may be an impor
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tant mechanism affecting the ecology of intercropping 
systems and weed-crop relationships (Allen, 1988). 

Soil Nutrition 

Carbon Flux to the Soil 

An important sink for atmospheric C converted to 
organic compounds by photosynthesis is the soil (Oades, 
1984). Carbon lost by the plant may represent a consid-
erable percentage of total net fixed C (Whipps and Lynch, 
1986). Among the diverse compounds gained by the soil 
(Bowen, 1980), the water soluble exudates are of par-
ticular interest because of their dual role in serving as a 
substrate for the soil rmicrobiota and in the solubilization 
and chelation of nutrients for direct uptake by the roots. 
The production of root exudates is apparently inhibited 
to some extent by VAM colonization (Cooper, 1984). 
Such losses of C flux to the soil may be compensated by 
the production of extraradical mycelia. The rapid turn-
over of VAM-fungal mycelia could make them a more 
abundant microbial growth substrate in the bulk soil 
than root exudates since the zone of influence of the 
latter is diffusion-limited (Whipps and Lynch, 1986). 

Soil Aggregation 

An interruption of the flux of C to the soil generally 
results in the loss of soil structure (Lynch, 1986). 
Fallowing, in particular, has been shown to lead to 
disaggregation connected to a decline in mycorrhizae 
and to nutritional disorders (Thompson, 1987). Early 
insights into the role of VAM fungi in soil aggregation 
(Lynch, 1986: Thomas et al., 1986) suggest their future 
utilization in erosion control. Of particular interest in 
this context are the nutritional interactions between 
filamentous, chitin-decomposing actinomyces, and VAM 
fungi (Ames et al., 1988) because ofthe role ofthe former 
in stabilizing soil microaggregates. 

Plant Stress 

Plants are under stress when the optimal expression 
of their genetic potential for growth, development, and 
reproduction is inhibited by adverse conditions. The 
incompatibility of high potential yield with high resis-
tance to stress (Vanderplank. 1984) places priority on 
investigations of stress in agricultural research. Mycor-
rhizae will play an increasing role in this work since they 
are now being recognized as natural agents of biological 
plant protection and stress reduction (Schonbeck, 1987). 

Nutrient Deficiency, Toxicity, and 

Use Efficiency 


The improvement of plant nutrition by VAM fungi In 

deficient soil is due to the capacity of their extraradical 
hyphae to extend the uptake surface of the root system 
and to absorb poorly mobile nutrient ions efficiently 
(Cress et al., 1979). Extraradical mycelia are probably 

produced at a much lower cost to the symbiotic associa
tion than root growth. While the fungus may be a large 
C drain on the host under certain conditions (parasit

ism), the mutual cost-benefit ratios are usually in favor 
of both symbionts (Bethlenfalvay et al., 1983). 

Mycorrhizal fungi have been found to alleviate heavy 
metal toxicity (Gildon and Tinker, 1983). The proposed 
mechanisms range from immobilization in the fungus to 
effects on the availability of metals in the soil. In addition 
to efficiencies in the uptake or exclusion of nutrients by 
mycorrhizae, a more efficient utilization of P and N 
within VAM plants has recently been reported, based on 
comparisons ofVAM plants and nutritionally equivalent 
controls (Bethlenfalvay et al.. 1987). 

Drought, Pests, and Pesticides 

The influence of VAM fungi on plant water status is 
an area of intense research interest whose insights may 
have far-reaching effects in agricultural practice (Safir, 
1987: Trappe, 1981). While the mechanism of water 
uptake by the VA mycorrhiza is still controversial, its 
stimulatory effects on leaf gas exchange have been 
demonstrated (Bethlenfalvay et al., 1987). 

Few areas in mycorrhizal research are as fragmen

tary as the literature on interactions of the fungi with 
other organisms and with the unintentional effects of 
pest-control chemicals. While the effects of VAM coloni
zation on plant disease are generally positive (Dehne, 
1982), the influence of pesticides on non-target organ
isms, and, therefore, on crop productivity, can be un
foreseen and profoundly negative (Trappe et al.. 1984). 

Summary 

Much of the mycorrhizal message was summarized 
by Howard (1948) 40 years ago: "The presence of an ef
fective mycorrhizal symbiosis is an essential requisite 
for plant health." Can we, 40 years later, extend this 
verdict to apply to soil health as well?TheJury is still out 
on this. But evidence is accumulating that the role ofthe 
mycorrhizal fungus as a soil symbiont is equal to its 
influence on the plant as an endophyte, and that this 
dual role goes beyond that of bidirectional nutrient 
transfer. 
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Introduction 

In recent years, there has been much Interest in 
developing land for agriculture in interior Alaska. Much 
of the land designated for agricultural development is 
dominated by black spruce forest (Picea marianaMill.) 
with a thick 0 horizon (>20 cm) composed of moss, leaf 
litter, roots, and small sticks, all in varying degrees of 
decay. The amount of organic material varies from 45 to 
92 Mg/ha and contains about 673 and 73 kg/ha of Nand 
P, respectively (Van Cleve et al., 1981). Much of the Oi 
and Oe horizons are removed during clearing because 
they hamper tillage and planting operations. Most clear-
ing operations attempt to leave the Oa horizon (which 
then becomes the A or Ap horizon) since the few sticks 
and roots in that horizon do not hinder tillage or plant-
ing. The B horizon is weakly developed with low contents 
of organic matter and available nutrients. 

Although soil microbial activity appears to approach 
that of temperate climates during mid-summer in Alaska 
(Cochran et al.. 1988), the duration of activity is short 
and the annual rate of release of N and P from decaying 
crop residues and soil organic matter is much less likely 
than that of temperate climates. Knowing how much and 
when N and P are released Is important in designing 
fertilizer management practices. 

The objective of this paper is to bring together parts 
of three studies on N and P mineralization to show the 
effects of clearing and subsequent management prac-
tices on changes in P forms and N mineralization rates. 

Methods and Materials 

Phosphorus Mineralization 

The change in P form 7 years after clearing was 
determined on soil samples collected from the Oa of the 
forest and the A horizons of adjacent cleared idle land 
and cleared farmed land. Total P (Pt), organic P (Po), and 
inorganic P (Pi) were determined using the procedures of 
Olsen and Sommers (1982). 

The effect of tillage and crop residue management 
was determined by comparing the proportion of Po/Pt in 
soil samples from the Ap horizon of a tillage study started 
in 1980. The study consisted of conventional and no 
tillage seeding of barley (Hordeum vulgare) with and 

without crop residues removed. A split-plot experimen

tal design was used with tillage as the main plots and 
residue management as subplots. Four replications 
were used. 

Nitrogen Mineralization 

Nitrogen mineralization was estimated by three 
methods: 1) N mineralization potential for soils In the 
previously mentioned tillage study was determined in a 
laboratory incubation study, 2) net seasonal N minerali
zation was estimated in the field by measuring changes 
in soil N content and plant N uptake over the growing 
season, and 3) time of N mineralization was determined 
by measuring changes in mineral content in undis
turbed soil cores placed in plastic bags in the field. 

Results and Discussion 

P Mineralization 

There was a shift from primarily Po in the forest to 
a dominance of Pi in the farmed soil during the 7 years 
after clearing (Fig. 1). Both mineralization of organic P 
and the addition of orthophosphate fertilizer play a role 
in the increase in Pi. However, decreases of Po in the 
farmed land indicate substantial mineralization of or
ganic P. Bowman and Cole (1978) found that 7 and 34% 
of the total Po was labile or moderately labile, respec
tively. Equal or greater amounts of labile P would be 
expected in the poorly humified Oa horizon. 

Values of Po/Pt for continuous no-tillage treatments 
with and without straw removed were 0.42 and 0.51, 
respectively. This indicates that surface crop residue 
contributed to Po. However, there were no differences in 
Po/Pt values between straw treatments in conventional 
tillage. This was attributed to rapid mineralization of Po 
after incorporation of straw into the soil. 

N Mineralization 

We estimated with a laboratory incubation that this 
soil has the potential to mineralize 100 kg N/ha in one 
season; however, field measurements estimated that 70 
and 43 kg N/hawere mineralized with the plant uptake 
and soil bag methods, respectively (Fig. 2). Of the two 
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Figure 2. Comparison of N mineralization potential 
with two estiations from the field. Values are 
averaged across tillage treatments. 

field methods, plant uptake most closely measures the 
total mineralized N that Is available to the crop, but tells 
little about time ofmineralization. The soil bag data (Fig.
3) s413. 
anshow a nearly linear N mineralization pattern in 1986 
and that the bulk of the N was mineralized early in the 
1987 season. This corresponds to a 50 C higher average 
soil temperature at 5 cm duringJune 1987 than in 1986 
(personal communication, Dr. Robert Cullum, Univer-
sity of Alaska, Fairbanks). The soil bag method also 
showed that N mineralization occurred primarily In the 
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Figure 3. Comparison of time of mineralization 
between 1986 and 1987 at 0- to-10-, and 10- to

20-cm depths. 

top 10 cm of soil. No differences in N mineralization 
(either field method) were found between tillage treat
ments. 

Conclusions 

Mineralized Po is a major source of Pi for crops. 
However, leaving crop residues on the surface appears to 

P mineralization rates. About 50 percent of a 

barley crop's N requirement can be met by N mineraliza
tion with no difference between conventional or no
tillage practices. 
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Introduction 

The South Island of New Zealand (15 million ha) 
includes over 3.5 million ha of high country tussock 
grassland. The dominant enterprise is extensive sheep 
farming on pastoral "runs"which range in altitude from 
200 to over 2,000 m and in size from less than 3,000 ha 
to 180,000 ha with an average 11,000 ha (Kerr, 1983). 
No two runs are alike and generally each consists of a 
complex mosaic of widely differing environments - with 
an associated range in kind and degree of production 
limitations, growth potential, and stock carrying capac-
ity Serious constraints include poor soil fertility, nade-
quate water supply and short growing season due to low 
temperatures at higher altitudes. Water is particularly 
critical on low-to-mid altitude country and on dry sunny 
slopes. 

Despite the variability between and within these 
r-uns, there are general principles which apply to the use 
and management of the natural resources of the high
country tussock grassland. It is the purpose of this 

paper to explain and describe these principles so that 
they can be applied to dryland farming in other areas of 
the world. 

Tussock Grassland 

Sheep Farms 


High country pastoral runs are characterized by 
large tracts of seminatural tussock grassland which 
have been maintained in a savannah-like condition by 
occasional fires in both pre- and post-European times. 
These grasslands consist mainly of native Chionochloa, 
Poa and Festucaspecies oftall-growing(tussock) grasses 
which typically occupy over two-thirds of the whole 
property. Non-productive areas of ice, rock. scree, and 
scrub may account for up to 15 1o 20% of the area, and 
an additional 15 tu 20% may have been improved In 
some way. Cultiv.ted and sown grassland or alfalfa 
(Medicuqosativa L.) rarely accounts for more than 2 to 
3% (although this , ay be irrigated). The most common 
form of iniprovemcnt consists of aerial oversowing and 
topdressing of legu me-based pastures (Kerr. 1983). 

These improved pastures are particukrly important 
for management bec&use they can support 5 to 10 times 

as many stock as the unimproved tussock which typi

cally carries less than one sheep per hectare. 
Only certain parts of the landscape are suitable for 

such improvement. Floate (1977) discussed how an 
analysis of resource limitations should focus attention 
on improvement of areas where temporary limitations 
(such as soil fertility) dominate, and away from areas 
where permanent limitations (such as climate) are over
riding. 

Because of the wide range of resources, and their 
kinds and degrees of production limitations, the various 
parts of high country properties have traditionally been 
organized into a management system which attempts to 
accommodate and minimize these limitations. 

Soils and Nutrient
 
Requirements
 

Pasture improvement of the tussock grasslands by
Psueipoeeto h usc rslnsboversowing and topdressing reached its peak in the late 

1970s and early 1980s when the actual cost of fertilizer 

was not perceived as the most critical factor In what were 
then government subsidized developments. However, 
within the past 4 years, economic factors (removal of 

subsidies, reduction in product prices, and increases in 
fertilizer and other development costs) have forced a 
closer examination of fertilizer use. Former widespread 

use of a standard rate of superphosphate over many
hundreds of hectares of tussock grassland, almost irre
spective of differences in soil type, prodilction potential, 
and nutrient requirements, is now no longer acceptable. 

An alternative strategy of "horses for courses" or 
specific prescription of kind and amount of fertilizer to 
meet the identified nutrient needs of individual land
scape units is emerging. 

The general pattern of nutrient deficiencies in the 
tussock grasslands was related to the zonal distribution 
of soils by Ludecke and Leamy (1971). Sulfur deficiency 
is widespread; and with increasing altitude, rainfall, and 
leaching, phosphorus also becomes Increasingly limit
ing. Broad patterns of fertilizer requirement to establish 
legume-based pastures were described by Sinclair and 
McIntosh (1983). Specific prescriptions for fertilizer need, 
related to local soil, environmental, and management 
attributes, are now available through the New Zealand 
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Table 1. The landscape units on Bendigo Station, showing some Ministry ofAgriculture and Fisheries (MAF). Soil Fertility 
of their characteristics and limitations. Service (Cornforth and Sinclair. 1984). 

Unit Pasture type 	 Major natural 
limitations Systematic Approach to Use of 

High country : Above 1,200 m: Resources 
700 - 900 mm rainfall 
i. Seminatural tussock grassland 	 Low temperature When the kinds and degrees of limitations associ-

Mid altitude country: ated with individual landscape units can be identified 
700 - 1.200 m: and means are available for overcoming temporary limi

500 - 700 mm rainfall tations, a strategy emerges for the systematic use of the 
2. 	 Improved tussock grassland with Short growing component parts so that these are used for the benefit of 

clover pasture on shady slopes season 
3. 	 Improved tussock grassland with Summer soil the whole farming system. 

ci er pasture on higher sunny water Attention has recently been focused on fitting new 
slopes pasture species into high country landscapes (Keoghan, 

4. 	 Improved tussock grassland with Summer soil 1985), on tile opportunities to analyze tile soil landscape 
clover pasture on lower sunny water for the most effective use offertilizer (Brash and Beecroft, 
slopes 1987), and to manipulate the supply of herbage for 

Low altitude country : 500 - 700 m: livestock feed through fertilizer use (Floate et al., 1987). 
400 - 500 mm rainfall 

5. 	 Seminatural tussock grassland Soil water 
on lower sunny slopes Bendigo Station: 

6. 	 Dryland alfalfa for hay on Soil water 
low slopes and terraces A Case Study Example 

7. 	 Dryland alfalfa grazed Soil water 
on lower sunny slopes 	 Bendigo Station is situated in the southern part of 

8. 	 Semi improved pasture Soil water the semiarid zone of inland South Island, NZ (Wards, 
on low sunny slopes 1976). Rainfall is between 300 and 500 mm at 200 m, but 

9. 	 Irrigated alfalfa on terraces Nutrients increases with altitude to 700 to 900 mm in the higher 

Table 2. Fertilizer recommendations for landscape units on Bendigo Station. showing both current and mainstream needs, and 
priorities for application. 

Current recommendations Maintenance recommendations 

Annual 
Landscape unit Typical Soil stocking Nutrients Fertilizer Nutrients Fertilizer 

rate 

(Soil 
Taxonomy) P S Material Rate P S Material Rate Priority 

1.High country Dystric 
SU/ha kg/ha 

22% 
kg/ha kg/ha 

22% 
kg/ha 

seminatural Cryochrept 0.3 2 4 S-Super 30 2 3 S-Super 30 
2. Mid-altitude Typic Super

improved shady Dystrochrept 3.0 4 4 Longlife, 50 4 6 phosphate 50 2 
3. Mid-altitude Typic 33% 22% 

improved Dystrochrept 2.5 0 7 S-Super 20 3 6 S-Super 40 3 
higher sunny 

4. Mid-altitude Udic 33% 22% 
improved Ustochrept 1.8 0 6 S-Super 20 2 4 S-Super 30 3 
lower sunny 

5. Low-altitude Ustollc 
seminatural Haplargid 0.5 0 0 0 0 
sunny 

6. Low-altitude Ustolic 2.5 Mg/ha 
alfalfa hay Camborthid (hay) 6 5 Longlife" 60 5 4 Longlife" 50 1 

7. Low-altitude Ustolic 
alfalfa grazed Haplargid 3.0 3 1 Longlife" 30 2 1 Longlife" 20 1 

8. Low-altitude I ;tolic 
semi-improved Haplargid 1.8 2 0 Longiti' 20 1 1 Longlife, 10 

9. Irrigated alfalfa Ustolic Triple Super-
Camborthid 14.0 14 0 Super 70 10 12 phosphate 130 1 

Longlife Is a 70:30 blend of superphosphate plus reactive rock phosphate. 
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These calculations are based on input, output, and 
IBUMMEJ recycling estimates for each individual Situation. As canl 

Weaning High Altitude: Mating be seen from Table 2, the quantities are closely related 

above 1200m. to annual stocking rate. Requirements for phosphorus 
Seminatural Tussock Grassland (P) and sulfur (S) vary with soil type, and the recom

mended fertilizer materials are those which most closely 
meet the requirements for both nutrients. Maintenance 
fertilizers are most efficiently applied only once every 2 

improved, clover-based pasture or 3 years, in multiples of the annual rates. 
Traditionally, superphosphate based fertilizers were 

most commonly used, and were frequently supplied at a 
standard rate across all landscape units. The scheme 
described here much more closely equates the recoi-

SOversown, 

Low Altitude: 500 - 700mowAitudal Grassland mended fertilizer with the actual needs for plant nutri-

Lambingd Alfalfa Sents on each landscape unit. In New Zealand. a range ofSS-fortified superphosphate fertilizers are available which 

contain up to 33% S. Furthermore, on these acidic 
pasture soil types, fertilizers containing reactive phos-

Figure 1. The grazing-management cycle on phate rock are sometimes an economically attractive 
Bendigo Station, in relation to seasons, altitude, alternative to tile conventional superphosplate. 
and pasture types. 

country at 1700 In. Summers are very warm and dry Analysis of Priorities 
(mean January temperature 17.31C) and winters are 
cold (mean July temperature 2.6"C. Bendigo carries The grazing pattern has been devised to match the 
15,500 stock units on 11.200 ha. split into 34 hill blocks available supply of he-'age as closely as possible to the 
on the northwest slopes of tile Dunstan mountai'-, feed requirements ofgrazing sheep. Ilowever. because of 
ranging from 200 to over 1700 m in altitude. Its manage- temperature, water, and soil limitations, there are times 
ment has been described in some detail (Perriam, 1986) when the feed is in short supply. 
and we have presented a summary in diagram form (Fig. An analysis of the feed requirements of all classes of 
1). This shows the pattern of grazing and pasture utili- stock, for every month of the year. can be compared with 
zation throughout the seasons of the year. and how the the expected herbage production on each landscape 
Improved. oversown pastures in the mid-altitude zone unit. Such a comparison reveals the times of the year 
are used in the critical spring and fall periods. This and te landscape units which are most critical in 
grazing pattern is designed to suit, as far as possible, the attempting to balance the feed supply and demand 
limitations of water supply in the low altitude zone and equation. This analysis can be used to assign priorities 
low temperature at the higher altitudes, but at the same to the use of fertilizers, which can then be used to more 
time, taking advantage of the early spring growth on the nearly equate feed supply and demand. 
lower sunny country before water limitations become too Because of the overriding importance of winter and 
severe ('Table 1). early spring feed. the use of fertilizers on the irrigated 

Pasture species have been chosen to suit the condi- alfalfa and the dryland alfalfa used for !grazingand for 
tions of the various landscape units. Allalfa is important hay are given the highest priority. Similarly. the im
on the low, sunny, dryland areas where its deep rooting proved pastures in the mid-altitude zone, and especially 
enables it to make best use of limited soil water supply. those on the moist, shady slopes which are most produc-
Irrigated alfalfa pastures along the river terraces are cut tive, are the next highest priority for fertilizer applica
for hay for winter feed. In the mid-altitude zone, where tions because of their importance both in spring for lamb 
water and temperature limitations are less severe, clo- growth and in tile fall to enhance nutrition of ewes prior 
ver-based pastures provide herbage in spring and fall. to and at mating. These defined priorities can be used if 

The nutrient requirements of each unit have been financial constraints force a reduction in fertilizer use. 
determined by the New Zealand MAF Soil Fertility Serv
ice using the fertilizer recommendation scheme of 
Cornforth and Sinclair (1984). Nine distinct landscape Conclusions 
and management units have been identified on Bendigo 
Station (Tables 1 and 2). Current recommendations for For the most effective utilization of high country 
fertilizer are largely based on the results of soil testing, tussock grassland. the landscape units should be con
and the diagnosis of nutrient requirements. The fertiliz- sidered and treated individually, but used collectively to 
ers shown in Table 2 are those which most economically the advantage of the whole larm system. 
supply the required quantities of nutrients. The aim is to meet livestock feeding goals most 

Maintenance recommendations for fertilizer are effectively by the strategic use of individual landscape 
based on calculations of nutrients required to maintain units, the strategic use of pasture species, and by the 
present levels of production on each landscape unit. strategic use of fertilizers. 



"Horses for Courses" is the name of the game: this 
depends upon correctly describing and defining the 
limitations of each particular course, and then choosing 
the most appropriate horse for that course: this should 
result In the picking of winners. 
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Introduction 

Acceptance of conservation crop production tech- 
niques has increased in the last decade, mainly due to 
their potential for soil and water conservation, and 
reduced production costs. However, the change to re-
duced tillage systems with more residue remaining on 
the soil surface has frequently resulted in reduced yield 
due to residue toxicity, weed competition, and the use of 
conventional tillage fertilizer management practices (Dao, 
1987). Crop residue in no-tillage was found to increase 
soil water storage during the growing season, which can 
lead to greater Nlosses through leaching (McMahon and 
Thomas, 1976), denitrification, immobilization (Rice and 
Smith, 1984). and lower rates of mineralization of or-
ganic nitrogen (Doran, 1980). Because of many potential 
Nloss pathways, no-tillage systems may require more N 
fertilizer to attain comparable yields with moldboard 
tillage. Increased fertilizer requirement in no-till may be 
curtailed by tailoring the placement of N fertilizer to 
coincide with plant requirement. The objective of this 
study was to evaluate methods of N placement and rates 
as a means to overcome some of these potential losses 
and improve the use efficiency of N fertilizers under no-
tillage systems. 

Material and Methods 

Field experiments were conducted at the USDA/ 
ARS Forage and Livestock Research Laboratory, near El 

Table 1. Precipitation data for tile study period (1984 -87. 

10-year Growing season 
Month average 1984-85 1985-86 1986-87 

cm __ _nitrogen 

September 6.9 0.4 15.0 25.5 
October 8.6 5.3 8.1 16.8 
November 4.3 4.2 3.9 7.9 
December 2.9 14.6 0.3 1.6 
January 2.8 2.4 0.0 4.9 
February 3.5 8.3 0.7 7.0 
March 6.2 15.0 1.1 4.9 
April 6.3 12.8 7.5 0.1 
May 17.8 2.1 20.3 28.3 
June 12.2 18.0 13.1 11.6 
Total 71.8 83.4 70.3 109.0 

Reno, Oklahoma, on Renfrow silt loam (fine, mixed. 
thermic Udertic Paleustolls) during 1984-1987. The N 
placement experiment was established, superimposed 
on an existing tillage method comparison study. to 
evaluate effects ofNrates and placement geemetry in no
till and moldboard plowed plots. Hard red winter wheat 
(Triticumaestivum L.) TAM 101 was seeded with a no-till 
drill at the rate of 100 kg/ha each fall. A starter fertilizer 
(18-46-0) was placed with the seed during planting at the 
rate of 25 kg/ha. Additional bulk granular fertilizers 
(ammonium nitrate and triple superphosphate) were 
broadcast on the surface to provide a total of 50 kg Nand 
60 kg P/ha in the fall. In the spring, additional ammG
nium nitrate at rates of 50 and 100 kg N/ha were either 
broadcast or placed on the surface in a narrow band be
tween wheat rows. The experiment was established ac
cording to the split-split plot design. Tillage treatments 
(main plots) and N placements and rates (subplots) were 
replicated three times. All treatments were fixed in space 
and repeated on the same plots for the duration of the 
study. At harvest, grain and straw yields were collected 
and nitrogen contents were determined using the KJeld
hal procedure. Nitrogen efficiency parameters were cal
culated as suggested by Maranville et al. (1980). 

Results and Discussion 

Total precipitation received during 1984-85 and 
1986-87 growing seasons was higher than the 10-year 
average. However, distribution patterns were different in 
each growing season (Table 1). Analysis of variance 
showed significant differences among years. year x till

age, and year x placement interactions. Therefore, each 
year's results were analyzed separately to determine 

rate and placement effects, as significant differ

ences were observed among tillages and N placements. 
Grain and straw yields and their N content and use 

efficiency parameters over all years are presented in 
Table 2. In the 1984-85 growing season, grain yield in 
no-tillage averaged 82 g/m 2 higher than the moldboard 
plow system. No-tillage also showed a significant in
crease in grain weight by 7.4 g per unit of N uptake (NE2) 
and the ratio of grain N to total above-ground plant N by 
14.4% (NHI). The lower grain yield and N-use efficiency 
in the moldboard plowed treatment could be attributed 
to a low amount of precipitation received during April 
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and May of 1985, when the translocation of soluble 
compounds from vegetative parts of the plant to grain 
(Rao and Croy, 1972) would have been affected by soil 
water content. No-tillage has greater soil water conser-
vation efficiency (Lonkerd and Dao, 1985) and may have 
benefited from greater water storage, resulting in higher 
grain yield and increased N-use efficiency as compared 
to moldboard plowing. These results were in agreement 
with those of Legg et al. (1980), who pointed out that N-
recovery under plowed plots was less compared to no-
tillage in years of relatively low rainfall during the grow-
ing season. Placing fertilizer N on the soil surface in a 
narrow band increased grain yield by 7% as compared to 
broadcasting (Table 2). However, straw and grain protein 
content did not differ between placement geometries. 
There was no effect of fertilizer rates on yield or N-use 
efficiency (datanot shown). Itappears that the lower rate 
of N used in these experiments may have supplied suf-
ficient N for maximizing yield: hence, there was little or 
no response to the higher N rate on yield and N-use ef-
ficiency. 

During 1985-86, there was higher grain yield and 
greater N-use efficiency (NE 1) under the moldboard plow 
treatment as compared to no-tillage. Harvest index 
(grain/straw ratio) for no-tillage was noticeably lower 
(i.e., 0.19 vs 0.26 and 0.21 vs 0.28 in 1985-86 and 1986-

87, respectively) compared to moldboard plots. The 
lower harvest index was mainly due to lack of cheat 
(BromussecalinusL,)and downy brome (Bromustectorum 
L.) weed control in the no-till plots. The competition by 
the grasses for light and nutrients reduces wheat tiller
ing and grain yield (Dao, 1987), which would be exacer
bated in well-fertilized plots. The need to place N fertilizer 
away from the soil surface is supported by the need to 
minimize N use and immobilization by weeds and micro
bial populations at or near the soil surface and the 
mulch layer. The net results were lower N-use efficiency 
in no-tillage during the 1985-86 and 1986-87 growing 
seasons (Table 2). 

Precipitation distribution in the spring also played a 
critical role in N-use efficiency. As conservation tillage 
systems have been shown to delay plant developmental 
patterns in the spring (Dao and Nguyen, 1988), the N
uptake efficiency of wheat plants differed between plow 
tillage and no-tillage because they were at different 
phenological stages. Although soil N concentrations 
were not measured, N-recovery in wheat plants under 
plowed tillage would be greater since they were more 
actively growing in early spring than plants in no-tillage 
plots. The distribution and timing of rain events in 
March to May became critical because nitrogen is a 
highly mobile nutrient. Differential N-recovery, although 

Table 2. Influence of tillage and N-placement on the yield and N-efficlency in wheat during 1984-85, 1985-86, and 1986-87 
growing seasons. 

Trait 	 Conventional 

Straw yield (g/m 21 568 
Grain yield (g/m 2) 227 
Straw CP (g/kg 77 
Grain CP (g/kg) 155 
NUPI 12.6 
NEI, 63 
NE2, 18 
NHI (%)" 44.8 

Straw yield (g/m 2) 739 
Grain yield (g/m 2 ) 267 
Straw CP (g/kg) 73 
Grain CP (g/kg 158 
NUP 15.4 
NEI 66 
NE2 17.4 
NHI(%) 44 

Straw yield (g/m 2) 440 
Grain yield (g/m 2) 176 
Straw CP (g/kg) 52 
Grain CP (g/kg) 168 
NUP 8.3 
NEI 71 
NE2 20.9 
NHI (%) 56.4 

Tillage 

No-till 

521 

309 

62 

146 

12.3 
67 


25.4 
59.2 

640 


147 

87 

158 


12.8 
62 


11.9 
30 


426 

116 

48 

157 

6 . 
87 

18.5 
46.8 

LSD 
0.05 

281 

77 

21 

4 
4 
13 


5 
9 

288 


65 

13 

16 

5 
3 
7 
17 


257 

107 

13 

7 
4 
5 
5 

16 


Broadcast 


1984-85 
527 

259 

67 

152 

12.4 
67 

21 


50.7 


1985-86
652 


194 

75 


157 

12.6 
67 


15.2 
38 


1986-87 
411 

128 

51 

159 

6.7 

82.3 


18.9 
48.5 


N-placement 
LSD 

Band 0.05
 

512 61
 
277 13
 
72 13
 

149 5 
12.4 	 1 
64 7 

22.5 3 
53.3 4 

726 205 
220 73 
85 18 
159 7 
15.6 	 4 
61 8 

14.1 5 
36 12
 

455 92
 
164 48 
49 15 
166 6 
7.8 1 
79 10 

20.6 4 
54.7 9 

1 NUP = total N In g/m 2 (straw + grain): rEI = dry welght/N uptake; NE2 = grain weight/N uptake; NHI = grain N/N uptake. 
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not statistically significant, would also explain the lower 
N-recovery and efficiency in no-till plots in these experi-
ments. Placement geometry may have had no or only a 
slight effect on N-uptake in 1985 and 1986, but bar.J 
placement appeared to improve total N-uptake and 
increase grain protein content In 1986-87. Application of 
N fertilizer in a narrow band on the soil surface may have 
resulted in greater soil N concentrations below the 
fertilizer band upon leaching, which improved plant 
recovery in the root zone. 

These results suggested that annual grass weeds. 
plant phenological differences, and the amount and 
distribution of precipitation played an important role in 
determining yield of grain and straw and N-utilization 
efficiency under these two tillage systems. Competition
ffici enn uefficiency
from weed infestation under no-tillage resulted In lower 
N-use efficiency and reduced grain yield as compared to 
plowed plots. However, placing fertilizer N in narrow 
bands on the soil surface improved N-use efficiency in 
1986-87. 
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Introduction 

Some soil-crop management practices such as in-
tensive cultivation and cropping may have deleterious 
effects on the chemical, physical, and biological proper-
ties of the soil. This is a consequence of changes in 
temperature, water, and aeration fluxes; decreases of 
organic matter content: and increases of aggregate dis-
ruptions and soil erosion. 

Native virgin prairie soils are noted for their high 
levels of organic matter and related components and 
may suffer a gradual degradation process during use. 
Most studies show a rapid decline in organic carbon and 
total nitrogen (N)after the first 10 to 30 years of cultiva-
tion (Doughty et al., 1954: Homer et al., 1960; Ras-
mussen et al., 1980; Tiessen et al., 1982: Odell et al., 
1984). Jenny and Raychaudhuri (1960) found approxi-
mately a 65% loss oforganic matter from long-cultivated 
Indian soils. Martin and Cox (1956) showed that a heavy 
clay soil (Vertisol) in Queensland, Australia, lost N at a 
rate of 0.8% per year in the top 15 cm during 25 years of 
cultivation. Moreover, Russell (1981) noticed higher N 
losses of about 5% per year from a brown clay soil 
(Vertisol) cultivated to a decreasing-yield sorghum 
(Sorghumbicolor[L.] Moench) during 10 years. Andriulo 
et al. (1986) found in a typical Argiudoll of Cordoba, Ar-
gentina, that the initial organic matter concentration of 
the 0- to 5-cm layer was maintained at a 34 g/kg level 
under direct drilling, but decreased 13% under conven-
tional tillage (straw burning and moldboard plowing) in 
a wheat (Triticum sp.)-soybean (Glycine max L.) double 
cropping system after I I years of cultivation. 

In thle temperate, southern-central semiarid region 
of Argentina, the main agricultural activity is centered 
on cereal (mostlywheat [TriticumaestivumL.j)and cattle 
production. Dlfferent soil-crop management systems 
aimed to satisfy both goals, as well as to maintain the 
productivity of the land, are being tried. This study 
reports the effect of three soil-plant rotation and cultiva-
tion systems on some edaphic properties related to the 
organic matter in an Entic Haplustoll of the semiarid 
region after applying them during I years. Compari-

Materials and Methods 

The field study was initiated in 1974 at the Instituto 
Nacional de Tecnologia Agropecuaria (INTA) agricultural 
experimental station at Bordenave, province of Buenos 
Aires. The site is located in an area representative of the 
central-southern semiarid region (330-41OS: 61°-66OV 
with predominantly light-textured soils. The climate is 
temperate. Mean annual rainfall is 630 mm with higher 
intensities in fall and spring. Mean annual temperature 
is 150C. 

The main soil subgroup is a fine sandy loam, mesic, 
Entic Haplustoll. with slope of 0 to 1%, and a caliche 
layer located between 0.7 and I m. 

The soil-crop rotation systems consisted of the 
following (see Table 1, which also contains annual 
rainfall and yields): 

V, virgin or native, uncultivated prairie. 
Ch, check, cultivated mainly with hay (Medicagosatia, 

Hordeum vulgare, Avena sativa) and grazing pas
tures and occasionally small grains for approxi
mately 60 years up to 1974, not cultivated since 
then. 

A 	 (w-c), as Ch and then seeded with winter wheat 
(Triticumaestivum L.) and several crops (Viciafaba 
and Avena sativa in 1978 and 1979; fallow - Zea 
mays in 1977 and 1985) since 1975; tillage after 
harvest in December consisted of harrowing (offset) 
in January, chisel plowing in April. and rod weeding 
in May. The crop was deep-furrow drilled in June. 

E (w-g), as Ch and then with winter wheat and livestock 
grazing, alternatively each year. since 1975; tillage 
consisted of moldboard plowing in April and tandem 
diskingbefore regular, conventional seedinginJune. 

D (w-h), as Ch and then with deep furrow-seeded 
winter wheat and conventionally-seeded (rows each 
17 cm) hay pastured in periods of 4 years each since 
1975; pastures, which consisted of alfalfa (Medicago 
sativa) and perennial grasses (Phalarisand Festuca 
spp.), were grazed for a short time. 
The experiment had a randomized complete block 

design with three replications and plots of 30 x 25 m. 
sons were also made with the native uncultivated prai- Four dairy cows per plot were used for grazing. 
rie. Composite soil samples (25 subsamples each) from 
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Table 1. Agricultural rotations and crop yields. 
Rotation 

A (w-c) E (w-g) D (w-h)
 
Year Rainfall Wheat Vicia + oats Wheat Wheat Hay
 

grain dry matter grain grain dry matter
 

mm/Vr Mg/ha
 
1975 468 1.078 - grazing - new pasture
 
1976 895 1.518 - 1.308 - 4.352
 
1977 825 - 4.054 grazing - 8.823
 
1978 970 - NDI 1.490 - 6.888
 
1979 663 - 4.469 grazing 2.024 
1980 591 1.448 - 1.192 1.433 

1981 560 1.570 - grazing 1.315 
1982 954 2.087 - 1.289 1.546 

1983 684 1.232 - grazing - new pasture
 
1984 948 1.928 - 1.904 - ND
 
1985 965 - ND grazing - 9.260
 
1986 965 - ND 1.238 - ND
 
1987 965 2.916 - 2.144 2.994 ND
 
Total - 13.777 - 10.565 9.312 

Year mean 735 1.722 1.509 1.862 

*IND - not determined. 

the 0- to 5- and 5- to 15-cm layers were obtained in May tionships obtained from two depths of an Entic Haplus
1985, air-dried, and sieved (<0.25 mm). Statistical tol soil of the Argentinian semiarid pampas after 11 
analysis of soil property changes were performed. years of soil-crop rotatibns. Table 3 presents the per-

Common analytical procedures (Page. 1982) were centage changes (A%), under cultivation, of the parame
followed for organic carbon: Walkley-Black method: ni- ters when compared with the corresponding virgin and 
trogen: semi-micro Kjeldahl: pH: potentiometrically in a check values. 
1:2.5 soil:water cxtract; total (Pt) and inorganic (Pi) Results are similar but not identical in both layers. 
phosphorus: Legg-Black method (organic P was ob- Significant decreases in the pH levels were noted in the 
tained by difference): and extroctable P (Pc): Bray-Kurtz soil-crop rotations when compared with the virgin soil, 
11method. but increases were noted when compared to the check 

plots. Approximately 80 years ago, the virgin soils had 

higher calcium and organic matter contents which were 
Results and Discusaion gradually leached and oxidized, respectively, with culti

vation, producing a progressive pH decrease. 

Changes in the Concentration and Ratios of Soil organic C and N decreased with cultivation, with 

the 0- to 5-cm layer, organic CC, N, and P, and pH with Cultivation N the most affected. In 
decreased from 24.4 g/kg in the check plot to 15.4 g/kg 

Table 2 contains the mean values of pH: organic C (A%: -37), 15.4 g/kg (-37), and 18.1 g/kg (-26) in the A 

and N: total, organic. and extractable P: and their rela- (w-c), E (w-g), and D (w-h) treatments, respectively, after 

Table 2. pH, organic carbon and nitrogen: total, organic and extractable phosphorus; and their relationships in an Entic Haplustoll 

soil under several soil-crop rotations. 

Rotation Depth pH C N C:N Pt Po Pe Po:Pt C:Po 

cm g/kg mg/kg 
V 0 - 5 7.38 27.1 2.75 9.8 738 208 43.0 0.29 130 
Ch 6.70 24.4 2.12 11.5 407 171 41.0 0.42 142 
A 6.41 15.4 1.22 12.6 424 174 29.3 0.41 89 
E 7.25 15.4 1.28 12.0 376 152 13.8 0.40 101 
D 6.78 18.1 1.37 13.2 446 201 15.4 0.45 90 

V 5- 15 7.44 25.1 2.56 9.8 670 185 41.0 0.28 136 
Ch 6.56 16.3 1.41 11.6 378 150 26.7 0.40 109 
A 6.61 15.6 1.25 12.5 362 135 20.7 0.37 115 
E 7.30 14.6 1.26 11.6 346 138 8.2 0.40 106 
D 6.89 15.8 1.41 11.2 367 134 9.4 0.36 118 
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11 years of cultivation. This signifies losses of 2.4% (for 
the D treatment) to 3.3% (for the A and E treatments) of 
the initial organic matter peryear. When the 5- to 15-cm 
layer was considered, these losses were lower (less than 
1% peryear in the D treatment and not significant in the 
A and E treatments). Losses were greater (-43. -43, and 
-33%, respectively) when cultivated plots were corn-
pared with the virgin land. 

The percentage change (A%) of organic C (-10 and 
-35% for the 0- to 5- and 5- to 15-cm layers, respectively) 
and N (-23 and -45% for the same layers) from the virgin 
to the initial experimental condition (check) of this soil 
was also important. Large differences between the two 
layers can be observed. The lower losses in the top 0- to 
5-cm can be due to the higher contribution and humifl-
cation of surface organic residues from pastures with 
little cultivation. Overall, organic matter declined, and 
the N-supplying capacity decreased at an even faster 
rate. In Saskatchewan, Canada, Doughty (1954) re-
ported losses of as much as 30% of the initial N over a 
period of II years with a rate of loss greater in the first 
few years. C:N ratios were similar in the check and 
cultivated plots and higher than inthe virgin land at both 
depths. 

Total Pconcentration decreased from the virgin land 
(average values of about 700 mg P/kg soil in both soil 
layers) to the check and cultivated soils (values of about 
400 and 300 mg P/kg in the 0- to 5- and 5- to 15-cm 
layers, respectively). Practically no differences were 
observed between the check and cultivated soils in both 
layers. Similar trends with lower magnitude changes 

were observed for Po.Changes of the Po:Pt ratios show 
a relative increase of Po with respect to Pt when the virgin 
land was cultivated. This may reflect a P biocycling 
through deeper reaching of roots causing a relative Po 
enrichment in the topsoil (Barber. 1979). Those ratios 
were similar for the check and cultivated soils and did 
not change in the last 11 years. 

The percentage decreases of C, N and Pt were more 
than 40% when the virgin land was compared with the 
check and cultivated soils. On the other hand. percent
age changes of Po were smaller. As a result the C:Po ratio 
tended to decrease with longer cultivatinii (Table 2). 

The apparent relative stability of Po as compared 
with C and N could be attributed to an inherent property 
of the biochemical and biological differential processes 
during which Po is mineralized as a result of a low 
demand of P independent of the C and N biological 
mineralization (McGill and Cole, 1981). 

Extractable P concentration decreased in the culti
vatt I soils as compared with either the virgin land or the 
check soil. Pe values were higher than 40 mg P/kg in the 
latter at 0- to 5- and 5- to 15-cm depths (exception was 
the 5- to 15-cm layer of the check). On the other hand, 
Pe values tend to be below 20 mg P/kg of soil in the 
cultivated plots with the exception of the A plot. The 
highest decrease of Pe was found in the E (w-g) treat
ment, suggesting a greater exportation of P from the 
system by the wheat crop and the grazing animals. It 
would be important to better understand the P dynamics 
in order to control the P supplying power of soils under 
different cultivation systems and climatic conditions. 

Table 3. Change (A%)aand statistical significance of soil parameters under cultivation as compared with the corresponding 
virgin and check values. 

Soil parameter
Comparison Depth ApH C N Pt Po Pe 

- cm 
*
A, V 0-5 -13 *Ob -43 *0 -56 00 -42 -16 -32 00 

A, Ch -4 * -37 -42 *0 ns ns -28' 

E, V ns -43* -53' -48" -270 -68 
E. Ch +8 * -37 00 -40" -8 ns -66* 

D.V -8 * -33" -50 -39 ns -36" 
D, Ch ns -26* -35" +10 +17* -62* 

Ch, V -9" -10* -23' -44" -18' ns 

A, V 5- 15 -11 -38 -51" -46" * -27 -49 "* 
A, Ch ns ns ns ns ns ns 

E, V ns -42" -51 " -48 * -25" -80** 
E, Ch +11 -10' ns -8 ' ns -69 00 
D, V -7 * -37 -45 00 -45 -28 * -77** 

D. Ch ns ns ns ns ns -65 " 

Ch, V -12** -35 " -45 00 -43 * -19 * -35 * 

'A % = 100 [Mean content in cultivated (or check) soil - Mean content in corresponding check (or virgin) soil] / Mean content in
 
corresponding check (or virgin) soil.
 
b ns - not significant; *- P < 0.05; *0- P < 0.01.
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Losses of C, N, and P-O. 15-m Depth 

Losses of C. N, and P on an area basis were calcu-
lated by multiplying concentration values by the bulk 
density and the sample depth. Concentrationsvere es-
timated from Table 2 by taking a weighed average of the 
values at the 0- to 5- and 5- to 15-cm depths (Table 4). 

Area-based data show smaller decreases in the total 
quantities of C. N. and 1Pper hectare with cultivation 
than those found from concentration data (compare 
Tables 2 and 4 and see Tiessen et al.. 1982). 

Losses from tile native prairie prior to this research 
were low for organic C (14%) and higher for N (30% and 
Pt (39%). The effect of cultivation showed again that the 
D (w-h) system had a lower degradation of organic 
components than the A (w-c) and E (w-01 systems. I'e 
suffered the highest decreases (about 60%1 in all treat-
ments. 

Yields 

In the semiarid environment of the region investi-
gated. crop yields are determined byvarious factors. Due 
to the scarcity of yield data (Table I) and the difficulty of 
isolating factors which control yields, no attempts to 
discuss this problem at this time will be made. 

Conclusions 

This study shows that surface (0- 15 cm) soil organic 
matter losses continue to be important several decades 
after beginning cultivation of the land and that cultiva-
ion has a strong negative effect in the short run in 

semiarid Argentina. Tile continued decline could be 

caused by erosive losses associated with the decrease of 
the soil organic matter and by an extension of the zone 
of depletion into the subsoil (Tiessen et al., 1982). It 
would be necessary to sample the whole solum to get a 
better picture ofthe changes in the concentration (weight 
basis) and amount (area basis) ofsoil organic matter and 
plant nutrients with long-term cultivation, since the 
corresponding values differ sharply. The introduction of 
alfalfa in the hay pastures ID (w-h) treatment] atteni
ated the degradation processes. Therefore. it was the 
most conservative system. Losses of 26% (concentration 
basis) or 13% (area basis) and of 37% (concentration 
basis) or either 15 or 17% (area basis) of soil organic 
carbon in the A or E treatments, respectively, were 
,ete',kd. Cultivaion ;trongly decreases extractable 

phosphorus (Pe) to nagnitudes lowor than 60% of the 
initial values. 
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Introduction 

Goldstein and Young (1987) estimated the level and 
composition of variable costs for an experimental, low-
input, legume-based crop production system called PAIS 
(perpetuating-alternative-legume-system) and compared 
them with costs for a conventional system under 1986 
economic conditions. The two systems were compared 
for net returns over variable costs on a hypothetical low-yielding and high-yielding site or year. The effects of 

yielingandhighyiedin sit oryea. Th efect of 
government support programs were examined by usingboth government target prices and 1986 mrket prices 

to calculate gross and net revenues under alternativecropping systems. Finally, the profitability difference 
between the systems examinedwas for sensitivity to 
changes in the saleasprice of winter wheat ittcum 
caestinum L.). 

Theuthor co e tand 
tem gave a pronounced economic advantage only with 
the combination of relatively high supnort prices and 

high-yielding conditions. Price sensitivity analysis showed 
that PALS overtook the conventional system in profita-
bility as wheat prices fell below $0.128/kg ($3.50/ 
bushel). Although the conventional system produced 
greater annual output. PALS slashed annual production 
costs by 56%. Lower costs would reduce the financial 
risk borne by farmers and could make it easier for them 
to obtain financing. Crop failures would impose lower 
financial losses under a low-input system than under 
chemical-intensive systems. 

Economic analyses confirmed that an extensive 
farming system which substitutes legumes for fertilizers 
and pesticides is favored under an agricultural economy 
with lower grain prices. The rapidly emerging competi-
tive strength of agricultural producers In Argentina, 
Brazil, Canada, Australia, and western Europe, the cen-
trally planned economies, and several Third World 
countries, suggest that world grain prices are not likely 
to rebound quickly from their current low levels. As 
taxpayers in the United States grow unhappy with 

continuing large federal expenditures for price support 
payments and storage charges. U.S. growers might be 
increasingly forced to lower production costs (Young and 
Goldstein, 1988). 

The study pointed out that widespread transition to 
low-input legume-based rotations would also provide 
substantial environmental benefits. These include re
duced soil erosion, abatement of pollution from agricul
tural chemicals, and increased wildlife habitat. Although
PALS appeared to have potential for increasing profitsunder low-yielding or low-price conditions, it was emudrlwyedn rlwpiecniini a m
 
phasized that PALS was an experimental system.
 

This paper uses the Erosilon-Productivity ImpactCalculator (EPIC) model to simulate the impacts of the 
PALS and conventional systems over an extended time 
period (100 years). The EPIC simulation provides addi
tional insight into the long-term use ofthc PALS system 

can be used to assess its adaptability to other areas. 
EPIC estimates the crop yields, level of erosion, nitrogen
(N)use and Nmovement from a point in the field to runoff 

water, subsurface lateral flow water, and water percolat
ing to groundwater supply. 

Study Assumptions 

Goldstein and Young's (1988) conventional s, stem 
consisted of a 4-year grain cropping rotation: 

Year 1 winter wheat 
Year 2 spring barley-(Hordeum vulgare) 
Year 3 winter wheat 
Year 4 spring peas-(Pisum sp.) 

and PALS, a three-y,:ar rotation: 
Year 1 spring peas + medic (Medicago sp.) 
Year 2 medic 
Year 3 winter wheat 

In the eastern Palouse of Washington State, farmers 
typically rotate winter wheat with a spring crop of dry 
peas, lentils (Lens sp.), or barley. A 2-year winter wheat
pea or lentil rotation precludes a potential problem with 
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barley volunteering back Into the following winter wheat 
crop and lowering its grade. However, due to farm pro-
gram incentives or market prices, eastern Palouse farm- 
ers sometimes plant spring barley, with appropriate 
variety selection and tillage practices to control volun- 
teering. preceding winter wheat. The 4-year system 
listed above is an intermediate conventional rotation 
with 1 year of barley and 1 year of peas rotated with 
winter wheat. 

The legume used in the PALS rotation Is a biennial 
black medic (MedicagolIupulinaL.) cultivar similar to the 
Danish cultivar 'Virgo' which is prostrate and competes 
little with companion crops in its year of establishment, 
but produces a vigorous upright growth in its second 
year. On the first year of the PALS system, medic was 
seeded in alternate rows with peas. In the second year, 
the medic produced seed in June and July and died. 
Medic residues and seed were incorporated with a disk 
in the fall, and winter wheat was seeded for harvest in 
August of the third year. On the fourth year, the medic 
seed germinated in a seeded crop of spring peas, and the 
rotation continued as before. Since black medic volun-
teers a thick stand in spring-seeded crops, the system 
has a "perpetuating" aspect. Similar wheat systems with 
annual medic species are employed in Australia (Puck
ridge and French, 1983), and, in some cases, the medic 
has not been reseeded for over 30 years (personal 
communication, R. 1.Papendick, USDA. Pullman, Wash
ington). The costs in Goldstein and Young's (1988) study 
assumed medic was reseeded every three cycles (9 
years). 

Data from 2 years of field trials over three sites 
suggestedthattheyieldsofwheatinthePALSsystemare 

similar to yields ofwheat grown with fertilizer after cereal 
crcps (Goldstein and Young, 1987: Goldstein, 1986). 
Winter wheat field trial results show an overall average 
of4210kg/ha (62.6 bushels/acre) for unfertilized wheat 
after medic versus 4050 kg/ha (60.3 bushels/acre) for 
fertilized wheat after cereals. Winter wheat after 2 years 
of medic enjoyed a particularly strong yield advantage 
overconventionalwinterwheatin the 1985 Pullman trial 
where drought restricted yields. Also, yields of wheat 
which followed Iyear ofmedic and yields of wheat which 
followed cereals with fertilizer, were similar. Not surpris
ingly, unfertilized wheat which followed cereals pro
duced sharply lowei yields (2690 kg/ha, 40.1 bu/acre) 
than fertilized wheat which followed cereals or unfertil
ized wheat which followed medic. 

Wheat which followed wheat had approximately 2.5 
times more weeds at harvest than wheat which followed 
medic. Wheat plots which followed barley averaged 27 
times more weeds at harvest than wheat plots which 
followed medic. In a similar study, wheat which followed 
harvested peas had 2. 1 times more weeds before harvest 
that wheat which followed biennial red clover (Trifolium 
pratense L.) as a green manure (personal communica
tion, D. F. Bezdicek, Pullman, Washington). 

EPIC 

EPIC was developed as an integral part of a much 
larger analytical effort. The Soil and Water Resources 
Conservation Act (RCA) of 1977, Public Law 95-192, 
requires the Secretary of Agriculture to carry out a 
continuing appraisal of the Nation's soil and water 

Table 1.Simulated average annual crop yields, erosion rates, and cumulative erosion in depth of soil erode- for the PALS and 
conventional systems over a 

System 

PALS 

Conventional 

108-year period. 

Wheat Barley Pea Avg. annual Depth of 
yield yield yield erosion rate soil eroded 

(Mg/ha) (Mg/ha) (Mg/ha) (Mg/ha) (mm)
 
(bu/ac) (bu/acl (lb/ac) (t/ac) (in.)
 

4.1 n/a 2.0 10.3 90.9 
61.0 n/a 1785 4.6 3.6 

4.4 4.0 2.1 17.3 153.9 
65.5 74.4 1874 7.7 6.1 

Table 2. Simulated average annual nitrogen use and movement for the PALS and conventional systems over a 108-year period. 

Nitrogen in 
Nitrogen Nitrogen Nitrogen subsurface Organic N 

System applied in runoff percolated flow in sediment 

PALS 
kg/ha 0.3 4.0 0.0 11.8 21.5 
lb/ac 0.3 3.6 0.0 10.5 19.2 

Conventional 
kg/ha 104.0 u.3 0.0 15.5 32.5 
Ig/ac 92.8 4.7 0.0 13.8 29.0 
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resources and to develop a program to direct the U.S. 
Department of.griculture'r; conservation activities. The 
program is to idenzifir and evaluate methods for the 
conservation, prot,_-':tlon, and enhancement of soil and 
water resources 41thcontextofalterrative Umeframes. 

EPIC is a resttlz of an interagency ccoperative effort 
to meet tnts need. An interagency task force made up of 
representatives Ircm the Agricultural Research Service 
(ARS), the Economic Research Seric, (ERSK, and Soil 
Conservation Se, vicc 'SCS) met and established guide-
lines for the developmeat ofa nadel to provide SCS with 
consistent estimates of the impacts of erosi'n on crop
yields. ARS had the responisibiit< ibr carrying out thebiesARchad heresosblityforcarrying
basic research and mod otling thc impacts, ERS 

t ot 
was to 

adapt. the model ior ti._c In the 1985 RCA Appraisal, and 
SCS was to provide expertise In soils data and soil 
science. 

EPIC was aesigned to be point specific: to estimate 
erosion and productivity relationships: to consider soils, 
topography. vegetative cover, and crop residue: to track 
nutrient losses; to estimate effects of management, till-
age, and conservation practices on crop yields: to esti-
mate the effects of changes in water-holding capacity on 
crop yields in rainfed areas; and to use existing data 
bases. 

MetlhodolcgV 

In this study, the conventional system practice and 
the PALS practices are used as input into the EPIC 
model. These systems are simulated for 108 years. The 
soil used is an Atherna (Pachic Haploxeroll) soil which 
was nearly 2 ni thick. The EPIC simulations are ccn-
pared to the experimen! J data to establish consistency. 
Then the simulations are examined to compare the 
simulated impacts of the coiiventional and PALS sys-
tems on erosion and N use and movement over the 108 
years and on the yield level after 108 years of each 
practice. 

EPIC has a series of submodels which simulate 
tillage, plant growth, N fixation, fertilizer use and move
ment, fertilizer application, irrigation, erosion, weather, 
and soil changes. EPIC has an automatic fertilizer optiont agivn sresslevl. 
which fertilizes at a given stress level. For these simula-

whic fetilzes or tesesimla-

tions the stress level was set at 95% throughout the 
analyses for the converhional system. Total N fertilizer 
application was set at I kg/ha (0.9 lb/acre), the mini-
mum level the model accepts if phosphorus application 
Is to remain automatic. The tillage and cropping systems 
were input to duplicate those of Goldstein and Young 
(1987). The conventional systems averaged 145 kg/ha 
(129 lb/ac) of N on wheat and 127 kg/ha (113 lb/ac) of 
N on barley. 

Results 

The simulated annual wheat and pea yields for PALS 
were slightly less than the conventional annual yield 
(Table 1). However. EPIC may not fully simulate the 
disease and weed control benefits of PALS. A 5% adjust
ment in the EPIC pest factor for wheat was used to 

account for the disease and weed control benefits ofPALS, but this may not reflect the total bencfit. The PALS 
system also has I year in 3 with no harvested crop, which 
reduces gross production. However, Goldstein and Young 
(1988) found the production cost to be much less, 

making PALS an economically preferable system underc ran r o dto stocertain marketm e conditions. 
The total erosion over the 108 years for PALS was 

over 40% less than for the conventional system (Table 1). 
This reduction in erosion reduced the organic Nlosswith 
the sediment by over 30% (Table 2). 

Nitrogen loss through runoff and subsurface water 
movement for PALS was about 25% less than the con
ventional system. Percolation loss of N was zero for both 
systems. 

Neither the PALS nor conventional systems had 
significant increases ordecreases in yield after 108years 

of erosion. The soil loss was not enough in either system 
to reduce the rate of production at that point. 

The EPIC simulations coupled with the earlier analy
ses of Goldstein and Young (1988) indicate that the PALS 
system may be a promising cropping system due to the 
reduced erosion and reduced N movement as well as the 
reduced cost. EPIC did not assess the effect of PALS on 
movement of pesticides; however, since sediment loss is 
reduced, chemical movement with sediment might be 
reduced. Chemical movement with water runoff might 
increase slightly since runoff increases slightly. How
ever, since PALS requires less pesticide application, 
there would be a reduction in the pesticide available to 
be transported with either sediment or water. 
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Introduction 

Wheat (Thiicumsp.) is the major winter cereal crop 
in Jordan. The average seasonal area during 1973 to 
1983 was 0. 14 million ha. Average grain production was 
580 kg/ha. Wheat is mainly grown in areas with rainfall 
of more than 300 mm annually. The average area and 
yield fluctuate due to the uncertain and uneven distribu
tion of rainfall. Fertilizers, especially phosphate, are not 
commonly used under dryland farming conditions in 
Jordan. Plant response and utilization of P is extremely 
low due to the high immobility and fixation in the soils 
of Jordan, which are characterized as calcareous with 
high pH and low rainfall. Welbank et al. (1973) indicated 
that P enhances root growth and produces intensive root 
systems which assist the plant in absorbing more water 
and nutrients. Pathuluri et al. (1986) found that the 
weight and intensity of corn plant roots increased by 
80%and the distribution increased when P was provided 
adequately in the root zone. Providing cereals with 
adequate P during the early stages of growth increases 
the number of tillers per unit area, enhances grain 
filling, and increases the weight of 1000 grains (Chapman 
and Keay, 1971). 

Apparently, addition of P in proper quantities could 

assist plants in avoiding or tolerating drought periods. 
Little information is available under the conditions in 
Jordan. The objective of this study was to determine the 
response and performance of four wheat varieties to P 
levels under dryland farming conditions of Jordan. 

Materials and Methods 

A field study was conducted in the 1986-87 season 
in three major regions of cereal production in Jordan. 
These were: Maru (fine. smectatic. 'Typic Chromoxer
erts), Mushaggar (very fine, smectatic, thermic, Typic 
Chromoxererts), and Ramtha (fine, mixed, thermic. Typic 
Xerochrept). Total rainfall was 317, 238, and 164 mm, 
respectively. Soils of these regions are calcareous with 
total carbonate contents of 6 to 17%, high pH (7.6-8.2), 
and 3 to 5 mg/kg NaHCO 3 extractable P. Four wheat 
(Triticurndurum L.) varieties, Hourani, Stork, DeirAlla 2, 
and Sham 1 were planted after summer fallow in each 
region at the seeding rate of 100 kg/ha. Four P rates. 0, 
25, 50, and 75 kg/ha, were banded with the seeds. Each 
plot consisted of six rows, 30 cm apart and 6 m long. 
Weeds were chemically controlled. At harvest, the middle 
four rows were harvested, and the following components 

Table 1.Analysis of variance (ANOVA) summary of tile variety, fertilizer rate, and location effects on yield components of wheat. 

Grain Straw Straw Crude 
df yield yield grain N protein P 

Variety (Var) 3 *oil * * NS NS NS 
Fertilizer (Fer) 3 NS NS NS * 

Var x Fer 9 NS NS NS NS NS 
Location (Loc) 2 *** * ** 

Var x Loc 6 NS NS NS 
Fer x Loc 6 * NS NS NS NS 
Var x Fer x Loc 18 NS NS NS NS NS NS 

C.V% 26.72 24.14 14.17 32.49 32.48 1631 
a, 00 indicate significance at the 0.05 and 0.01 level of probability, respectively; NS indicates not significant. 

Table 2. Effect of wheat variety and P rates on grain yield averaged over locations. 
kg P/ha 

Variety 0 25 50 75 mean 
kg/ha 

Hourani 1020d-f, 1140de 121Ocd 1360a-c 1180b 
Stork 810f 950ef 950ef 970ef 920c 
DA2 980ef 1150de 1250b-d 1400a-c 1190b 
Sham 1 940ef 1460ab 1530a 1470ab 1350a 
Mean 936c" 1173b 1233ab 1300a 

aMeans followed by the same letter in each column are not significantly different (P<0.05) according to Duncan's multiple range 

test. 



430 FertilizerManagement 

were measured: biological yield (straw plus grain), grain 
yield, strawyield, weight of 1000 grains. and straw/seed 
ratio. Seeds were wet digested and both total N and P 
were measured. Crude protein was calculated (N x 5.75). 

The experimental design was a randomized com-
plete block arranged as a split-plot with four replica-
tions. Regions were the main plots, varieties were sub-
plots, and the P levels were sub-subplots. 

Results and Discussion 

All growth characteristics studied were significantly 
affected by location (loc) (Table 1). In addition, grain and 

straw yields were dependent on variety and fertilizer 

treatments as shown by the significant variety x location 

(var x loc) and fertilizer x location (fer x loc)interactions. 
This indicates that responses of wheat varieties varied 
between the different locations. I)cations in this study 
were in different climatic zones, which basicall vary in 

wer iniferet asiall r~cimticzoeswhih vxy 
their rainfall, thus indicating the importance of the 

relationship between rainfall and P fertilizer effective-
ness. The var x fer interactions affected only the grain 

yield and grain P content, and indicates the importance 
of P fertilization in providing the plants with enough P for 

grain production. 
Significant differences in grain yield between varie-

tics were measured for the different P levels (Table 2). 

Although the grain yield behaved (ifferently in the 
different regions under similar rates of P. the yield
increased in all regions with increasing P rates up to 75 
kg/ha. 

Table 3. Effect of variety and location on grain yield averaged 
over all P levels. 

Variety Mani Rantha Mushaggar 

kg/ha 
Hourant 930cd- 540ef 2090a 
Stork 670e 580ef 1510b 
D A 2 1040c 410f 2130a 
Sham 1 103c 740de 228a 

Mean 9 10b 570c 2000a 

aValues followed by the same letter in each column and mean 

values in the row are not significantly different (P < 0.05) 
according to Duncan's multiple range test. 

Sham I (local variety) showed the greatest response 
to P fertilization followed by Hourani and DA2. while 
Stork was significantly less responsive. Grain yield 
performance of the different varieties varied among 
locations due to the var x loc interaction (Table 3). 
Significantly higher grain yields were obtained iLor all 
varieties grown in the Mushaggar area which had mod
erate rainfall (238 nm). This indicates the importance of 
the distribution pattern of rainfall which was more 

adequate at the different stages of plant growth at this 
location. It may also reflect the suitability of the soil and 

the environment of the region to wheat production. 

Generally. Sham 1yielded more than the other varieties 

overall locations, exhibiting more adaptibility to drought 
(Table 3). 

Grain yield was not affected by the interaction ofvar 
x fer x loc (Table I). indicating that the varieties re
s e c smarle ditins in ea o e 
sponded similarly to the 1Padditions in each zone. 

Highest yields were obtained in Mushaggar region. 
Yields were 2780, 2570. 1590, ant) 2520 kg/ha for 

Hourani. Stork, DA2, and Sham I at P rates of 50, 75. 
and 50, and 75 kg/ha, respectively (Table 4). Each 
optimal yield was significantly higher than its control. 

The increase was equivalent to 29.4. 13.1, 28.6. and 
95.6%, respectively. 

Straw yield was affected by the sae factors that 
affected the grain yield, except the var x fer interaction, 
which had no significant effect (Table 1). However, the 
straw yield varied significantly between the varieties and 
was in the following sequence Sham I > Hourani. DA2> 
Stork. Although the increase was linear with increasingP rate 50 toup to 75 kg/ha, it was not statistically 

significant (Table 5). Straw production was highly de
pendent on the location. Differences were significant 
and in the sequence of Mushaggar > Maru > Ramtha 
(Tables 6 and 7). 

The increase in straw yield in Mushaggar was 55.7. 
51.5, 36.2, and 36.2% over the control for Sham 1, 
Hourani, DA2, and Stork, respectively. TL,s increase 
was about 1.5 to 3-fold of that in the other locations. 

Straw production is of great economic value to the 
local farmers. It is ued as a major filling material in 

animal feed. Addition of P in sufficient amounts, espe
cially in the extremely dry areas like Ramtha (164 mm),
made it possible to obtain grain and strawyields of about 

twice the production obtained in seasons of normal 
average rainfall (220 mm). 

Table 4. Effect of variety. P fertilizer. and location interaction on grain yield.
 

0 kg P/ha 25 kg P/ha 50 kg P/ha 75 kg P/ha
 
Variety Maru Ramtha Mushaggar Maru Ramiha Mushaggar Maru 

Hourani 
Stork 
DA2 
Sham 1 

750k-q" 
500pq 

6801-cl 
760k-q 

540o-q 
600pq 
420g 
630m-q 

1780e-g 890k-q 
1410g-J 7201-cl 
1830c-g 1120h-n 
1420g-iI 1180h-1 

520pq 
590n-q 
4lOq 
750a-d 

Mean 670c" 520c 1610c 980d 570c 

kg/ha
 
2000d-f 10401-p 

1560f-1 7001-Cl 

1900e-g 1070i-q 

2440a-d 1030j-p 


1980b 960d 

Ramtha Mushaggar Mani Ramiha Mushaggar 

540o-q 2040c-f 1020J-p 550o-Cl 2520a-c 
550o-q 1590f-h 750k-q 7001-q 1470g-j 
450l 2220h-e 1270h-k 350g 2570ab 
780k-q 2780a 1130h-m HOk-q 2470a-d 

580c 2160ab 1040d 600c 2260a 

'Values in a column or means In the row that are followed oy the same letter are rot slgnilicantly dillerent {P < 0.05) according to Duncan's 

multiple range test. 
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The straw/seed ratio was dependent on variety, 
location, and their interaction (var x loc) only. The 
lowest ratio (1.47) was obtained in the Mushaggar area, 
and was significantly lower than that in the other 
locations (about 2). 

Grain nitrogen and crude protein were dependent 
on I,-,, ation only (Table 1), apparently due to better 
utilization and more efficient use of added nitrogen. 
Nitrogen and crude protein content of the varieties in the 
different regions varied significantly and was in the 
sequence of Maru > Ramtha > Mushaggar. Nitrogen 

Table 5. Effect of wheat variety and P rates on straw averaged 
over locations. 

kg P/ha_
kg P/ha 

Variety 0 25 50 75 Mean 

kg/ha 
Hourani 1860e-g" *2030d-f 2158c-f 2480a-c 2132b 
Stork 1160i 1410hi 1421hi 1380hi 1342c 
DA 2 1640gh 1990d-g 2072d-f 2250b-e 1988b 
Sham 1 1840fg 2340a-d 2626ab 2700a 2376a 

Mean 1625c- 1940b 2069ab 2204a 

'Values in a column or mean values in the row that are followed 
by the same letter are not significantly different (P < 0.05)
according to Duncan's multiple range test. 

Table 6. Effect of variety and location on straw yield averaged 
over all P levels, 


Variety Maru Ramtha Mushaggar

kg/haReferenceskg/ha 

Hlourani 1870d" 1140ef 3380a 
Stork 1230ef 91Of 1890d 
DA 2 2050cd 920f 3000b 
Sham 1 2240c 1410e 3480a 

Mean 1850b; 1100c 2940a 

'Values in a column or mean values in a row that are followed 
by the same letter are not significantly different (P < 0.051 
according to Duncan's multiple range test. 

contents were 2.59, 1 69, and 0.98, respectively, as was 
the crude protein content (N x 5.75). 

Grain P was mainly dependent on location. 
Significantly higher P contents were obtained in va
rieties grown in Maru (0.48%) and were similar in the 
grain in the other locations (about 0.34%), suggesting 
that all varieties responded similarly to P rates in each 
location. 

It was evident that the addition of P increased both 
grain and straw yield of all wheat varieties in regions of 
different climatic conditions and also affected the nitro
gen and phosphorus content of the grain and, thus, 
affected its quality. 

The rainfall in 1986-87 was noticeably low: 317, 

238, and 164 mm in Maru, Mushaggar, and Ramtha, re
spectively, compared to annual averages of 450, 350, 
and 220 mm. The yields of all varieties with adequate P 

were substantially higher than the national average 
yield obtained under average annual rainfall. Also, it was 
possible to obtain a higher wheat yield in the driest 
region (Ramtha) with only 164 mm of rainfall compared 
vwth the average national production in years of higher 
rainfall. 

The beneficial effects of P appeared to affect the crop 

in two general ways. It was observed that added P 
accelerated crop maturity by 10 to 14 days, thus allow
ing the crop to avoid the hot, dry conditions in the latter 
part of the growing season. Added P probably also 
stimulated root activity, thus allowing greater utilization 
of stored soil water. 

Chapman, M., and J. Keay. 1971. The effect of age on the 
response of wheat to nutrient stress. Australian Journal of 
Experimental Agriculture and Aninra Husbandary 11:223
228. 

Pathuluri, J.V., D.V. Kissel, D.A. Whitney, and S.J.Thiem. 
1986. Phosphorus uptake from soil layers having different 
soil test phosphorus levels. Agronomy Journal 78:991-994. 

Welbank, l.J., M.J. Gibb, P.J. Taylor, E.D. Williams. 1973. Root 
growth of cereal crops. Rothamsted Experiment Station 
Report Part 2. 

Table 7. Effect of variety, P fertilizer, and location interaction on straw yield.
 

0 kg P/ha 25 kg P/ha 50 !,g P/ha 75 kg P/ha
 

Variety Maru Ramtha Mushaggar Maru Ramth. Mushaggar Maru 

Hourani 
Stork 
D A 2 
Sham 1 

1630j-r 
950p-r 

1450k-r 
1720j-p 

1050n-r 
870qr 
880qr 

1160m-r 

2900d-g 
1660jg 
2580e-i 
2630e-h 

18201-n 
1440k-r 
2150g-I 
2330f-J 

1140n-r 
820r 
970o-r 
13501-r 

Mean 1440e 990f 2440c 1930d 1070f 

kg/ha 

3120c-f 2190g-k 
1960h-m 1280m-r 
2860d-g 2180g-k 
3320c-e 2340f-J 

2810d 2000d 

Ramtha Mushaggar Maru Ramtha Mushaggar 

I160m-r 3120d-f 1840h-n 1210m-r 4400a 
85Nqr 2140q-1 1240m-r I I20n-r 1780i-o 
990o-r 3050d-f 2410f-g 830r 3510b-d 

1430k-r 4100ab 2550e-i 1700J-p 3850a-c 

Il10ef 3100ab 2010d 12l0ef 3390a 

IValues in a column or mean values in a row that are followed by the same letter are not significantly different (P < 0.05) according to 
Duncan's multiple range test. 
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The plenary and other papers in this group indicated 
that the soil and climate characteristics of the semiarid 
regions are well documented, and that the constraints 
have been identified. The cropping systems vary accord-
Ing to the climate, and cereal and forage crop predomi-
nate. The nutrient mobiity concept developed by Bray in 
1953 has provided a useful tool to help understand the 
complex soil fertility regime, and has allowed the devel-
opment of management strategies for th ;e soils where 
nutrition is limiting, 

The constraints identified include: 

" Low humidity and rainfall, high radiation. 
" Low soil fertility, with N and P being the most 

limiting nutrients. 
" Salinity and acidity problems are encountered, with 

low acidity being a major limitation in tropical 
regions. 

" Organic matter content declines rapidly with culti-
vation, which causes problems of N storage (reten-
tion) in soils and lack of chelation, 

" Wind and water erosion contribute to nutrient defi
ciencies. 

Methods and technologies to alleviate the 
constraints include: 

" Manage crop residues to increase soil water storage 
and soil buffering capacities. 

" Apply N fertilizer according to needs, and use fallow-
ing and cereal-legume crop rotations. 

* 	P fertilization is more complex due to heavy P 
fixation, but one basal application ofP at 200 kg/ha 
and annual maintenance applications ofP at 25 kg/ 
ha are satisfactory in many cases, 

" 	 Use effective erosion ccntrol practices, identify and 
use adequate cropping systems, and make better 
use of manure. 

The proposed policies and programs for 
technology transfer include: 

• 	 Encourage use of better nutrient mana.gement sys
tems through institutional actions. 

* 	 Develop a coordination of resources with a global 
view. 

* 	 Conduct multi-location on-farm trials. 
* 	 Develop suitable recommendations for adaptable 

cropping systems. 

Research needs and priorities that were 
identified include: 

* 	 Enhancement of biological activity in soils (rhizobia 
selection for particular legumes and soils; mycorrhi
zae for P supply): develop better field information 
regarding mycorrhizae. 

* 	 Improve fertilizer efficiency by -educing losses of N. 
Study the interaction between organic matter and 
nutrient availability. 

* 	 Study the buffering capacity and chelation complex 
in tropical regions. 

The points of agreement included that P is often the 
most limiting factor, that soil organic matter manage
ment is crucial, and that extension services play a major 
role in enhancing fertilizer use. 

The points of disagreement included the effect of P 
banding (whether positive or negative), contrasted re
sponses of mycorrhizae to fallow periods, and the posi
tive effect of legumes on P absorption by the subsequent 
crop. 

Sulfur and micronutrient deficiencies were not dis
cussed, and N losses were covered in only one poster 
paper. 

New, promising problem-solving approaches include 
the use of mycorrhizae for enhancing P absorption, and 
the involvement of the fertilizer industry for extension 
purposes in tropical regions (example from India). 
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Introduction 

Semiarid lands cover approximately 15 to 20% of the 
world's land surface. Soils range from Mollisols to Ulti-
sols and Oxisols. Land use in these regions poses special 
problems. Rainfall is not only low but variable. Climates 
vary from cold to very hot and the effect of climate on soil 
development becones very complicated, especially when 
the age of parent material is considered. Phosphorus (P) 
is very important in maintaining food and fiber produc-
tion. In this paper, we review processes involved in the 
distribution of P in soils and their interactions which 
affect the bloavailability of P in semiarid lands, 

Phosphorus Transformations 
During Pedogenesis 

Phosphorus forms and transformations in relation 
to sofl development and management have been dis-
cussed in detail (c.f. reviews by Cole et al.. 1977: Smeck, 
1985: Tiessen and Stewart, 1985: Stewart and Sharpley. 
1987). During soil development, P composition in the 
soil will change (Walkers and Syers. 1976). For instance, 
Tiessen et al. (1984) showed the distribution of P in 68 
USDA-SCS benchmark soils representing eight soil orders 
of soil taxonomy. Correlation and regression analyses of 
P distribution and chemical analyses confirmed the 
partial dependence of organic matter accumulation on 
the available forms of P. Weathering indicators such as 
base saturation were related to secondary P forms. In 
more weathered soils, 80% of the variability of labile 
inorganic P (P) was accounted for by organic forms, 
suggesting that mineralization of organic P (Po) may be a 
major determinant of P fertility in these soils. The 
transformation of P,and P,, in soil are, therefore, cosely 
interrelated, since P, is a source of P uptalre for both 
plants and soil organisms (Barber, 1984) and P. may 
replenish soil P,through hydrolysis or be stabilized with 
the mineral ph-ise of the soil. In extremely weathered 
soils with high active Al and Fe contents. P ions are 
rapidly chemisorbed and removed from solution. Or-
ganic P forms are, therefore, important and the immobi-
lization-mineralization processes become an important 
mechanism of conserving P in the soil-plant system 
(Stewart and Ttessen, 1987). 

The high P requirements of the Oxisols and Ultisols 
of the humid tropics are well documented (Sanchez and 

Uehara, 1980). Large areas of Oxisols also exist under 

semiarid savannahs like the Brazilian Cerrados. These 
soils have similarly high P requirements (Goedert, 1983), 
which are caused by low total P contents resulting from 
their advanced weathering state (Fassbender et al., 
1978) and from a high capacity for P fixation due to high 

Al and Fe activities (Hughes and Le Mare, 1982). At
tempts to control P fixation have centered on liming of 
acid soils (Haynes, 1982) or the use of slowly dissolving 
rock phosphates (Smyth and Sanchez. 1982). 

Comparison of P Requirements 
of Semiarid Soils 

We have been examining the P distribution and 
residual P characteristics in soils from three separate 
zones, which were formed in semiarid climates but on 
differing parent material and with a different time and 
degree of weathering (Frossard et al.. 1988). A variety of 
techniques are being used, including a sequential P 
fractionation that characterizes P as labile (resin and 
bicarbonate). Fe- and Al-associated (hydroxide) and Ca
associated (acid)extractable Pi. as well as extractable P. 
(bicarbonate and hydroxide) and a residual non-ex
tractable P fraction (Tiessen et al.. 1984). Phosphorus 
sorption capacities were determined by equilibrating 2 g 
of soil in 20 ml 0.01M KC1 containing between 100 and 
2000 pg/ml P as potassium phosphate for 3 days. 
Phosphorus requirements to raise solution P to 2 pg/ml 
were calculated using Freundlich isotherms. Methods of 
isotopic dilution kinetics (Fardeau, 1981; Fardeau and 
Jappe. 1982) have also been utilized. 

The first zone was that of glaciated areas in the 
Canadian prairies of the North American Great Plains 
where soils have been formed since recent glaciation 
(approximately 10.000 years). Soil development pro
ceeds slowly in this region owing to very low average 
temperatures, with the result that soils in this zone are 
relatively unweathered and are mainly neutral in pH 
with most being classified as Mollisols. The second zone, 
in Northeast Brazil (semiarid savannah - forest transi
tion -Agreste region), was developed on Precamblan rock 
(approximately 500 x 106 years)under a hot climate. 
Soils in this zone tend to be acidic in pH, but to range 
from Mollisols to Oxisols. The third zone, in northern 
Ghana in West Africa, also classified as semiarid savan
nah, encompasses soils developed on Volta River Creta
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ceous marine deposits which have been preweathered mineralization to sustain wheat production for the first 
and resorted and are therefore intermediate in time. The 50 years. Even today, after more than 100 years of 
soil we examined in this zone has been classified as a cultivation, organic matter cycling and turnover supply 
Plinthustalf in the Alfisol order. In the two tropical zones, 30 to 50% of plant available P. 
temperatures are high and the main limitation to soil Alflsols are common in the semiarid savannah re
development is that of water effectiveness. 	 gions of West Africa and Northeastern Brazil. Despite 

only moderate profile development and high base satu-
P requirements. 	 rations, total and available P contents are frequently low 

(Table 1). At the same time, dithionite extractable Fe
The three soils show vast differences in their degree contents are high and oxalate extractable Fe may occur 

of weathering as shown by P distribution "%nd iron in moderate amounts. The presence of these iron forms 
extractions (Table 1). Only in the Canadian soil were suggest the potential for significant P sorption (An
there substantial levels both of total P in the A and B yaduba and Adepetu. 1983). 
horizons. The proportion of P present as acid extractable Phosphorus requirement to raise solution P level of 
P, 	shows that considerable quantities of apatite P re- the Brazilian soil to 2 ppm was only moderate, although 
mained to be weathered in that soil. In the two soils from P requirement in the B and C horizons was substantial 
the tropics, much of the original soil P has been lost or (Table 1). It appears that the high organic matterconcen
was present as residual P (presumably substantial tration of the A horizon reduces P sorption. This soil is 
quantities as occluded P). Available P. as measured by located on a transition from a semiarid to a subhumid 
resin extract, also was 5 to 10 times higher in the Mollisol region in the Agreste of Pemambuco (Brazil) on slopes of 
than in the Alfisols. There is also a substantial body of up to 25%. Erosion potential is. therefore, high and 
evidence (c~f. review by Roberts and Stewart, 1987) profiles are commonly truncated with B horizon expo
which shows that residual fertilizer P in Mollisols re- sures at the surface. Eroded sites, therefore, will show 
mains available for plant use up to 10 to 16 years four times higher P requirements than uneroded ones. 
following application. Organic P status is an important The Ghanaian soil similarly shows only moderate P 
source of P under native grassland and can be exploited requirement and an addition of 180 kg P/ha raises 
by various management practices (Stewart and Shar- available P levels substantially (Table I). Three years 
pley, 1987). In fact, when Canadian prairie soils were afterPfertilizerapplication, labile and extractable Phave 
first cultivated, there was sufficient P from organic P been reduced to almost their original levels. Crop export 

Table 1. P fractions and some chemical and physical properties of soils from semiarid regions developed under warm and cold 

climates. 

Cold climate soil 	 Warm climate soils 

Local soil classification Brown Chernozem (Canada) Brunizem (NE Brazil) Savannah Ochrosol (Ghana)
 
Soil taxonomy order Mollisol Mollisol Alfisol
 

Horizon Ap Bmk Cr At B, C Ap B, Ap. Apt'
 
fertilized fertilized
 

+ 3 years 

pH 6.6 6.6 8.0 6.2 6.2 6.2 5.6 4.7 5.6 5.6 
Clay (g/kg) 340 440 400 270 540 - 50 70 50 50 
Dithionate-citrate 

Ext. Fe g/kg 7.0 7.8 6.3 18.3 30.6 28.5 11.5 22.6 11.5 11.5 
Organic carbon (g/kg) 14.8 10.8 5.5 28.1 4.4 2.1 6.4 2.6 6.4 6.4 
Available 	P (resin P) 

(mg/kg soil) 25.5 8.3 11.9 2.7 1.1 1.0 2.8 0.8 31.7 5.6 
Ca saturation (%) > 85 > 85 > 85 78 50 50 76 72 76 76 
Total P (mg/kg soill 591 569 618 172 149 104 156 150 207 157 
P needed to bring soil 

" 
solution P to 0.2 g I 31 41 27 42 16 290 54 67 n.d., n.d. 
P fractions (%of total P) 

Resin P 4.3 1.5 1.9 1.6 0.7 1.0 1.8 0.5 15.3 3.7 
NaHCO 3 P, 1.6 0.5 0.3 0.6 1.1 0.0 0.9 0.0 4.4 1.9 
NaOH P, 5.2 2.6 2.0 4.3 10.8 8.7 5.5 5.3 9.1 8.8 
Acid P, 26.4 37.0 66.4 2.1 1.1 0.6 5.5 1.5 8.3 5.8
 
Organic P 17.3 14.3 2.4 35.0 12.4 7.5 27.4 18.2 
 21.1 28.3 
Residual P 45.3 44.1 26,8 58.1 66.6 81.1 58.0 75.7 42.7 54.7 

'Ap horizon sampled following application of 180 kg P ha 1. 
bAp horizon sampled 3 years following application of 180 kg P ha'. 
In.d. = not determined. 
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was monitored and did not account for the losses, Barber, S. A. 1984. Soil nutrient bloavailability. New York: 
neither was there appreciable movement of P within the Wiley Interscience. John Wiley & Sons. 
profile or out of the plots (by erosion). The analyses in Cole, C. V.. G. S. Innis. and J. W. B. Stewart. 1977. Simulation 

Table 1are based on soil fines <2 mm and do not include of phosphorus cycling in semiarid grasslands. Ecology 58:1 

the abundant lateritic concretions that were present in 
Fassbender, II. W.. F. 1. Belnroth. and I.. S. Sarmianto. 1978. 

Amounts and forms of P in ten highly weathered soils of 
gg/g of P over the 3-year period accounting for most of Puerto Rico. Turrialba 28:9-13. 
the P added (Tiessen, this volume). Concretion material Fardeau. J. C. 1981. Isotopic dilution kinetics and available 
required 147 pg/g P to raise solution P to 0.2pg/ml while phosphorus in soils. These Doctorat Etat, Paris. 198 pp. 
the soil fines required 54 pg/g, confirming the concre- Fardeau. J. C., and J. Jappe. 1982. Importance of isotopic 
tions role as an effective P sink in the soil. Nye and exchange kinetic for the characterization of soil available 
Bertheux (1957) assumed the 700 pg/g of P they found phosphorus. Science du Sol 2:113-124. 
in the concretions of a Nigeri-in soil that otherwise con- Frossard. E., 1-. Tiessen and J. W. 13. Stewart. 1988. Isotopic 

taned 190 pg/g to be lost to plant production, dilution kinetics of phosphate ions In Brazilian and Cana-
Lian soils. Canadian Journal of Soil Science. (submittedLaterite pans are common in West Africa and the under review). 

presence of lateritic concretions in the cultivated layer of Goedert, W. J. 1983. Management of the Cerrado soils of Brazil: 
the soil depends or its distance from the underlying a review. Journal of Soil Science 34:405-428. 
crust. Similar to the Brazilian situation, discussed above, Haynes, R. J. 1982. Effects of liming on phosphate availability 
erosion will expose increasing amounts of high P fixing in acid soils: A critical review. Plant and Soil 68: 289-308. 
materials and reduce the effectiveness of P fertilization. Hughes. J. C.. and P. H. 1x Mare. 1982. 111gh gradient magnetic 

In many instances, erosion is a naturally occurring separation of some soil clays from Nigeria, Brazil and 
phenomenon on these savannah soils due to the high Columbia. Journal of Soil Science 33:521-533. 
rainfall intensities combined with prolonged dry periods Le Marc., P. I1., J. 'ereira, and W. J. Goedert. 1987. Effects of 

which leave the soil surface unprotected. This leads to 	 green manure on isotot)icallv exchangeable P in a dark-red 
latosol in Brazil. Journal of Soil Science 38:198-209.highly heterogeneous soils which contain mixtures of 

strongly weathered and almost unweathered materials. Nye, P. If., and M. II. Bertheux. 1957. The distribution of
phosphorus in forest and savannah soils of the Gold Coast 

The control of P sorption and its reversibility has rarely and its agricultural significance. Journal of Agricultural 
been studied and may require the use of organic matter Science 49:141-159. 
not only as a source of plant available P (Agboola and Roberts, T. L., and J. W. B. Stewart. 1987. Update of residual 
Ok_, 1976; Adepetu and Corey. 1976), but also as a fertilizer phosphorus in Western Canadian soils. Sas
moderator of P sorption (Le Mare et al., 1987). katchewan Institute of Pedology Publication R523. Saska

toon: University of Saskatchewan. 15 p1. 
Sanchez, P. A.. and G. Uehara. 1980. Management considera-

Conclusions tions for acid soils with high P fixing capacity. p. 471-514. In 
F. E. Khasawneh. E. C. Sample. and E. J. Kamprath (eds.) 

Phosphate requirements and residual P fertilizer The role of phosphorus in agriculture. Madison, WI: Ameri
availability of semiarid soils will be related to the degree can Society of Agrononiy, Crop Science Society of America 
of weathering and active Fe and Al status. Organic and Soil Science Society of America. 
matter 	In A horizons acts both as a source of P in Sneck. N. E. 1985. Phosphorus dynamics in soils and land

young soils and as a means of reducing or scapes. Geodernia 36:185-199.relatively
blocking 	sorption of P by Al and Fe short-range order Smyth, T. J.. and P. A. Sanchez. 1982. Phosphate rock disso
bokin. srtion mlution and availability in Cerrado soils as affected by P
oxides. Fertilizer use in many semiarid tropical soils will sorption capacity. Soil Science Society of America Journal 
have to be associated with careful management of or- 46:339-345. 
ganic residues and a knowledge of the degree of weath- Stewart, J. W. B., and A. N. Sharpley. 1987. Controls on 
ering. dynamics of soil fertilizer phosphorus and sulfur. p. 99-119. 

In R. F. Follett. J. W. B. Stewart, and C. V. Cole (eds.) Soil 
fertility and organic matter as critical components of pro-
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Introduction 

Major changes in soil organic matter and nutrient 
supplying capacity have occurred as a result of conver-
sion of Great Plains grasslands to croplands (Haas et al., 
1957; Tlessen et al., 1982). Similar changes have been 
recorded for Australian grasslands (Russell and Wil-
liams, 1982). Initial levels of grassland productivity and 
soil organic matter levels varied widely across the region 
reflecting a 20°C difference in mean annual temperature 
from north to south and a range of 300 mm of annual 
precipitation from east to west. Soil texture also had 
large effects on productivity and organic matter accu-
mulation. 

There have been major changes in cropping prac-
tices over the approximately 80 years of cultivation with 
Improved varieties and soil management practices so 
that the semiarid Great Plains is now more productive in 
terms of yields of grain and other adapted crops than it 
was when sod was first broken. We conducted an 
analysis of these historical changes as a basis for 
prediction of future changes with existing or newly 
developed management practices and as a consequence 
of possible climatic changes In the region. 

Early Dryland Research 

Haas et al. (1957) summarized N and C changes at 
17 research stations as influenced by cropping over a 
period of approximately 40 years. The losses of soil N 
under small grains were considerably less than under 
row crops. However. losses of N under small grains were 
greater for alternate cropping and fallow than under 
continuous cropping. The mean loss of C in the surface 
20cm of soil at 11 of the stations with the best documen
tation was 33% under wheat (Triticum aestivum L.)
fallov compared to 29% under continuous wheat (Table 
1). During much of this period, crops were harvested 
with a binder and much of the crop biomass was 
removed leaving little crop residue on the land. Later in 
this period, combine harvest was used which left straw 
and chaff in the field and reduced losses of N. The 
significant influence of tillage and wheat residue man
agement was documented by Black and Siddoway (1979). 
The introduction of stubble mulch practices in the late 
1940s and early 1950s reduced soil disturbance and 
maintained crop residues resulting in significant reduc
tions in losses of C and N as documented by Bauer and 
Black (1981). These investigators also documented sig-

Table 1. The effects of 40 years of cropping in wheat fallow or continuous wheat on percentage weight loss of organic C and total 
N at 11 experiment stations"In the U.S. Great Plains region; comparison of historical data with model results.' Data 
recalculated from Haas et al. (19571 on basis of weight of element, g/m. in the surface 20 cm. 

Organic C Total N 

Data Model Data Model 

Wheat fallow 9 
sd 

33 
(11.7) 

33 
(5.0) 

30 
(7.5) 

27 
(4.8) 

Continuous wheat Y 
sd 

29 
(11.7) 

26 
(5.7) 

21 
(6.7) 

21 
(5.1) 

Locations: Havre, MT: Mocassin, MT; Dickinson, ND; Mandan, ND; Sheridan, WY: Archer, WY, Akron. CO; Colby, KS: Hays. 
KS: Garden City. KS: and Dalhart, TX. 
bStraw removal assumed at 50%. 
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nificant effects of soil texture on patterns of loss of 
organic matter. In more recent studies. Lamb et al. 
(1985) have shown reduced losses of soil N under wheat
fallow with no tillage compared to stubble mulch or bare 
fallow. Interpreting historical changes in soil fertility andproductivity of the region and projectvrng the impact of 
new management practices require a systematic evalu-
an ofatheffetpacts ofclices e a soilsprpemtiesaation of the effects of clim ate and sol properties on 
changes in levels of organic matter. 

Regional Organic Matter Levels -

A Data Base Analysis 

A soils data base was developed and analyzed to 
quantify relationships among temperature, precipita-
tion. soil texture, and organic matter in rangeland and 
cultivated soils of the region. These relationships then 
were used to develop predictions of C and N losses as a 
consequence of cultivation. Data were obtained from 
SCS National Soil Survey Laboratory pedon data bases, 
SCS soil series investigation reports, and our own field 
studies. We selected 383 pedons to represent cultivated 
soils and 562 pedons to represent rangeland soils of the 
region (Burke et al., in press). Organic C and N concen-
trations, as well as. sand, silt, and clay were calculated 
from the raw data. Carbon and N weights to 20 cm were 
calculated by horizon and summed to a 20-cm depth. 
Climatic data corresponding to pedon location were 
linked with each pedon. 

The best predictors of organic C. as established by 
best-possible-subset regression analysis, were mean 
annual temperature (MAT) and its square, annual pre-
cipitation (APPT) and its square, APPT times silt, and 
APPT times clay (Table 2). Neither silt nor clay by itself 
was a significant predictor. These regressions accounted 
for 51% of the variation in rangeland soils and 54% of the 
variation in cultivated soils. Nitrogen contents were 
highly correlated with C contents in both data sets. The 
equations predict a slight narrowing of C/N ratios from 
10 in rangelands to 9 in cultivated soils. 

Simulation Modeling of Organic

Matter Changes
 

A mechanistic model (CENTURY) based on rates oforganic matter formation and decomposition was devel
oped for analysis of factors controlling soil organic 
matter levels in Great Plains grasslands (Parton et al.,1 8 .1 8 a 9 8 ) h o e a l o a pi d t i987, 1988a, 1988b). The model was also applied to a 
study of land-use effects on soil organic matter dynam

ics (Cole et al., in press) 

Predicted values of soil organic C using the regres
sion equations in Table 2 were used to validate the 
performance of CENTURY in simulating regional pat

terns of soil C for soil of different texture in the Great 
Plains. The model gave a good representation of soil C 
levels at 56 sites over a range of APPT from 30 to 120 cm 
and MAT from 4 to 23"C with fine, medium, and coarse 
soil textures (RI = 0.76). 

Application of CENTURY to analysis of cropping 
effects was validated by simulation of C and N losses at 
11 experiment stations and comparing thosevalueswith 
historical data for the first 40 years of cropping (Cole et 
al., in press). Mean values of losses under wheat-fallow 
and continuous wheat for data and model output are in 
good agreement (Table 1). Regional analysis of soil C 
levels in virgin sod and croplands was conducted by 
initially simulating virgin sod at 55 sites in seven east
west transects of the Great Plains. Initial soil C ranged 
from 2.3 to 7.8 kg/in2 in the fine-textured soils and 1.3 
to 4.2 kg/m 2 in the sandy soils. Soil C was greatest in the 
northeast and declined toward the warm and dryer 
region in the southwest. Soil N had a similar pattern, 
with C/N ratios close to 11. 

Simulated C loss duringthe first 40-year period (Fig. 
1) was greatest in the mesic part of the region reflecting 
greater initial amounts of soil organic matter in this area 
and the influence of climatic controls on decomposition 
rates. The mean loss of C was 2. 1 and 1.3 kg C/m 2 for 
fine- and coarse-textured soils, respectively. Soil C losses 
under continuous wheat were slightly less tliaki under 
wheat-fallow (82 and 89%of wheat-fallow losses for fine-

Table 2. Best-fit regression of soil organic carbon kg/m 2 to 20 cm) for rangeland and cultivated soils of the U.S. Great Plains 

(Burke et al., in press). 

Range soils Cultivated soils 

Independent Standaro,zed Standardized 
variables Coefficient coefficient Significance Coefficient coefficient Significance 

MAT -8.27 x 10' -1.64 0.00001 -7.50 x 10' -2.32 0.00001 
MAT 2.24 x 102 1.17 0.00001 2.10 x 102 1.69 0.00001 
APPT 1.27 x 10' 1.08 0.00001 5.81 x 102 0.64 0.0045 
APP-P -9.38 x 101 -1.02 0.00001 -4.58 x 10' -0.68 0.0009 
APPTx silt 8.99 x 10, 0.44 0.00001 4.94 x 101 0.41 0,00001 
APPTx clay 6.00 x 10' 0.21 0.0001 5.82 x 10' 0.32 0.00001 
Constant 4.09 5.15 

2r' = 0.51 r = 0.54 
P < 0.0001 P < 0.0001 

N = 562 N = 383 
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Figure 1. Simulated changes in soil organic carbon 
(kg C/m 2 ) of fine- and coarse-textured soils of the 
Great Plains under wheat-fallow cropping during 
consecutive 40-year periods: initial decreases 40 
years after breaking sod and increases in the sub-
sequent 40 years under typical management prac-
tices of the period. Historical lower yielding varie-
ties, bare fallow, and 50%straw removal were 
assumed for the first 40 years. 

and coarse-textured soils, respectively), but the geo-
graphic pattern was similar. 

During the next 40 years, management practices 
simulated were modified to include higherylelding varie-
ties in common use, application of N and P fertilizers, no 
straw removal, and stubble mulching. Soil C and N loss 
was arrested and soil C levels recovered. Greater soil C 
recovery occurred In the sandy soils (an average of 0. 37 
kg C/m 2) compared to the fine-textured soils (0.25 kg C/m2). 


The combined use of statistical and mechanistic 

models was an effective means of quantifying major 
controls on productivity of the region.The results indicate that with adoption of manage

ment practices incorporating high yielding varieties, 
minimum soil disturbance, replacement of nutrients 
removed In harvest, and residue conservation, the re
gion can sustain higher levels of productivity over the 
long-term. 
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Introduction 

The practice of applying chemical fertilizers to crops 
has been adopted slowly in Argentina. This can be 
attributed, in part. to the natural high fertility of soils as 
well as to the low overall extraction of nutrients caused 
by the "mixed" farming system (crops/cattle). On the 
other hand, grain crop production in the semiarid 
Pampas. where rainfall is less than 600 mm/year. is 
risky due to very marked climatic variability, which in 
turn, may eliminate the benefits from fertilizer use. 

In that region, experimentation with fertilizers has 
been scarce because it was always assumed that the key 
to crop production was the correct use ofavailable water. 

Taking into account the need for higher yields to 
make wheat (Triticumaestivum L.) production profitable. 
a series ofnitrogen (N)and phosphorus (P) fertilizer trials 
were initiated with the purpose offormulating adiagnos-
tic method that could predict the response to fertilization 
in an area with water shortages. 

Materials and Methods 
bIXenty-six small plot experiments were conducted 

1980 and 1984, in the semiarid region nearbetween 
n 2 5 ) hywr ~ae
Bahia Blanca (38041l Sand 62115W). They were located 

in fields where farmers were to sow wheat that year. Soil 

samples were taken in each location to a depth of 20 cm, 

on which total N, nitrate N, available P (Bray and Kurtz 
methods), organic matter, and pH were determined. 
Wheat cv. Cooperacion Cabildo was sown inthe second 

halfofJune on soils that can be classified as Petrocalcic 

Haplustols. 


Six fertilizer treatments were utilized: three levels of 

atments were utilizfd 

urea N (0, 25 and 50 kg/ha of N) and two levels of 
superphosphate (0 and 60 kg/ha of POJ). Super-

Sxtle r tre0,25 the levels of 

phosphate was placed with the seed and urea was 

broadcast at the end of the tillering stage (approximately 
September 12). 

For each site, variables such as previous farming 
history and precipitation, were also recorded. 

Results and Discussion 

The average rainfall ofthe growing season for that 5-
year period was 185 ± 114 mm, including an extremely 
dry year, 198 1. Average wheat yields obtained are indi-

cated in Table 1 for the whole period, except 1981. 
Fertilization with P,for all the doses of N used, produced 
an extra yield of 0. 1 Mg/ha. Nitrogen alone increased 
yields 0.257 Mg/ha for the 25 kg/ha of Nrate, and 0.446 
Mg/ha for the 50 kg/ha of N rate. These results suggest 
that the yield response to N appears attractive, particu
larly at lower rates. The yield response to P is of a low 
magnitude and not so attractive. 

Therefore, fertilization can increase grain produc
tion in the area as well as water use efficiency (WUE). 
Allowing for a water storage efficiency during fallow of 
15%. it may be estimated that WUE was 5.94 + 2.5 kg/ 
mm for the unfertilized treatment, and 6.99 + 2.5 kg/ 
mm for those fertilized. Consequently. each millimeter of 
rain produced an extra kilogram of wheat when nutri
ents were added. These values are low when compared 
with those ofother semiarid regions ofthe world, indicat
ing that it is possible to obtain even higher yields with 
better wvater management, although they are limited by 
rainfall distribution and soil depth. 

Fifty percent of the trials showed response to N. In 

those cases, the lower rate produced a yield increment of 
0.479 + 0.276 Mg/ha, and the higher rate 0.773 + 0.378 
Mg/ha, the latter being statistically higher in 23% of thesites. The fertilizer use efficiency, relative to the check. 

was 16 + 10.3 kg N in the 25 kg N treatment and14.1l + 8.7 kg grain/kggrain/kg N for the 50 kg/ha of N treatment. 
Th traith yildrepe to Nhad 13.3tm6.4 

Mgk oNat wig tiesnd 9.7 +M g 

Mg/kg of N0N at sowing time and 9.7 + 4.6 Mg/kg of 

N0:,N at tillering time. They also had no legumes during 
the past 10 years and more than six tillages in the same
period. In many cases, they also corresponded to wheat 
after wheat sequences. Another requirement was a 

minimum of 90 days ofweed-free fallows. There is a high
probability that wheat planted in those conditions will 
respond to N application. 

Only 27%ofthe trials showed asignificant response
to, ygto P,increasing yields 0.212 +0.096 Mg/ha. Conversion 
relations were 3.6 ± 1.61:1 for the addition of 60 kg/ha 

of P20 5. Adjacent plots had equal response to rates half 

as high. Phosphorus limited response to Nin 15% of the 
cases. 

Fields that had a response to superphosphate had P 
contents (Bray and Kurtz) of 7.3 + 3 Mg/kg at planting 
time. Economic yield responses can be expected when 
soil contents of that nutrient are less than 10 Mg/kg. 

In order to optimize N fertilization and support the 
hypothesis of broadcasting at the end of tillering, the 
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Table 1. Average wheat yields with the different fertilization treat ments for the entire test period (1980-1984). 

P treatment Period 

kg/ha of P20 5 

0 1980-1984 
60 

0 1980, 1982-1984 
60 (1981 omitted) 

effect of rains upon fertilized or unfertilized wheat yields 
were analyzed. Rainfall occurring during different phe-
nological periods was computed and it was found that 
those falling in the emergence to floral initiating period 
(July I to September 10) were the ones that best pre-
dicted final yield of the crop, as shown in Figure 1. The 
ones occurring during heading and kernel filling did not 
adjust as well in addition to not having major value as a 
predicting tool for fertilization. Considering a series of37 
years, it was feasible to determine that when the July 1 
to September 10 period is rainy, there is a good proba-
bility that the following one (September 10 to December 
15) will also be rainy, and rarely the contrary. If the shoot 
to filling stage is humid, but the wheat plant is not able 
to develop a sufficient number of potential ovules, the 
yield will be compromised. 

5 

.C .Suelo 
+ + 

S3 + + 

2 +
.J + 


>- 1Loewy. 


0 J ,Province.
0 100 200 

RAIN FALL (Jul 1 - Sept 10) 

NO FERTILIZER (xl Y= 979* 10.11 x R=057 A
©WITH FERTILIZER (t) Y=1247- 1336 x R= 064 


Figure 1. Effect of rainfall during the emergence to 
floral Initiation period upon yield of fertilized and 
unfertilized wheat. 

N treatment, kg/ha of urea N 

0 25 50 

Mg/ha 

1.996 2.216 2.366 
2.082 2.339 2.469 

2.263 2.520 2.709 
2.353 2.648 2.811 

As can be seen from Figure 1. fertilizer applications 
increase yield averages even when rainfall is scarce 
during that period. An economic response value of 0.5 
Mg/ha is obtained when precipitation in that period is 
above 70 mm. Therefore, it is concluded that N applica
tion should be delayed until September I1 in order to 
increase the chances of maling a profitable manage
ment decision, taking into account factors such as plant 
stand, weed and insect control, and climatic trend. This 
is possible because other experiences have shown that 
there is no difference In applying urea at planting or 
tillering time since fallow will provide sufficient N to 
cover the demand of the first stages of the wheat plant. 
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Water use efficiency (WUE) is of concern to farmers 
when they must deal with suboptimal water resources 
and they wish to utilize each increment received to the 
fullest extent. Under these conditions, it is necessary to 
make as much of the water resource available to the crop 
as possible and subsequently to have the crop utilize 
that water with maximum efficiency to produce desired 
commodities. Depending upon its intended use, WUE 
may be defined in several way as follows: 

WUE, = Y/PPT: WUE E V = Y/ET: WUE = Y/T [1 

where: Yield (Y)can be total biomass or usable product 
such as grain, PP" is total precipitation received per 
crop, ET is evapotranspiration, and T is transpilation. 
WUEp is a measure of water use efficiency based upon 
total precipitation available including all ways in which 
water is lost and/or remains unused in the soil. This 
definition is useful in long-term agronomic studies where 
evaluation of cultural practices includes their effective-
ness in making the water resource available to the crop. 
WUE, is a measure of water use efficiency based upon 
evapotranspiration and is useful in agronomic studies to 
evaluate the effects of cultural practice on efficient use 
of water lost from the system by evaporation (E) and 
transpiration. WUE is a measure of water use efficiency 
based upon transpired water and is important in physi-
ology studies where information is sought relative to 
basic metabolic functions and relationships between 
plant growth and water use. 

Thus, factors having a disproportionate effect on 
yield and plant water use will affect WUE. For example, 
Black et al. (1981) found that replacing crop-fallow 
production systems with more intensive cropping sys
tems resulted in increased average annual crop yields 
with subsequent increases in WUE, (Table 1).The an
nua! cropping sequences used 81% of the precipitation, 
while the 3-year rotation used 59% and the crop-fallow 
51% of the precipitation received. Nitrogen application 
resulted in additional yield increases without affecting 
water utilization which resulted in an additional in
crease in WUEP Excellent reviews of the effects of soil. 
lertiiity on water use and WUEF. and WUE, have been 
published (Briggs and Shantz, 1913: Viets. 1962. 1967: 
Power, 1983). These reviews )rovide inore detail than 
will be possible to discuss here. 1lowever, we will briefly 
address the main principles since they apply to current 
problems ofnmximizing use ofavailable water resources 
in crop production through optimization of inputs. 

Data in Figure la illustrates the effects of the 
interaction between available water and nutrient levels 
on grain sorghum [Sorghum bicolor (L.) Moenchl. As 
available water increased. yield responses to applied N 
increased. For the medium (W,) and high W,) water 
levels, El and Y where independent (Fig. Ib), with the 
expected linear relationship between WUEL. and yield 
(Fig. 1c). This may occur, because as nutrient levels 
increase plant growth, leaf area is increased resulting in 
greater ground cover and T while reducing incident 
radiation on the soil surface and E (Power, 1983). Thus, 

Table 1.Average precipitation-use efficiency per cropping sequence as influenced by cropping system within a tall wheatgrass barrier 
system over a 12-year period (Adapted from Black et al., 1981). 

Average annual 
Total ppt Total water, grain yield WUE, 

Cropping system per crop use per crop WUEV No N +N No N +N 

mm % Mg/ha kg/ha/mm 

Annual cropping 
6WW,B,S,B,WW,S,B 396 222 81 1.33 1.79 3.4 4.5 

Three year rotation 
SW-WW-F 569 333 59 1.00 1.42 2.6 3.7 

Crop fallow 
WW-F 788 404 51 1.02 1.25 2.6 3.1 

'Crop water-use per crop Is based on soil water use plus precipitation received from seeding to harvest.
 

hSymbols: +N = 34 kg N/ha each crop year: ppt = precipitation; WUE,.= litotal water use/crop) / (total precipitation received/crop)l
 
x 100; WW = winter wheat (Titicumaestivum L.I; SW = spring wheat: B S = safflower (Carlhamus=spring barley (llordeum vulgare1.): 
tlnctoris L.): and F = fallow. 
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Figure 1. Relationships between sorghum grain yield, ET, and WUE.T. All plots preplant irrigated to fill soil 
profile. Growing season: W, = rainfed, W2 = 50% of ET replaced weekly, and W, = 100% of ET replaced 
weekly. ET replacement began apprordmatoly six weeks after planting. (Onken, A.B. and C.W. Wendt. 
Unpublished data.) 

Table 2. Fertilizer effects on grain yield and WUE of grain sorghum and millet in Niger and Mali (Wendt, C.W.. Z. Kouyate, and 
V A. Payne, unpublished data). 

Grain sorghum 	 Millet 

Ferti- Yield WUE, % of Yield WUE. % of 
Location lity control control 

Mg/ha kg/ha/mm % Mg/ha kg/ha/mm % 
Kdla Pate'. Niger 0 0.27 0.83 

ET (321 mm) F 0.53 1.66 
N'Dounga, Niger 0 1.20 4.40 

ET (273 mm) F 1.73 6.35 
Chikal, Niger 0 0.24 1.12 

E1(214 mm) F 0.35 1.62 
Cinzana. Mali 0 1.31 3.52 

ET (372 mm) F 2.05 5.52 
ET (390 mm)c 0 1.51 3.88 

F 2.62 6.72 

'Niger: 0 = control; F = 10 kg P + 45 kg N/ha - 1985. 
Mali: 0 = control; F = 20 kg P + 45 kg N/ha - 1986. 

bTillage = No till. 
'Tillage = Deep plowing + tied ridges. 

with a moist soil surface these two processes may affect 
each other such that little change in ET occurs. At the 
lowest water level (W,), the relationship between ET and 
Y and WUE. and Y was non-linear due to a significant 
increase in ET with applied N. 

Fertilizer applications have been found to have 
substantial effects on yield and WUEF.r for sorghum and 
millet [Penntsetumamericanum(L.) Leeke] grown in dry-
land systems in the Sahelian zones ofNiger and Mall on 
soils that were very low in N and P (Table 2). Amounts of 
ET were low, indicating yield restricting levels of avail-
able water. Increases in grain yield and WUEF:r were 
dramatic, ranging from 18 to 100%. Changes in WUEF:r 
were less for millet than for sorghum due to a lesser 
response to fertilizer. These data confirm that under very 
deficient soil fertility conditions, responses to applied 
fertilizer can be obtained even at low levels of available 
water. 

Under similar levels of ET. N fertilization signifi-

100 0.65 2.01 100 
200 0.84 2.62 130 
100 1.14 4.18 100 
144 1.44 5.27 126 
100 0.48 2.24 100 
144 0.56 2.64 118 
100 
157 
100 
173 

cantly increased WUEETofwinter wheat (Thttcumaestivum 
L.). corn (Zea mays L.). and sorghum produced dryland 
in the central Great Plains of the United States (Table 3). 
Data in Table 4 illustrate the effects of the degree ofcrop 
responsiveness to available and applied nutrients on 
WUE. T . Available water and soil fertility were low as can 
be seen from the low values for ET and the magnitude of 
the response to applied N. While there were significant 
differences in yield with no applied N, there were no 
differences in WUE11. However, due to a larger yield 
response, the WUE,. r of SC630 was greater than 77CS I 
and SC325, and the WUErF of R6956 was greater than 
SC325 when N was applied. Thus, since one of the 
primary effects of fertilizer on WUE, is itseffect onyield. 
maximum benefits from applied fertilizer will be achieved 
only when the most responsive cultivars are utilized. 

Research to define the relationships between plant 
nutrition and WUET has been conducted in containers 
such that E can be controlled and T measured. Briggs 
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Table 3. Influence of N fertilization on grain yield and WUE , of winter wheat, corn, and sorghum grown in a three year dryland wheat
corn (or sorghum)-fallow rotatiou at Akron, Colorado (A.D. Halvorson, unpublished data). 

Winter wheat Corn Sorghum 
N 

rate Yield WUE.I" Yield WUEI Yield WUEH 

kg/ha Mg/ha kg/ha/mm Mg/ha kg/ha/mm Mg/ha kg/ha/mn 
0 2.53 8.8 1.70 7.1 1.06 4.5 

28 3.58 12.5 2.64 11.1 1.61 6.8 
56 4.18 14.6 3.57 15.0 2.27 9.5 
84 4.50 15.7 3.61 15.2 2.38 10.0 

112 4.70 16.4 3.77 15.8 1.98 8.3 

WUE, = kg/ha/mr. 

Table 4. Water use, grain yield, and WUE,, of four grain sorghum genotypes grown dryland at Lubbock. Texas. 1984 (Onken, A.B. 
and C.W. Wendt, unpublished data). 

ET Grain yield WUEI r 
Sorghum 

line No N +N" No N +N No N +N 

mm Mg/ha I '.*g/ha-mm - . 
SC630 277 284 2.93 ab" 5.84 a 10.8 20.6 a 
R6956 366 312 3.11 a 5.47 a 8.5 17.5 b 
77CS1 297 348 2.53 ab 4.78 a 8.5 13.7 be 
SC325 305 300 2.35 b 3.21 b 7.7 10.4 c 

N.S. N.S. N.S. 

180 kg N/ha.
 
Means followed by the same letter in the same column do not differ significantly at the 0.05 probability level.
 

Table 5. WUErand values of "m" for two sorghum genotypes as affected by water and fertility levels (Wendt,C.W. and A.B. 
Onken. unpublished data). 

WUE "rn"values 

Tops Tops and roots Tops Tops and roots 

g/kg 
Genotype 

SC630-11E 3.1 a" 3.6 b 30.0 a 34.3 b 
77CS1 3.3 a 4.5 a 28.2 a 39.3 a 

Water level 
High 3.2 a 3.8 b 28.5 a 34.3 b 
Low 3.2 a 4.3 a 29.6 a 38.4 a 

Fertility level 
0 3.2 b 3.9 b 28.6 b 35.6 b 

10 3.2 b 28.7 a 
20 3.2 b 3.9 b 29.0 a 35.7 b 
40 3.2 b 28.3 a 
80 3.4 a 4.3 a 30.7 a 39.2 a 

(Wendt, G.W., and A.B. Onken. Unpublished data,)
 
IMeans followed by the same letter In the same column do not differ significantly at the 0.05 probability level.
 

and Shantz (1913) provided an excellent summary of (1850), In which he found reductions in water require
early work in water requirements. The earliest work ments for wheat and clover (T1ifoliun pratense)due to
 
reported was that of Woodward (1699) which was con- additions of manure and ammonical salts. Some of the
 
ducted in solution cultures, which led to the conclusion best early work on the influence of fertilizers on WUE.J.
 
that, within limits, water requirement of plants was was conducted by Kiesselbach (1910. 1916). In a study
 
dependent upon the amounts of plant nutrients avail- with soils of different inherent fertility, he found the
 
able. The first reported study in soil was that of Lawes greatest decrease in water requirement occurred when
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manure was applied to soils of lowest fertility. His data 
suggest that fertilizer effects on WUET ate inversely 
related to the fertility level of the soil. 

de Wit (1958) suggested that in arid and semiarid 
areas, water requirement depends on plant species and 
evaporative demand with the following relationship: 

Y = mT/Eo [21 

where Y is total dry matter. T is total transpiration, E, is 
mean daily free water evaporation, and m is a propor-
tionality constant characteristic of the crop. Thus, there 
is a correction for evaporative demand. Research by 
Hanks (1983) supports this relationship; however, "m" 
values are apparently affected by genotype and year-to-
year climatic variability. Use of vapor pressure deficit for 
E. rather than evaporation has been proposed by Tanner 
and Sinclair (1983). They suggest that through such 
corrections. "in" values will be the same in all climates. 

In an effort to more carefully define the relationship 
between sorghum genotypes, water level, and nutrient 
levels on WUEr, a c 'trolled study was conducted inder 
a rainout shelter insmini-lysimeters sealed to prevent 
evaporation (Table 5). Differences in WUE, and "m"were 
not well delineated based on shoot weight alone. How-
ever,when root weights were include(, significant differ-


ences were found between cultivars, fertility levels, and 
water levels. The "in" values were lower than those of 
Howell and Musick (1985) and higher than those of 
Hanks (1983) and de Wit (1958). 

The foregoing discussion indicates that fertilizer 
affects WUE through its effect on yield. Improvement of 
WUE is only of value if the fertilizer application makes 
economic sense. Yield potential influences the nutrient 
requirement of a crop. Many factors influence dryland 
crop yield potentials. Among thle mnost important are 
cropping systems (Table 1) and amount and distribution 
of available water (Fig. 1). Thus, as a first step in 
determining fertilizer needs, some realistic estimate of 
yield potential must be available, 

Since crops obtain nutrients from the soil as well as 
from fertilizers applied in the current season, the nutri-
ent supplying power of the soil needs to be assessed. This 
can best be accomplished through the use of soil tests 
that have been correlated to crop yield and fertilizer 
application rates (Halvorson and Kresge, 1982: Onken 
and Sunderman, 1972; Onken et al., 1980; and Onken 
et al., 1985). The objective is to simultaneously make the 
most efficient use of the available water resource and 
applied fertilizer. 
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Introduction 

Portugal must reconcile its agricultural support 
system with that of the European Community's Com
mon Agricultural Policy by 1992 when its farmers will 
have to compete directly with producers throughout 
Europe. In Portugal, about 75% of the wheat (Triticun 
aestivum L.) is grown in the Alentejo region, to the south 
of the Tagus River, but yields are poor, often less than I 
Mg/ha (cf7 Mg/ha in other parts of Europe) and can vary 
by a factor of two or more. This investigation aimed to 
identify the causes of variation and suggest practical 
solutions to overcome them. 

Methods 

Yield and weather records from the E%:ora district 
were analyzed and field experiments made at two farms. 
The soil on the university farm at Mitra was typical of the 
coarser textured soils (quartz diorite) dominant in the 
region, while that on the farm at Almacreva, near Beja, 
had a clay texture and was considered to be more 
productive (Table 1). Pot experiments in controlled envi-
ronments used soils collected from both farms. 
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Results and Discussion 

Climate 

Nearly all the 657 mm rainfall occurred between 
October and May, more than meeting the soil water 
deficit and resulting in an excess rainfall of 203 mm. 
Through drainage occurred from December to March. 
There was significant risk that nutrients, especially 
nitrates could be leached during this period, or that 
temporary waterlogging could occur. Evaporation dur
ingduly was much less than the potential determined by 
the method of Thornthwaite (1948) and crops could 
suffer water stress during grain-fill. Meap maximum 
temperature was above 20"C from May to October and 

Table 1. Characteristics of soils from experimental sites. 

Site Soil type Particle size Organic 
Sand Silt Clay carbon 

>50 pm 2-50 pin <2 pi 

g/kg. 
Mltra Quartzdloriie 781 104 115 10.5 
Almacreva Clay 328 216 456 3.7 

(Beja) 
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Figure Ia. Relationship between wheat yields and rainfall before March in the Evora District. 
b. Relationship between wheat yields and rainfall before March at UMitra and 0 Almacreva. 
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Table 2. Variation in crop height and topsoil properties along a transect across the experimental field at Mitra. 

Crop Organic Ammonium acetate
 
height matter Soil pH extractable nutrients
 

P K Mg Al Mn Na Ca 

m g/kg mg/kg 
0.96 21 5.7 8 62 26 9 13 56 1055 
0.50 15 4.8 3 72 12 10 24 41 426 
0.48 17 4.8 1 78 12 13 33 50 117 
1.08 21 5.9 0.5 44 50 11 20 50 666 

Table 3. Effects of vdding lime and minor nutrients on the growth of wheat in Ma soil with and without prior leaching. The Da 

soil was included as a reference." 

Soils 

Ma Ma (leached) Da 

Treatment Shoot Root Shoot Root Shoot Root 

g/pot 

Unamended 0.70 0.95 0.26 0.38 1.70 1.81 
Lime 1.00 1.02 0.78 0.86 N/'I N/T 
Minor nutrients 1.42 1.50 1.39 1.33 N/T N/T
Lime + minor nutrients 1.53 2.39 1.75 2.06 N/T N/T 
sed 0.108 0.377 

"All soils were given N P K fertilizer: N, 100 kg/ha' PO,, 100 kg P/ha: K20, 60 kg/ha.
bN/T = Not tested. 

temperatures above 300C occurred from April to Octo-
ber. so that the duration of grain-fill in wheat was likely 
to be restricted by high temperature. 

Regional Yields 

There was a significant. negative correlation be-
tween winter rainfall and average wheat yields for the 
Evorc. district (Fig. la); a totally unexpected result for 
such a climate. However, when considered separately 
(Fig. lb.). yields on the coarse-textured soil declined with 
winter rainfall, as did the district yields, but those on the 
clay soil were similar when winter rainfall exceeded 300 
mm and were much reduced by rainfall less than 200 
mm. This was inconsistent with yields being impaired by 
temporary waterlogging, a feature generally associated 
with finer textured soils. 

Site Si. "Jes 

To estimate the possibility of crop damage by tempo-
rary waterlogging, the piezometric pressure of the soil 
water at 1m was measured in 1984-85. At both sites, the 
results showed that the water table was close to the soil 
surface for 2 weeks and, while grain yield averaged 4.2 
Mg/ha on the clay soil, it was only 0.5 Mg/ha on the 
quartz diorite soil. Spatial variation of depth to the water 
table could only explain 5% of differences in crop growth 
on this soil. On the coarser textured soil, crop growth 
showed considerable spatial variability in the spring of 

1985 and crop and soil samples were taken (Table 2). 
Variability was not clearly related to the concentration of 
any ion, seeming to rule out aluminium toxicity, salinity 
or deficiency. Phosphate supply was very small but 
could not account for the differences in growth. Availa
bility of potassium was best where the crop was poorest. 
The best growth was immediately around the olive (Olea 
sp.) and cork-oak (Quercus suber) trees. Analysis of 
these soils showed that pH (1:2, soil:water) was above 
6.0, but there were no clear differences in nutrients 
extracted by ammonium acetate compared with poorer 
areas of growth. 

Studies in Controlled Environments 

Coarse-textured soil which gave poor growth (Ma) 
and soil from under the trees (Da) were both subjected 
to waterlogging and the response of wheat was com
pared. Growth was reduced by about 26% in both soils, 
similar to the 23% observed in soil from Almacreva, 
supporting the conclusion that waterlogging was not a 
primary cause of yield variability. 

The Da soil was used as reference in a further series 
of pot experiments, in which lime, minor nutrients, and 
lime plus minor nutrients were added to the natural Ma 
soil or after leaching it with distilled water. 

Simply leaching the Ma soil reduced plant growth 
more than waterlogging. Adding lime to the soil (whether 
leached or unleached) increased shoot weight, but ef
fects were small compared to adding minor nutrients. 
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Figure 2. Relationship between shoot dry welgnt 
and manganese concentration in the leaves, 
Closed symbols denote plants grown in soil with 
calcium-lime added. 

Adding both lime and minor nutrients resulted in wheat 
growth that was similar to that in Da soil (Table 3). Thus 
low pH was not in itself the only cause of poor plant 
growth in Ma soil. The possibility that the soil was 
deficient in one or more minor nutrients was not imme-
diately evident from soil analyses, yet addition of minor 
nutrients had a marked effect on growth, suggesting that 
minor nutrients by themselves or their changing availa-
bility with pH was a major cause of poor growth. 

Measurements of manganese in plants from the 
unlimed soil showed that shnot growth declined as 
manganese concentrations increased above 100 pg/g 
(Fig. 2). However, in limed soil, manganese concentra-
tions were relatively constant despite large differences in 
shoot growth. 

The experiments described above were repeated on 
soil collected after harvest. The results from the two 
experiments showed that for the same manganese or 
magnesium concentration in the shoot, there could be 
large differences in growth (Fig. 3). In a further attempt 
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Table 4. Effect of winter rainfall (Nov.-Feb.) on the nitrogen 
fertilizer yield response of wheat oil the clay soil at 
Almocreva. 

Fertilizer nitrogen (kg N/ha)
 
Winter rainfall 0 100 200
 

mm Grain yield. Mg/ha 

161 0.74 0.73 0.65302 1.44 3.11 3.30 

305 1.74 2.04 2.31 
313 1.53 2.95 2.97 
423 1.56 3.25 3.86 

to interpret these results, the relationship between 

shoot growth and the ratio of magnesium:manganese in 
the tissue was investigated using results from the first 
experiment. An exponential equation of the form Y = A + 
B exp (-kx) was fitted to the data using the Maximum 
Likelihood Program (Ross, 1987): where Y = shoot growth 
in Ma relative to that in Da. A = 0.96. R = -A (.051) and 
k = 0. 14(.024) (numbers in brackets denote standard 
errors of the estimates), x = magnesium:manganese 
ratio in the shoot. This relationship adequately pre
dicted the shoot growth from the magnesium:nmanganese 
ratios obtained in the second experiment, including 
results for plants grown on the clay soil (Figure 4). The 
values of the constants A, B, and K were not significantly 
different from those fitted independently. 

The results of these laboratory experiments suggest 
that the main cause ofvaration in dry matter production 
in the quartzdiorite soil was manganese toxicity result
ing from imbalances betweer magnesium supply and 
manganese availability associated with variation in pH. 
This soil appears to be poorly buffered, but as yet we 
have no explanation for the seasonal variation found in 
pH. 

On the clay soil, best yields were obtained with the 
largest winter rainfall and heaviest nitrogen dressing 
(Table 4). This result can be explained partly by an 
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Figure 3a. Relationship between shoot growth and manganese concentration in the leaves for two separate 
experiments. S experiment I * clay soil 

b. Relationship between shoot growth and magnesium concentration in the leaves for two separate 
experiments. 
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0 00 00 	 w= 1.Ix+47.1 (r=0.8493forn= 13,p<0.001) 
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.8 .	 Conclusions 

2 0.e-	 There are at least two major causes of variation in° a 60 wheat yields in AlenteJo, Portugal. On the coarser
S0-textured soils derived from quartzdiorite, manganese 

toxicity is the main cause and results from low pH and 
0.2 	 imbalances between magnesium and manganese availa

bility. The obvious practical solution would be to apply 
dolomitic limestone rather than calcium carbonate to 

10 15 20 25 30 35 40 45 50 55 60 65 70 correct pH. On the clay soils, rainfall is the main cause 
Mg/MWRatio in Shoots of variation. The best application of nitrogen fertilizer for 

Figure 4. Relationship between shoot growth and a given rainfall can now be identified. 
the magnesium:manganese ratio in leaves. Closed 
symbols denote results from experiment 1, open 
symbols are results from experiment 2 with L Acknowledgments 
indicating results from plants grown on the clay 
soil. The fitted curve (see text.) is for the com- We thank the British Council and the Council of 
bined data of two experiments; values for con- Rectors for Portuguese Universities who supported this 
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increase in the soil water stored over winter, but also
 
suggests that at this rainfall more nitrogen was lost in References
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Introduction 

Feedlot manure is a byproduct of the cattle feeding 
Industry on the Southern High Plains. Its value as a 
fertilizer for adequately watered crops and concomitant 
effects onsoil properties have been determined (Mathers 
and Stewart, 1984). To date, the situation regarding dry 
farmed soil has not been defined: but the information is 
now needed, as more formerly irrigated, manured land 
is being dry farmed. The purpose of this study was to 
determine the residual effects of the manure applied in 
an earlier irrigated study (Mathers et al.. 1977) on soil 
properties and growth and yield of dry farmed winter 
wheat (Triticum aestivum L.) and grain sorghum [Sor-
ghum bicolor (L.) Moenchl. 

Methods and Materials 

The study was conducted on Pullman clay loam 
(fine, mixed, thermic Torrertic Paleustoll) (1% slope) at 
the USDA Conservation and Production Research Labo-
ratory, Bushland. TX. In the study conducted by Math-
ers et al. (1977), manure was applied annually at 0. 22. 
and 67 Mg/ha (wet wt. basis) in 1972. 1973. and 1974 
and at 67 Mg/hain 1972 only. One additional treatment 
received 224 kg N/haannually as anhydrous ammonia. 
Manure was incorporated by moldboard plowing about 
0.2 m deep. Nitrogen and P concentrations in the ma- 
nure and amounts of the elements applied during the 3-

rperiod are given in Table 1. 	Treatments were year 
replicated three times in a randomized block design. 
Individual plots were 152 by 8 m. 

Irrigated grain sorghum was grown during the initial 
3-year study (Mathers et al.. 1977). and irrigated sun-
flower (Helianthusannuus)was grown during a subse
quent 2-year study (Mathers and Stewart, 1982). A 
wheat-sorghum-fallow (WSF) cropping sequence was 
Instituted in 1978. The site was irrigated only once after 
the sequence was initiated (prior to planting wheat in 
1979) and was managed without tillage after 1979. 

Winterwheat ('Scout 66') was planted on 27 Septem-
ber 1985 at a rate of 36 kg/ha. There was 221 mm of 
plant-available water in the 1.8-m profile on 7 Novem-
ber. Fall and winter conditions were favorable for wheat 
growth: and in February 1986, increased growth on the 
manure treatments (compared to that on the check and 

Ntreatments) became noticeable. Plant and tiller counts 

and forage samples were taken on 3 and 4 March, and 
the soil was sampled for soil 	water, nitrate nitrogen 
(NO:j--N). and NaHCO,,-extractable P during 21-26 March 
1986. The wheat was harvested 	on 13 June 1986. In 
1987, grain sorghum ('DK42' on one. 'DK41-Y" on two 
replications) was planted on 2 June (3.3 kg/ha in 0.76
m spaced rows) and harvested on 27 October 1987. The 
soil was sampled for soil water 	and NO:, -N contents on 
21 July 1987. 

Both wheat and sorghum grain yi-lds wcre obtained 
by combine harvesting swaths through each plot with a 
self-propelled combine. Only grain yields were taken on 
the sorghum crop. Wheat straw yields were based on 
samples obtained from three separate 1-iM2 areas per 
plot. Samples were threshed with a nursery thresher. 
and straw yield was determined as the difference be
tween total dry matter and grain yield. Other determina
tions included harvest index (HI) (wt. of grain/wt. of 
grain + straw), heads per square meter (by counting), 
and seed weight (based on 500 seeds). 

Nitrate nitrogen was measured in the upper 1.8 m of 
soil. Samples were taken at 0.15-i depth increments in 
the surface 0.3-n depth and then at 0.3-r depth 
increments from five locations per plot and composited 
by depth increments. Nitrate-N was extracted by 0.1 N 
KCI and determined with an autoanalyzer (Kamphake et 

1.. 1967). Sodium bicarbonate-extractable P and or
ganic matter (OM) were determined on the 0 to 0.15-r 
and 0.15- to 0.3-n soil depths, phosphorus by the 
method of Olsen et al. (1954). and OM by a modificationof the method of Walkley and Black (Jackson, 1958). 

Results and Discussion 

Precipitation forSeptember through December 1985 
was 266 mm, more than double the 47-year average of 
121 mm; but that from January through May 1986 was 
90 mm, 48 mm below the 48-year average. Wheat grew 
well during vegetative and early reproductive stages, but 
plant-available soil water was expended, and the crop 
was drought-stressed during grain filling. The 1987 
season was very favorable for grain sorghum. The soil 
contained 230 mm of plant-available water at planting, 
and the 379 mm of precipitation between planting and 
harvest was distributed so that plant water stress was 
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Table I. Nitrogen and phosphorus analysis of manure (wet 
wt. basis) and amounts of N and P and dry manure applied 
to the soil. 

Years manure applied Dry 

g/kg 
1972 11.0 1.8 439 
1973 21.5 2.9 458 
1974 19.6 5.6 615 

kg/ha- Mg/ha 
Check 0 0 0 
N 670 0 0 
67 Mg/ha. I year 740 120 29.5 
22 Mg/ha. 3 years 1.170 230 33.967 Mg/ha. 3 years 3,390 690 101.6 

minimal. One period of stress occurred as the crop began 
heading, but it was broken by precipitation on 6 August 
(heading: 3-7 August). 'DK42' headed about 2 days 
earlier and appeared to be stressed more than 'DK41-Y'. 

Wheat Growth and Forage Yields 

At the sampling in early March. all treatments 
contained similar numbers of plants (avg. 64/mi), indi-
cating that emergence and plant establishment were 
similar on all treatments; but there were increased 
numbers of tillers and increased growth on the manured 
plots (Table 2). 

Yields and Yield Components 

Wheat yields were lower on the high manure treat-
ment. than on the other four treatments (Table 2). Yields 
weresimilarontheothertreatments. The overall average 
yield, 2.47 Mg/ha, was almost 2.5 times the 1959-72 
average (0.97 kg/ha) in the WSF sequence at Bushland 
(Jones, :975). Straw yields avg. 7.63 Mg/ha) and num-
bers of heads (avg. 790/m 2 ) were not significantly af-
fected by residual treatments. Harvest indexcts and seed 
weights were reduced on the manure treatments, espe-
cially the two that had received manure over the 3-year 
period. Harvest indexes and seed weights were low in 
comparison to those measured on wheat that was not 

stressed during grain filling and ripening periods. On 
adequately irrigated'Scout'wheat. Musick (J. T. Musick. 
unpublished data) measured harvest indexes and seed 
weights of 0.364 and 30.3 mg. respectively.

Apparently. the increased tillering and growth on 
the manured plots resulted in more rapid water use from 

those plots than from the unmanured plots: conse
quently, plants on the unmanured plots were more 
mature and had more nearly reached their yield poten
tial than those on the manured plots when the available 
water supply was exhausted. 

Grain sorghum yields were not significantly affected 
by the residual manure treatments. The average yield 
was 5.72 Mg/ha. 'DK42' and 'DK41-Y' yielded 4.81 and 
6.15 Mg/ha, respectively. These yields are about three 

times the 1959-72 average grain sorghum yield (1.9 Mg/ha) In the WSF sequence study at the Laboratory (Jones, 
1975). 

Residual Effects of Treatments 
on Soil Properties 

Twelve years after the last manure application. 
NaHCO3 -extractable P in the surface 0.3 m of soil 
increased significantly with increasing amounts of 
manure applied. Amounts on Treatments I through 5 
were 69, 65, 101. 164, and 309 kg/ha. respectively. The 
increases, divided by amounts of P added in manure 
(Table 1). show that extractable P was increased 1 kg for 
each 3.78 kg of P applied on Treatment 3. Similar figures 
for Treatments 4 and 5 are 2.43 and 2.88. Eck et al. 
(1965) determined that the ratio ofapplied inorganic P to 

increase in NaHCO3 -extractable P on Pullman clay loam 
was 5:1. Increases observed in this study indicate that 
the P applied in manure was more easily extracted by 
NaHCO 3 than that applied as inorganic P. Mathers and 
Stewart (1984) found that 8 to 14% of P applied in 
manure was extractable with the NH.lCO03 method, while 
in this study, percentage of applied P extracted ranged 
from 26 to 41%. Differences in management may be 
partially responsible for differences in results obtained 
in the two studies. The intensive cropping in their study 
may have removed much of the readily extractable P. 
while the less intensive cropping system in this study 
may have allowed accumulation of more readily ex
tractable P. 

Table 2. Effects of residual manure treatments on wheat tiller numbers and forage yields, 3-4 March 1986, and on grain yields, 
harvest index.!s, and seed weights at harvest. 

Treatment 
No. Treatment 

I Check 
2 N 
3 67 Mg/ha. 1 year 
4 22 Mg/ha, 3 years 
5 67 Mg/ha. 3 years 

LSD 0.05 

Forage Grain Seed 
Tillers yield yield HI weight 

no./ml g/m 2 Mg/ha Mg/seed 
582 105 2.52 0.279 25.0 
606 121 2.86 0.283 24.8 
750 .54 2.54 0.259 24.1 
992 208 2.47 0.241 21.6 
993 220 1.98 0.236 21.9 
110 29 0.52 0.038 2.8 
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The differences in OM were not large enough to be before the grain filling period. There was potential for 
statistically significant, but trends in the data indicate increased yields, but yields were limited by the availabil
that they were real. OM levels in the surface 0.3 m of soil ity of water. Growth and yield of a subsequent grain 
of Treatments 1 through 5 were 13.0, 13.1. 13.6. 13.7, sorghum crop were not affected. 
and 14.9 g/kg. respectively. The differences between Residual P in the soil was increased in proportion to 
Treatment 1 and treatments that received manure indi- the amount of P applied in the manure. Increases in OM 
cate that about 9% of the applied dry matter remained in and N03-N. as measured in the laboratory, were not 
the soil as OM. Mathers and Stewart (1984) found that, statistically significant; but the data indicated definite 
depending on the amount applied and the time elapsed trends toward increased OM and NO3-N with manure 
between application and sampling, from 2.1 to 8.3% of application, especially at the higher manure rate. The 
the dry matter applied as manure remained in the soil as increased tillering and growth of wheat on manured 
OM. The difference in retention between the two studies plots also indicates increased OM and NO3-N levels. 
may be at least partially due to that of Mathers and Inorganic nitrogen fertilizer, applied as anhydrous 
Stewart being irrigated and intensely farmed, while this ammonia. had no measurable residual effect. Wheat and 
study was irrigated for only 5 years and was managed grain sorghum yields in the study were 2.5 and 3 times 
without tillage after that time. those of long-time yields in a WSF sequence at the 

The treatments did not cause statistically signifi- Laboratory. Since there was no positive response to 
cant differences in soil NO: -N levels at either sampling increased fertility, it is concluded that under dry farming 
date; however, there were trends toward increased conditions, positive response to fertilization would be 
NO3-N on the high manure treatment. At the March 1986 very infrequent on this soil.
 
sampling. N03-N levels in the surface 1.8 m of soil on
 
Treatments I through 5 were 33, 38. 55, 57, and 297 kg/
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Introduction 

It Is important to know whether residual fertilizer 
nitrogen (N), especially after dry years, can be relied 
upon as a source of N for subsequent crops. Nitrogen 
fertilizer is an expensive input than can amount to 25% 
of the production costs of wheat (7ticumsp.) cropping 

in marginal areas (Sala Feigenbaum et al., 1984). 
Little information exists, in the semiarid region of 

Argentina. with regard to the fertilizer N use by crops, its 

effects on the soil, the recovery of N fertilizer, and the 
benefits of residual N for succeeding crops. Conse-

quently, it Is necessary to obtain information on the fate 

of applied fertilizer N that remains in the soil and to 
evaluate its availability, 

Broadbent and Nakashima (1968), In a greenhouse 
experiment, found that residualN remaining in different 

soils after cropping, ranged from 18-41%. Plant availa-
bility of the "true residual nitrogen" (organically-bound 
and chemically-fixed nitrogen), was small and averaged 
about 1% per year application of fertilizer [Jansson. 

1963). 
Due to the expense, special equipment. and time 

required for analysis, few field experiments have been 

conducted utilizing 'IN to evaluate residual effects of 

applied fertilizer N. 

Materials and Methods 

Eight lysimeters (two without residual N and six 
with residual N) from a previous N balance experiment, 
were selected for this study. The lysimeters, 0.60 m deep 
and 0.36 m 2 surface area, were originally fitted with a 
typical Haplustoll soil, loam to fine loam textured, with 
a calcareous (hard caliche layer) 0.60 to 0.80 m deep. 
This experiment was carried out in Bahia Blanca (38"44' 
S: 620 1 WI ivhere mean annual precipitation, tempera-
ture, and atential evapotranspiration (Thornthwaite. 
1948) are. respectively, 532 mm. 15.3". and 794 mm 
(Donnari and Torre, 1970). The soil in the lysimeters 
contained 1.3 g/kg total N in the surface 0.10 m which 
gradually decreased with depth to 0.7 g/kg at 0.55 m. 
Soil pH at the surface was 7.0 and Increased with depth 
to 8.4 below 0.40 m. 

Analysis of Some Aspect of Climate 
in Bahia Blanca 

Bahia Blanca is situated in the semiarid region of 
Argentina. The mean annual precipitation is about 500 
mm. distributed mainly in autumn (March-April-May) 
and spring (September-October-Novemberi. Winter and 

summer are the driest seasons of theyear. This region is 

particularly windy, especially in spring when the wind 

speed can reach about 60 to 70 km/hour. This probably 
increases evapotranspiration and soil erosion. The mean 

annual temperature is 15.311C. but it fluctuates from 80C 
to 151C in winter, and from 5"C to 38"C in the summer. 

The background for the work repored here was 

described in a previous paper (Lazzari et al.. 1984). In 

that project. applications of 'IN-labelled fertilizer were 

made to the soil of the lysimeters during 1983-1984. 
Rates of N added were 150 kg N/ha per year, but only 50 

kg N/ha peryear was labelled, following a design without 
plant-fertilizer interaction (Fried et al.. 1975). At the end 
ofthe second growing season (1984), the soil was sampled 
and the balance sheet of 'IN added was made. We found 

that residual N remaining in the soil lysimeters was 
approximately 20% (mean of six lysimeters without 

significantly difference. P < 0.051 of the Initial applica
tions of labelled fertilizer (100 kg N/ha). In that experi
ment, high enrichment of the isotope (10.5% of 'IN 
excess) had been provided in the N fertilizer with the 
intention of subsequently measuring the residual effects 
of the fertilizer S0[4('Nt 4)2 in a succeeding wheat (Triticum 
aestivum) crop. In accord with that plan, the plots were 
cropped to wheat again in 1985. The dry matter yields 
and the uptake of residual fertilizer In the crop were 
determined during the growing season by isotopic tech
niques. The wheat was grown during June-December 
1985. In that period, rainfall was 335 mm. Plant sam
plings were made at seven different growth stages. For 
each of the first six samplings, three plants at random 
were cut off just over the soil surface. At harvest, 
remaining plant tops and roots (in the surface 0.05 m 
soil) were removed. Plant samples were analyzed for total 
N by a semimlro-Kjeldahl procedure (Bremner, 1965) 
and for isotope ratio ofN 'N/IIN by amass spectrometer 
using the Dumas method, at the Centro Energia Nuclear 
en Agriculturo, Universidad San Paolo, Brazil. 
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Results and Discussion from booting to anthesis, in contrast to the total N 
decrease for the same period of growth. It is possible 

Dry Matter and Nitrogen Yieldg that, although the residual fertilizer N in the soil at the 
end of the second season had apparently been immobi-

Yields of dry matter and percent of total N at lized into so!l organic matter, it was still being utilized by 
successive samplings are given in Table 1. Dry matter of crops at a greater rate than the native soil N. Similar 
plant tops increased from August 31 to November 29, results were found by Westerman and Kurtz (1972). 
and then declined to maturity. In the same way, dry From anthesis to maturity, the Ndff for straw decreased, 
matter of spikes increased from the first sampling to the which indicated the translocation of N from steams and 
dough stage, and then remained almost constant to leaves to heads (similar behavior to that of percent N). 
harvest. This increase was greatest for the treatments The Ndff for heads (as for percent total N) was practically 
with residual N. constant from anthesis to harvest. The same results 

The N concentration of steams and leaves declined were obtained for roots. This means that residual fertil
from tillering to maturity, in contrast with the dry matter izer N uptake by roots continued through maturity. The 
increase. Head concentration declined gradually from more easily decomposed fractions of tagged organic N 
anthesis to the dough stage. Nitrogen concentration in had been mineralized and were available for plant roots 
roots declined slowly from tillering to anthesis and then throughout the growth period. The Ndff at maturity 
remained constant to harvest. This implies that plant (Figure 1) is uniformly distributed among the different 
roots continued the uptake of N to maturity and translo- plant parts. 
cated N to heads, steams, and leaves (Smith et al., 1983). 
Differences in N concentration between the two treat- Straw 
ments were not detected, except at maturity, for grain Z 
and straw. 2 Roots 

Dry matter of grain (254 g/m ) and straw (280 g/m 2) Heads 
in the control were significantly lower than the treatment 3 
with residual N (344 g/m 2 ) and (415 g/m2). respectively. 2.5 Grain 

Nitrogen accumulation presented a similar response
 
to residual N (5.30 g/m" for grain and 1.13 g/m 2 for 2
 
straw) for the control treatment, it was 4.5 g/m 2and 0.88 15
 

g/m 2. respectively.
 

B F A M D HResidual Fertilizer N in 

Plant Tops and Roots Figure 1. Nitrogen derived from fertilizer (% Ndff),
 

Nitrogen derived from fertilizer (Ndff, %) in plant tops at different growth stages. Growth stages:
 

is shown in Figure 1. The Ndff for straw was constant B=booting, F=flag leafjust visible, A=anthesis,
 
M=milk, D=dough. and H=harvest.
 

Table I. l)rv matter yields and total nitrogen percent at different growth stages. 

Aug. 31 Sept. 28 Oct. 17 Nov. 4 Nov. 19 Nov. 29 December 16 
ITilleringl (Booting) (Visible flag leafl (Anthesis) (Milk stagt) (Dough stagel (Maturity) 

Treatment Plant Roots Plant Roots Plant Roots Heads Straw Roots Heads Straw Roots Heads Straw Roots Heads Grain Straw Roots 
top top top 

Dry matter. g/3 plants
 
No
 

Nitrogen 0.16 - 1.65 - 5.10 - 1.35 7.35 - 3.25 7.45 - 6.25 8.30 - 5.83 4.35 4.80 -

Residual 
N 0.17 - 1.73 - 5.08 - 1.21 9.58 - 4.15 12.28" - 8.36* 13.33 ° 

- 7.98' 5.89 7.11' 

nitrogen concentration. g/kg 
No 

Nitrogen 43.4 17.1 30.3 8.0 17.3 5.3 16.0 8.8 3.0 13.8 5.7 3.4 12.2 5.2 3.6 12.9 17.5 3.2 3.1 

Residual 
° N 42.0 10.4 38.0 11.8 20.6 6.8 17.0 10.4 3.3 13.4 5.7 3.1 11.4 4.3 3.2 11.3 15.1 2,7* 3.1 

'Average of 2 lysimeters.
 
'Average of 6 lysinteters.
 

'Average of 4 replications for the total plant material harvested.
 
dAverage of 12 replications for the total plant material harvested.
 

"Designated values, for the same plant part. are significantly different front the control treatment. P<0.05.
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(mg/ 3 p) Conclusion 

2.1 The removal rate (7.62%), an expression of crop
0'" 1.35 00 0availability of residual fertilizer N, was quite consistent. 

0 0 0 0 0 0 

0 0 0 0 00 o 2.12 
00 1 

00 0 0 0 0 0 

2 -
1.71 o00 0 0 0 

0 00 0 
0 0 

0 0 

0 
. --

Z /Madison: 

B F A M D H 
Figure 2. Recovery of residual fertilizer N (Mg/3
pl) at different growth stages. Growth stages:at la s seBahia 
B=bootlng, F=flag leaf just visible, A=anthesis, 
M=milk, D=dough, and H=harvest. 

The difference between the Ndff for grain (2.39) and 
straw (2.05) was significant (P < 0.1), due to transloca-

'ion of N compounds from steams and leaves to the 
developing grain. 

The 'IN-labelled residual fertilizer accounted for in 
the crop during plant growth is summarized in Figure 2. 
Leaves and stem (straw) labelled fertilizer N content 
showed an increase until the flag leaf was just visible 
(Karlen and Whitney, 1980) and then declined until 
maturity, similar to dry matter yield. In contrast. la-
belled fertilizer content of heads increased from anthesis 

to the dough stage, due to increased grain N. 
Recovery of '5N-labelled fertilizer at harvest was 

123.9 g/m 2for grain and 23.5 g/m 2 for straw. These data 
of residual N uptake by wheat indicate a recovery of 
1.47% of the initial 'IN applications and 7.62% of the 15 N 
labelled fertilizer that remained in the soil at the start of 
the growing period in this study. 

Consequently. a significant portion of residual fertilizer 

N was taken up by wheat plants throughout the growth 
period. Even in our semiarid region, residual N can be 
available for subsequent crops and should be taken into 

account when determining fertilizer requirements. 
Further study will be necessary to determine the 

residual effects during more prolonged cropping se
00quences. 
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Introduction 

Purple soil is a special soil in the world. It is widely 
distributed In southwest China and 9 million ha are 
cultivated, half of which are in the central part of the 
Sichuan Basin. Calcareous purple soil is high in K and 
Ca. but generally is deficient in N, P. and Zn. Most 
studies on fertilizer application to wheat (Triticumsp. L.) 
have been qualitative experiments with single factors 
and have lacked systematic data about quantitative and 
proportional fertilizer application. In order to develop a 
model for fertilizer application for wheat, comprehensive 
experiments were conducted with five different levels of 
N, P, and Zn. We also carried out comparative experi-
ments with two sources of nitrogenous fertilizers, urea 
and ammonium chloride, and then studied the effects of 

Table 1. Some properties of calcareous purple soil. 

Texture Organic pH N 
matter Solution: Total Avail. 

Soil CaCO3 

g/kg 2:1 g/kg g/kg mg/kg 
clay 
loam 12.3 7.9 78 1.06 60 

chloride in the calcareous purple soil on grain yield and 
quality. 

Materials and Methods 

Field experiments were carried out on the calcare
ous purple soil in Chuanzhong in 1986-1987 with 
wheat, 'No. 15 Meyung'. Fundamental agrochemica; 
qualities of the soil are shown in Table 1. Contents of 
available N. P. and Zn are low. Experiments were ar
ranged in an incomplete factorial design with three fac
tors (N, P, Zn) and five levels resulting in 12 treatments 
as shown in Table 2. Regression analyses were used to 
develop functional relationships ofyields to N, P, and Zn. 
The highest levels of fertilizer were: Nat 210 kg/ha. P at 

P K 
Total Avail. Total Avail. 

Zn Cl 

g/kg mg/kg g/kg mg/kg mg/kg mg/kg 

1.65 4.2 23.01 120 0.48 24 

Table 2. Comparative effect on the yield of wheat for 12 difference combinations of applied N, P, and Zn. 

Treatment Level of factors Series of Urea Series of NH4CI 

X4 X2 X3 Yield Significance of Yield Significance of 
N P Zn kg/ha difference, kg/ha difference, 

0.05 0.01 0.05 0.01 

1 1 0.5 0.5 4695 a A 4650 a A 
2 0 0.5 0.5 1500 f E 1470 h F 
3 0.75 0.14 0.14 4230 b B 4200 c B 
4 0.75 0.14 0.86 4485 a AB 4440 b AB 
5 0.75 0.86 0.14 4635 a A 4605 ab A 
6 0.75 0.86 0.86 4740 a AB 4695 a A 
7 0.25 0.5 1 2715 de D 2685 ef D 
8 0.25 0.5 0 2610 de D 2580 fg DE 
9 0.25 1 0.5 2835 d D 2805 e D 
10 0.25 0 0.5 2535 e D 2400 g E 
11 0.5 0.5 0.5 3780 c C 3735 d C 
12 0 0 0 1320 f E 1290 h F 

,Yicld values in a column followed by the same letter or letters are not significantly different at P<0.05 or P<0.01, according to 
Duncan's multiple range test. 
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210 kg P,20/ha, and Zn at 26 kg/ha. Potassium sulfate 
was applied at a rate of 60 kg KO/ha to all plots. 

Samples of plants and soils were taken at late 
tillering and at maturity. Total N, P. K, Zn, Mn, and Cl in 
the plant. and protein, starch, and amino acids in the 
grain were determined. 

After digestion of plant samples with H2SO4 + H202, 
total N was determined by distillation, total P by a 
molybdate-ascorbic acid colorimetric method, and total 
K by a flame photometric method. After digestion with 
HNO 3 + HCIO , Zn and Mn were determined by atomic 
absorption spectroscopy. Chloride was determined by 
dry digestion and subsequent AgNO. titration. Starch 
was determined by a refractive (rotary light) method after 
HCI digestion. Amino acids were determined with a high 
speed automatic amino acid analyzer. 

Soil samples were analyzed for total N by a Kjeldahl 
method: total P by a molybdate-ascoibic acid colorimet-
ric method after alkali digestion; available N by an alkali 
dissolved diffusion method: available P by the mo-
lybdate-ascorbic acid colorimetric method on a 0.5 M 
NaHCO3 extract; total K by NaOH melting and flame 
photometry: available K by flame photometry on a I M 
NH 4OAC extract: available Zn and Mn by atomic absorp-
tion spectroscopy on a DTPA extract: Cl by AgNO: titra-
tion: and CaCO3 by CO 2 evolution. 

Results and Discussion 

Effects on Yield 

The yield of wheat for each treatment is shown in 
Table 2. The results of statistical analyses indicate 
significant differences due to treatments. Two second 

Yield (Mg I hi ) Yield (Mg ha ) NiYild 

N1 

.2 	 . ,04.2 

3.6 	 42 0. 

0 -	 3.6 - 0.4 

2.4 	 3.0-

1.6-	 2.4- 0.2 

1.2 - Zn 1.8 

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.5 0.8 1 

a.Nei, Pand Zn Single effect. b. lnlavSdion o Nei andP. 

Yield 1Mg I ha ) Yiel (MV, ha ) 

Nei 

4.6 

0.8 	 p 

4.2 - 0.6 4.3 
0. 

3.6 -	 - 0.4 0.6 

3.0 --	 4.00 0.2 

2.4 - 0.2 30 

1.6 -	 375 

1.2 0 2.60 
1.2 1 1Zn Zn 

0 0.2 0.4 0.6 0.8 I 0 0.2 0.4 0.6 0.8 1 

c. Iniseaclion of Nei and Zn. d. lnteaction ol P and Zn. 

Figure I. The mutual effect of Nu, P, and Zn on 
yield of wheat. 

order polynomial equations for yield response were 
developed using regression techniques and are as fol
lows: 

YNU= 1250 + 5720x, + 379x + 304x + 534xx., + 507x1x3 
-85x.2 x - 2819x 1 

2 - 252x.12 - 339 5
2 1] 

(F=I 11.0'* R=0.99"*) 

YNCI = 1222 + 5666x, + 52 Ix.2 + 89x,, + 378xmx 2 + 
519xIx3 - 35x.,x- 2688x 2 - 295X, 2 - 172x1 

2 

(F = 64.9"* R = 0.99**) 

where YNu and YNCI are yield of wheat with urea and 
ammonium chloride, respectively, and x, x., and x,, are 
the application rates of N, P, and Zn, respectively. 

The intercept values (bo) in Eqs. Il I and (2) (1250 
and 1222. respectively) are basically identical, which 
indicates the fundamental productivity of soil in the two 
studies was similar with respect to the partial regression 
coefficients, all having the following relationship: 
b>>b >b: (5720>>379>304: 5666>>521 >89), which 
indicates the order of ferlilizer effect is N>>P>Zn. With 
regard to interaction effects, all have b 4>b.>>b,, 
(NP>NZn>>PZn). These all are shown distinctly in Fig
urcs 1 and 2. The coefficients of second order terms, b7 

b8, b, are negative, which indicates that large fertilizer 
applications ofN, P, and Zn, particularly N, might reduce 
the yield of wheat. 

Using Eqs. Il] and [21 and the "step length method," 

a computerized simulation of 216 sets of wheat yields 
were calculated with different ratios of N, P. and Zn in 
Increments of 0.2 units. Ninety-five percent of the prac

jMg 1 hi ) Yield (Mg I ha ) 

Nei - 4.6 
NeI 0.6 

3.6 -	 4.2 0.8 

3,D -	 3.6 0 

2.4-	 3.0 

1.6 	 2.4 0.2 

1.2 	 n 1.6 

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 I 

a. NeI, P andZn Single alloct. b. Infla dion of Nei and P, 

ylekJ (Mg Iho) Yield (Mg 1ha ) 

Nei
 
4.8- 0.8
 
4. 	 . 

4.2 -0.6 	 435
4.0.6 

3.6 	 4.20 0.6 
0.4-0.4-0.4 0.4 

3 -	 4.05 0.2 

2.4 	 0.2 3.90 - 0 

1.0 	 375 

30 1.2 I3.60IZI 60 I IZ 

Zn
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 

c. Interactionof Nei and Zn. d. Interaction of P nd Zn. 

Figure 2. The mutual effect of Ncl, P, and Zn on
 
yield of wheat.
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tical high yield in Table 2 (4500 kg/ha) was the standard protein yield was 388 kg/ha, which was higher than with 
for selection of the best fertilizer combination. The num- low N which averaged 189 kg/ha. These results indicate 
berofresultingcombinationsthatpredictedyieldsabove that quantity of nitrogenous fertilizer applied has a 
the standard was 35. Due to the rule of economic high significant effect on protein. With high N. starch content 
yield, the calculated ranges of optimum combinations of ofwheat was slightly reduced. Average starch content fur 
N, P, and Zn were 0.8 to 1. 0.6 to 0.8. and 0.6 to 0.8, NU 0.75 and NU 0.25 was 63.8% and 65.6%, respec
respectively (i.e., when applications of N. P, and Zn were tively. 
166 to 210 kg/ha, 126 to 168 kg/ha, and 16 to 21 kg As seen from Tables 3 and 4, the quantity of P and 
P2 0/ha respectively, the predicted yield of wheat would Zn fertilizer applied had little effect on the protein 
reach 4700 to 5 100 kg/ha). content, starch, and Zn contents of wheat grain. 

Effects on Quality Effect of Chloride on Yield and Quality 

Protein content ofwheat grown on calcareous purple A comparison of Eqs. I I and 121 (partial regression 
soil is mainly affected by the quantity of nitrogenous coefflciep*3 shows that the relations are similar with 
fertilizer applied (Table 3). Treatments 3 to 6 (high N-NU regular increases and decreases. Results of the compari
0.75) had an average protein content of 8.6% which was son between Treatments 1- I with different levels of N, 
obviously higher than in Treatments 7 to 10 (low N-NU P. Zn, and two forms of N were: Fv = 1.0086< Fo([10,10) 
0.25) with an average of 6.9%. With high N, average = 3.72; Fo j[10.101 = 5.85: ty = 0.094. tOo05[201 = 2.086. 

Table 3. Effect of nitrogen source and various combinations of applied N. P. and Zn on the quality and chloride content of wheat grain 
and straw. 

Series of urea (NU. P, Zn) (Series of N114CIINCi, P, Zn) 

Protein Starch CI (mg/kg) Protein Starch Ci (mg/kg) 

g/kg kg/ha g/kg kg/ha grain straw g/kg kg/ha g/kg kg/ha grain straw 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

99.6 
67.9 
92.7 
93.1 
79.1 
79.2 
68.6 
71.4 
62.2 
75.6 
73.3 
72.4 

467 
101 
392 
418 
367 
375 
186 
186 
191 
191 
277 
95 

624 
652 
641 
636 
645 
631 
652 
655 
655 
662 
645 
658 

2928 
978 

2710 
2851 
2991 
2992 
1770 
1710 
1857 
1678 
2439 
869 

496 
335 
579 
598 
398 
448 
252 
248 
291 
424 
344 
335 

2041 
1552 
1565 
2260 
1239 
963 
947 

1434 
725 
1457 
1396 
1852 

100.5 
67.9 
89.8 
93.7 
85.1 
87.0 
70.7 
67.2 
62.4 
83.8 
72.3 
72.4 

467 
99 
377 
416 
392 
408 
189 
173 
175 
201 
270 
93 

628 
652 
635 
616 
631 
640 
657 
655 
641 
648 
630 
658 

2922 
959 
2670 
2736 
2909 
3008 
1766 
1691 
1800 
1556 
2356 
849 

609 
335 
787 
667 
454 
411 
297 
225 
187 
513 
655 
335 

5235 
1552 
5630 
6290 
7170 
7438 
2646 
1800 
2014 
3396 
3868 
1892 

Table 4. Effect of nitrogen source and various combinations of applied N, P.and Zn on P. K, and Zn concentration in wheat straw 
and grain. 

Series of Urea (NU, P, Zn) Series of NHCI (NCI, P. Zn) 

Treatment Grain Straw Grain Straw 

P K Zn P K Zn P K Zn P K Zn 
g/kg g/kg mg/kg g/kg g/kg mg/kg g/kg g/kg mg/kg g/kg g/kg mg/kg 

1 2.82 3.50 34.2 0.31 8.38 9.2 2.80 3.34 33.6 0.24 9.67 8.4 
2 3.74 3.65 29.2 0.64 6.75 13.5 3.74 3.65 29.2 0.64 6.75 13.5 
3 2.20 3.24 25.7 0.29 9.69 i0.6 2.37 3.23 26.0 0.29 9.12 11.4 
4 2.50 3.29 25.9 0.27 8.25 8.2 2.39 3.35 32.6 0.19 10.26 13.4 
5 3.19 3.54 20.5 0.24 6.48 7.1 3.33 3.54 21.4 0.29 10.46 7.9 
6 3.30 3.69 24.7 0.34 7.70 7.9 3.08 3.65 23.8 9.22 10.94 9.7 
7 3.25 3.29 28.0 0.29 5.33 7.8 3.41 3.65 32.5 0.54 6.66 10.2 
8 3.46 3.54 27.2 0.59 6.36 9.4 3.41 3.54 28.3 0.32 6.15 10.2 
9 3.52 3.51 27.0 0.78 5.69 8.2 3.47 3.51 25.5 0.54 6.73 8.2 
10 2.80 3.31 28.1 0.19 6.27 8.2 2.39 3.04 32.1 0.15 7.69 9.4 
11 3.01 3.34 22.1 0.19 8.76 8.4 3.37 3.37 20.4 0.20 8.03 10.7 
12 3.39 3.42 31.1 0.09 6.62 11.5 3.39 3.42 31.1 0.09 6.62 11.5 
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Table 5. Comparisons among different combinations of NU. P. Zn and NCI. P, Zn series on yield, q,ality, and nutrition of wheat using 
statistical tests. 

Item F-value t-value Remark 

Yield of wheat Fy = 1.0086 ty = 0.094 FoI 5(0,10) = 3.72
 
Protein content Fpl = 1.097 ty = 0.435
 
Protein yield Fp2 = 1.086 ty = 0.0245 Fo o0 (0, 10) = 5.85
 
Starch content Fsl = 1.243 tsl = 1.040
 
Starch yield Fs2 = 1.004 ts2 = 0.164 to0 520 = 2.086
 
P-content of grain Fp3 = 1.186 tp3 = 0.0049
 
Cl-content in grain Fcll = 2.825 tcll = 0.859
 
Cl-content in straw Fcl2 = 17.95 tcl2 = 13.01
 
Zn-content in grain FZn = 1.778 tZn = 0.249
 

F.011 =F-test in 0.025 level.
 
toos = t-test in 0.05 level.
 

These indicate that two types of nitrogenous fertilizer Con2lusion 
(urea and NH4Cl) have a closely related positive effect on 
yield of wheat, and chloride has no negative effect on Field experiments using wheat were conducted on a 
yield of wheat. calcareous purple soil in Sihuan, China. in 1986-87 with 

As shown in Table 5. F-values for protein, starch, P, 12 treatments including five levels each of N, P, and Zn. 
Zn, and Cl contents in the grain are all lower than Fo ,,2,(= Results are as follows:
 
3.72) and t-values are all lower than t0 0 5 ( =2.086).
 
showing that chloride has no negative effect on quality 1. According to regression equations, yield of wheat was
 
and nutritional content of wheat but the chloride con- estimated by the computer for 216 combinations ofN,
 
tent of grain from ammonium chloride treatments is P. and Zn. The best set of application rates for N, P,
 
slightly higher than from urea treatments. Average and Zn is as follows:
 
chloride contents of four treatments in the NCL and NU N = 168 to 210 kg/ha, P = 126 to 168 kg/ha, and Zn
 
0.75 series are 580 506 mg/kg respectively, with the = 16 to 21 kg/ha. The resultant yield of wheat is 
former being 14.6% greater than the latter. The differ- predicted to be 4690 to 5100 kg/ha. 
ence between average chloride contents in wheat grain 2. Chloride had no effect on the protein and starch 
for four treatments with NCI and NU of 0.025 is very content of wheat grain.
 
small (306 vs 304 mg/kg), but the difference in chloride 3. Contrasts of ammonium chloride and urea showed
 
content of the straw in those two cases is very large: that the chloride concentration was about 6 to 20 g/

FCI 2>>Foo(5.85), and tc>>to(2.086). Average chloride kg in wheat straw and 0.4 to 0.6 g/kg in wheat grain.
 
contents in grain and straw in ammonium chloride There were no differential effects of nitrogen form on
 
treatments were 422 and 4276 mg/kg, respectively, yield and quality of wheat.
 
which is a ratio of 1:9.3. For urea treatments, the
 
contents were 401 and 1301 mg/kg, respectively, a ratio
 
of 1:3.2. Our results suggest application of chloride- Articles for
 
containing fertilizers might increase by 230% the aver
age chloride of wheat straw, but chloride content of the Additional Information
 
grain varies only slightly, maintaining considerable
 
stability. Under our experimental conditions, chloride Mao Zhi-yun and Zhou Zhefang. 1986. Study on chloride in 
content in wheat grain is lower than 600 mg/kg, and in soil-plant system and the application of chloride-containing 
straw is lower than 6000-20,000 mg/kg allowing the fertilizers. Current progress In soil reserch In People's Re
conclusion that nitrogen form has no effect or. quality public of China. pp. 262-272. Nongong, China. 
and yield of wheat. Mao Zhi-yun and Zhou Zhefang. 1984. Study on the effect of 

ammonium chloride on the rice nutrition, grain yield, and 
quality (in Chinese). Sody Industry. 4:12. 
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Long Term Various N, P, and K Applications 
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Introduction 

The response of wheat (Triticum aesticrn) to nitro
gen (N), rainfall, and irrigation levels was studied )y 
Shinshi and Kafkafi (1978). Above 120 kg N/ha. vield 
reduction was observed at total rainfall of 363 inn. 
When 638 mim of water was available, 180 kg N/ha 
produce , a high grain yield of 6340 kg/ha. In dryland 
areas, the residual effect of phosphate fertilizers is 
considerable (Black, 1982: Giskin et a .. 1972). It is of 
particular importanci' when crop rotation is employed 
and heavily fertilized crops are i lded in the rotation. 
The extraction of available P (Olsen et al.. 1954) is used 
to evaluata residual effects of phosphate fertilizers. 
t3lack (1982) has reported tile response of wheat. during 

)10 years of continu.ouis wheat growth. to a ole-time 
application. 'he value Cif 15 tug/kg P in the tipper 15cim 
soil was regarded as sufficient. independent of available 
water suIpplied, while the response to nitrogen was 
related to the total available water that ranged between 
226 and 528 mam. The phosphate level in the upper soil 
layer. near the crown, affects the number ofadventitious 
roots, tiller developneat, and the number of head-
producing tillers in wheat (Black, 1970. 1982: Stibbe 
and Kafkafi. 1973) 

The present study reports on several yield paranie-
ters of wheat at low and high levels of soil P that have 

been accumulated in permanent fertilizer experiments 
on five levels of nitrogen. 

Materials and Methods 

The total accumlated amounts of fertilizers applied 
during 10 years before the reported wheat crop were: N 
asammonium sulfiltea N-0, 100.200.340, and 528 kg/ 
ha: P as superphosphate at 0, 232. 464. 750. and 1170 
kg/ha: and Kas potassium chloride at 0. 1400, and 2800 
kg/ha. The field arrangement of the plots is superim
posed ol anl infrared aerial photograph (Fig. 1)of the 7 
week-old wheat. Oil each P level, three levels of K are 
randomly located and are not shown in Fig-e I. iThe N 
treatments are given fromo left to right (plot size =27 x 72 
il), the organic manure (R)treatments are given from top 
to bottom (plot size = 24 x 135 m). On each organic 
treatment. two P levels are compared (plot size = 12 x 135 
m), and on each P plot, three levels of Kare applied (plot 
size = 4 x 135 m). All together there are 450 individual 
plots of 4 x 27 i11each. The statistical design is described 
elsewhere (The permanent plot team. 1971). Before 
seeding, the field received: 0, 15. 30, 60, and 120 kg N/ 
ha (the same amounts were given 6 weeks later as top 
dressing). Potassium as superl)hosphate was applied at: 
0, 9, 18. 36, and 72 kg P/ha. Potassium as potassium 
chloride was applied at: 0. 150, and 300 kg/ha. Soil 

NN N, i 

Figure I. Infrared aerial photograph of 2-month-old wheat crop on the permanent plot experime'.t, Bet Dagan, 
Israel. Ri-plots received only chemical fertilizers, R2-plots received fertilizers and organic manure once in 5 
years, R3-plots received fertilizers and green legume incorporation once in 5 years. N 0-4 - Nitrogen treatments 
applied ( from left to right) P 0-4 • Phosphate treatments applied (from top to bottom on top of the organic 
treatments.) For actual amounts, see materials and methods. 
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Table 1. The effect of soil phosphate level on number of Tillers, spikelets. grain yield and kernel weight at five levels of nitrogen. 

Tillers Spikelets Grain yield Grain weight Grain/DM 
Nitrogen Soil P. mg/kg 
applied 4 32 4 32 4 32 4 32 4 32 

2 -kg/ha no,/m - g/m2 -g/1000 -- % 
0 250 250 229 223 111 122 40.2 40.0 36 38 
30 292 368 230 242 239 245 45.5 43.6 38 39 
60 319 537 239 290 294 415 43.5 44.7 39 38 
120 322 634 260 355 351 505 41.9 43.5 40 37 
240 361 761 281 383 343 510 42.5 35.0 40 32 
S.E. for N 11.5 11.9 13.6 0.8 0.9 
S.E. for P 17.6 14.3 7.9 0.6 0.9 

Table 2. Dry matter, nitrate - N. and P content in 4-week-old beyond 3.5 Mg/ha when P was deficient (4 mg/kg 
wheat plants as a function of nitrogen and phosphate levels in bicarbonate extractable) and N is above 120 kg N/ha. 
the soil. When P and N were ample, the yield reached a plateau 

at 5 Mg/ha due to a shortage of accumulated precipita-
Nitrogen applied, kg/ha tion that was only 385 mm. The decrease in kernel 

Sail Pry 0atter 30 60 12weight at the highest N x P combination suggests that a 
mg/kg Dry matter (g/m") shortage of water due to earlier excess water consump
4 5.70 10.20 11.40 10.80 7.50 tlon by the vegetative canopy reduced the available water 

12 9.60 19.20 21.00 27.50 30.00 for the grain filling stage (Shimshi and Kafkafi, 1978). 
32 7.20 29.40 32.40 55.20 28.80 The ratios of grain to the total dry matter (grain + straw)

N-NO 3 in the plant (mg/kg dry matter) also support this conclusion. The dry matter yield of 4
4 1015 2030 1242 1470 1800 week-old plants. their N and P content, and the concen

12 857 1120 2310 2259 3255 tration of N0-N and P in the soil are shown in Table 2.
32 525 962 3622 2975 2817 A high N level depressed early dry matter yield and PP in the plant (mg/'-,, dry matter) content in the plant, even when P In the soil was high. 
4 3100 3700 3650 2250 2200 Organic manure (R2 in Fig. 1) increased the yield of 

12 4750 4450 4050 4100 3900 zero P plots by 31% relative to the RI (only fertilizer) 
32 5800 5650 5600 5300 


__ite__ouo__-
5200 rotation. The main residual effect of farmyard manure is 

N-NO: in the si! solution 1mg/Li reflected in supplying P to the crop. Its effects can be 
4 33 75 60 150 258 observed in the aerial infrared picture of the field as less 

12 33 75 83 100 166 darkend areas on zero P and P1 treatments. 
32 50 58 75 141 291
 

samples to 0.20 m were taken on emergence day and at References 
biweekly Intervals and NaHCO3 extractable P and water 
soluble N0 3 were determined. Total dry matter, plant Black. A. L. 1970. Adventitious roots, tillers, and grain yields of 
density, number of tillers, spikelets, and grain yield per spring wheat as influenced by N-P fertili7ation. Agronomy 
m 2 were determined. Nitrate and phosphate were deter- Journal 62: 797-801. 
mined on biweekly plant and soil samples from an area Black. A. L. 1982. Long-term N-P fertilizer and climate infilu
of 0.25 M 2. ences on morphology and yield components ofspring wheat. 

Agronomy Journal 74: 651-657. 
Giskin, M., J. Hagin, and U. Kafkafl. 1972. Crop response to

k esults and Discussion phosphate fertilization and to residual phosphate levels: I. 
Field Experiments. Agronomy Journal 64: 588-591. 

2 Olsen, SR., C.V. Cole, F.S. Watanabe, and L.A. Dean. 1954.
The average number of plants per m was 225. The Estimation of available phosphorus In the soil by extraction 

effects of increasing N levels at two soil levels of P on with sodium bicarbonate. USDA Circ. 939. 
number of tillers, number of spikelets, grain yield, and Shimshi,D., and U. Kafkafl. 1978. The effect of -upplemental 
grain weight are given in Table 1. At low levels of P. the Irrigation and nitrogen fertilisation on wheat (Triticum 
number of tillers per 1 M2 . o~e from 250 at zero N to 361 aestivum L.) Irrigation Science 1: 27-38. 
at 240 kg N/ha, while at high P levels the range was 250 Stibbe, E. and U. Kafkafi. 1973. Influence of tillage depths and 
to 761. The number of spikelets rose only from 229 to P-fertillzer application rates on theyields of annual cropped

winter-grown wheat. Agronomy Journal 65: 617-620.282 and from 223 to 38%, respectively, in the above The permanent plot team. 1971. The permanent plot experi
treatments. The net rtsult is that, at the combination of ment, report no.2. Division of scientific publications, Vol
high N and high P. the number of tillers without a cani Center,Bet Dagan, Israel. 
spikelet is very high. The grain yield did not increase 
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millet (Eleucine coracanaG.) and soil properties overIntroduction 
years under dryland conditions. 

Certain forms of continuous "ropping lead to deple
tion of soil fertility and, thus, decrease crop production. 
Farm yard manure (FYM) has been known to maintain Materials and Methods 
soil productivity, but its use is on the decline, and the 
use of chemical fertilizers is becoming more common for The experiments were conducted on the farms of the 
attaining higherylelds. Experiments at Broadback fields Dryland Agricultural Project, Bangalore, on an Oxic 

have shown results in favor of the application of bulk Haplustalf sandy clay loam soil, which is acidic (pH 4.8), 
organic manures even though recent wheat (Triticumsp.) and low in organic carbon (4 g/kg), available nitrogen 

yields for both FYM and NPK fertilizer treatments almost (150 kg N/ha), phosphorus (8 kg P/ha), potassium (166 

doubled over those obtained in early years (Anon, 1974). kg K/ha), and water-holding capacity (0.33 kg/kg). The 
An attempt has been made in this study to determine the experiment was designed to study the nitrogen (N)and 
fertilizer requirement of these crops, and to study the phosphorus (P) requirement of finger millet, maize (Zea 
effect o1FYM and NPK fertilizers on grain yield of finger mays L.), groundnut (ArachishypogaeaL,.), and cowpea 

Table I. Yield response of dryland crops to fertilizer applications.' 

Applied P (kg/ha) 

Crop N Treatment 0 13 26 39 Mean 

kg/ha Mg/ha 

Finger millet 0 1.16 1.51 1.78 1.50 1.49 
25 1.28 2.22 2.19 2.02 1.93 
50 1.82 2.46 2.43 2.41 2.29 
75 1.77 2.59 2.83 2.56 2.44 

Mean 1.51 2.19 2.31 2.12 
C.D. 1% 0.24 

Maize 0 1.34 1.76 1.65 1.77 1.63 
25 1.82 2.28 2.67 2.40 2.29 
50 2.19 2.48 2.73 2.97 2.59 
75 3.05 2.52 3.06 2.62 2.84 

Mean 2.13 2.26 2.53 2.44 
C.D. 1% 0.45 

Groundnut 0 0.87 0.75 1.10 1.00 1.93 
12.5 0.86 0.81 1.09 1.03 0.95 
25.0 0.87 1.04 1.03 1.29 1.06 
37.5 1.21 1.37 1.19 1.05 1.21 
Mean 0.95 0.99 1.10 1.09 

C.D. 5% 0.50 

Cowpea 0 0.67 0.82 1.03 0.67 0.80 
12.5 0.83 0.157 0.95 0.95 0.90 
25.0 0.67 0.85 1.07 1.22 0.95 
37.5 0.89 1.04 1.31 1.30 1.14 
Mean 0.77 0.90 1.09 1.04 

C.D. 1% 0.05 

'Potassium at 21 kg/ha applied to all plots. 
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Table 2. Grain yield of finger millet as influenced by FYM and fertilizers. 

Year 
Mean

Treatments 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 (1979-87) 

Mg/ha 

T, : Control 3.25 1.17 1.98 1.42 1.52 1.00 1.20 1.36 1.11 1.11 1.32
T2: FYM - 10 Mg/ha 3.36 1.14 2.51 2.12 2.53 2.36 3.13 2.95 3.12 2.29 2.44
 
T3 : FYM - 0lMg/ha +
 

25. 11, 10.5 kg NPK/ha 3.43 2.53 2.69 2.38 2.34 2.88 3.82 3.15 3.26 2.67 2.85
 
T4 : FYM - 10 Mg/ha +
 

50, 22, 21 kg NPK/ha 3.36 3.41 3.57 2.72 3.44 3.42 4.55 4.07 4.12 3.07 3.60
 
T, : 50, 22, 21 kg NPK/ha 3.30 2.93 3.51 2.50 3.12 2.36 
 2.74 3.43 3.32 2.21 2.90 

C.D. 1% NS 0.63 0.55 0.24 0.41 0.65 0.82 0.42 0.70 0.38 0.39 
Annual rainfall (mm) 1086 1168 632 825 903 794 997 671 799 826 870 
Rainfall during 

crop growth (mm) 597 749 318 514 501 395 549 459 532 545 516 
Rainy days (>5 mm) 

during crop
growth (no.) 23 27 16 23 23 23 23 21 23 26 23 

Table 3. Soil properties as influenced by FYM and fertilizers. 

Ma:x. 
water 

Available Volume holding Soil water 
Treat- pH Organic nutrients Bulk Pore expan- capa- content at (MPa)
ments, E.C. carbon N P K density space sion city 0.033 1.50 MWDb 

dS/m g/kg kg/ha Mg/m 3 % cm'/cm3: g/kg mm 

T, 5.0 0.10 3.18 123 18 71 1.3(1 44 0.02 335 96 50 1.26 
T 5.3 0.15 4.28 137 35 127 1.30 47 0.04 342 104 57 1.84 
T, 5.4 0.15 443 147 58 179 1.30 48 0.04 351 104 60 2.05 
TI 5.2 0.15 4.58 151 64 246 1.32 48 0.04 358 108 61 2.29 
T, 4.8 0.10 3.37 140 47 89 1.36 44 0.02 348 98 52 1.32 

Refer to Table 2 for treatments. 
b Mean weight diameter of soil aggregates. 

(Vigna unguiculata L.) in a randomized block design Results and Discussion 
(RBD) experiment with four replications during 1974
75. Specific information on treatments and crop yields is Nitrogen and Phosphorus Requirements
presented in Table 1. of Crops 

The effect of continuous applications of FYM and 
fertilizers on yield offinger millet and soil properties were Significant differences in grain yield were obtainedstudied in an experiment conducted from 1978 to 1987. for application of different levels of N and P to finger

studed n a exerientcondcte frm 178 o 187, millet and maize, with maximum yields obtained at 75 kgwith five treatments in two replications in a RBD. The Nandraige/wlTalmu.lecatoneat25 kg
various treatments and grain yields are presented in 39 kg P/ha to groundnut, and 37.5 kg N and 26 kg P/ha
Table 2. Soil samples collected after 10years ofthe study 9k P/a tround and 37. g N a kto cowpea produced maximum yields. The response of were analyzed for pH, electrical conductivity (EC). or
ganic carbon, available nutrients (Jackson, 1967), pore crops t appl 
space, expansion volume and maximum water-holding levels in the soil. 
capacity. (Keen and Raczkowski, 1921), soil water at Effect of FY'# and Fertilizers on Yield of 
field capacity (0.033 M Pa). wilting point (1.5 MPa), Finger Millt 
water-stable aggregates (MWD), and bulk density 
(U.S.S.L. staff, 1954). The results are reported in Table Grain yield differences were not significant in the 
3. first year, as soils were fertilized in previous years (Table 



2). The grain yield differences were significant after the 
second year. FYM with 50, 22. and 21 kg of N, P. and K/ 
ha produced the highest grain yields, whereas FYM with 
25, 11, and 10.5 kg N, P, and K/ha and NPK alone were 
comparable. The increase in yield due to FYM and 
fertilizers was attributed to improvement in the availa-
bility of nutrients, soil physical environment, and water 
use efficiency. 

Effect of FYM and Fertilizers on 
Soil Properties 

Addition of FYM alone or with fertilizers slightly 

increased the pH, EC, organic carbon, and available N, 
while considerably increasing available P and K. A low 

accumulation of organic carbon and available N in the 
soil was due to rapid biological degradation under con-
ditions of the semiarid tropics. The increase in available 
P was due to lowering the formation of insoluble iron-
phosphate and also reductant iron-phosphate from added 
soluble inorganic phosphates as indicated by Mandal 
and Chatterjee (1972). The significant buildup of avail-
able K is attributable to induced release of K from illite 

and increased K selectivity in soils. 

the bulk density and increased pore space, volume 
expansion, soil water, and water stable aggregates. The 
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moderate increases in soil water at field capac!ty. wilting 
point, maximum water-holding capacity, and volume 
expansion are due to changes in organic matter content. 
The increase in water stable aggregates is due to the 
stabilizing effect of humic substances from FYM, as 
reported by Chaney and Swift (1986). 
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Introduction 

Phosphorus (P) fertilizer application is needed in 
most dryland farming systems to supplement native soil 
inorganic phosphorus (IP) and maintain adequate crop
yields. Inorganic P has 	generally been considered the 
major source ofplant available phosphorus (AP) for plant
uptake in soils. The incorporation of fertilizer P into soil 
organic phosphorus (OP) (Rixon. 1966) and lack of crop 
response to fertilizer P due to OP mineralization (Doerge 
and Gardner, 1978), however, emphasize the need to 
consider the dynamics of both IP and OP in soil fertility 
management. 

Limited information is available on soil P dynamics 
under natural field conditions. As a result, Sharpley 
(1985) measured the seasonal distribution of IP and OP 
over a 2-year period in unfertilized and P-fertilized dry-
land soils in Oklahoma and Texas, U.S.A. This and 
additional data are analyzed further in this paper in an 
evaluation of the dynamics and relative contribution of 
IP and OP forms to soil P cycling in dryland farming 
systems. 

Materials and Methods 

Surface soil samples (0-50mm depth)were collected 
at 30-day (d) intervals during 1981 and 1982 from 9 
unfertilized grassed and 11 P-fertilized cropped sites 
(Table 1). The samples were air dried, sieved (2mam), and 
stored at 40C until analyzed. Classification of the majorsoil type at each site location (Table 1)was: Kirkland 
fine, mixed, thermic Udertic Paleustoll; Houston Black 
fine, montmorillonitic, thermic Udic Pellustert; and 
Woodward coarse silty, mixed, thermic Typic Usto-
chrepts. Further details of soils, crops, and site manage
ment are given by Sharpley (1985). 

Total P (TP) and IP content were determined by 
extraction of ignited and nonignited soil, respectively, 
with 0.5 M H2SO (Walker and Adams, 1958), with 
organic P calculated as the difference betweenTP and IP. 
Soil OP was fractioned into labile, moderately labile, 
moderately resistant, and resistant pools by the sequen-
tial extraction procedure of Bowman and Cole (1978). 
Plant AP was estimated by the Bray and Kurtz (1945) 

method, using a solution:soil ratio of 10: 1. The concen

tration of P was determined on filtered extracts by the 
method of Murphy and Riley (1962). 

Results and Discussion 

Available P content during the 2-year study was 
related (p<0.001) to OP in unfertilized and IP in P
fertilized soils (Fig. 1). The WW2 and WW4 sites are given 
as examples with the other sites (p < 0.01) behaving 

100 
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80 (25 kg P hd-'y,-') 	 + ORGANIC P 
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Figure 1.Relationship between plant available P 
and Inorganic and organic P content of surface soil 
(0-50 mm) at Woodward, OK, for 1981 and 1982. 
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Table 1. Fertilizer P. available P. and organic P mineralized at each site averaged for 1981 and 1982. 

Site Location Dominant 
soil 

Unfertilized grass 

FRI 
FR2 
FR3 
FR4 
Y14 
W10 
SWi I 
WWI 
WW2 

El Reno, OK 

Riesel.TX 

Woodward,OK 

Kirkland silt 
loam 

Houston Black 
clay 

Woodward loam 

P-fertilized crops 

FR5 El Reno, OK Kirkland silt 
FR6 loam 
FR7 
FR8 
Y Riesel. TX Houston Black 
Y2 clay 
Y6 
Y8 
Y10 
WW3 Woodward, OK Woodward loam 
WW4 

'Percent total organic P mineralized. 

similarly. In fact, OP and IP accounted for up to 81 and 
88% of seasonal AP variation at the unfertilized and P-
fertilized sites, respectively. Available P was not related 
(p > 0.05) to OP in P-fertilized or IP in unfertilized soils 
(Fig. 1), demonstrating the respective importance of OP 
and IP as sources of AP in unfertilized and P-fertilized 
dryland soils. Seasonal AP dynamics in unfertilized and 
fertilized dryland soils were a function of OP mineraliza-
tion and fertilizer P application, respectively, although 
relative amounts of AP varied between sites (Table 1). 

Net OP mineralization during the period of maxi-
mum crop growth was calculated as the decrease in OP 
during spring and early summer (Table 1). As soil OP is 
formed by plant residue incorporation during this pe-
riod. the value of net OP mineralization underestimates 
the actual value. Net OP mineralization was greater (p < 
0.001) in unfertilized than P-fertilzed soils (Table 1). 

Mineralization was not inhibited by fertilizer P applica
tion, with similar amounts of P contributed by both 

sources (Table 1). This agrees with earlier findings that 
fertilizer P application can increase the rate of plant 
residue P incorporation in P-deficient soils (Chauhan et 
al.. 1981). At 1988 U.S.A. fertilizer pnrics ($275 per Mg 
diammonium phosphate), OP mineralization contrib
uted up to an equivalent of approximately $40/ha/yr 
input of fertilizer. 

Mineralization of OP was related to the total OP 
content of soil prior to the period net mineralization was 
calculated, for both unfertilized and P-fertilized sites 
(Fig. 2). For a given OP content, mineralization was 
greater at Woodward than Riesel and El Reno locations. 

Fert. P Avail. Org. P mineralized 
applied P Amount Percent' 

kg P/ha/yr % 

- 4 29 23 
- 3 21 18 
- 3 17 14 
- 7 13 10 
- 3 27 20 
- 2 35 30 
-1 37 31 
- 7 28 24 
- 5 14 12 
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Figure 2. Net mineralization of organic P as a 
function of total and moderately labile organilc P 
of surface soi (0-50 mm) at El Reno, OK, Riesel,TIX, and Woodward, OK, for 1981 and 1982. 



466 Fertility Management 

As a function of moderately labile OP, however, no 
difference between locations was observed (Fig. 2). As 
labile and resistant OP pools remained fairly constant 
during the 2-year study, mineralization of moderately 
labile OP replenished the labile pool when AP fell below 
a critical level. In fact, moderately labile OP accounted 
for the major proportion (76 to 90%) of total OP miner-
alization. Apparently, OP mineralization dynamics were 
related to n'oderately labile OP. the level of which is 
determined by sofi and climatic factors. 

Amounts of OP mineralized in the present dryland 
soils (Table 1)are similar to other temperate soils (0.3 to 
40 kg P/ha/yr), eg., Stewart and Sharpley (1987). They 
are generally lower, however, than for soils from the 
tropics (6 to 396 kg P/ha/yr), where distinct wet and dry 
seasons and higher soil temperatures can enhance rapid 
OP mineralization (Stewart and Sharpley, 1987). 

It can be concluded from the present study that OP 
can be an important source ofAP in both unfertilized and 
P-fertilized soils in dryland farming systems of Okla-
homa and Texas. Consequently, soil P fertility tests may 
be improved by measurement of labile and moderately 
labile OP, in addition to available IP. particularly if OP 
mineralization is rapid or great enough to make an 
important contribution to the AP pool. For example. P 
supply to a crop, as reflected by yields. was closely 
predicted only when an estimate of labile P was included 
with AP (Abbott, 1978; Daughtrey et al.. 1973). Manage-

ment practices which maintain or increase soil OP 

contents can be advantageous for long-term soil fertility, 

with fertilizer P application increasing AP content di-

frctin, 

formation. 
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Introduction 

Successful crop production in the semiarid Brown 
soil zone of western Canada requires adapting to low and 
variable amounts of water. Approximately 30% of the 
total precipitation received in this area comes as snow. 
and under conventional summerfallowing practices much 
of it is blown off the field and lost. It is imperative that we 
conserve, and use efficiently, as much of this water as 
possible. 

This paper reports on 6 years of results from an 
ongoing study to determine the influence of alternative 
snow and fertilizer management systems on the amount 
of winter precipitation conserved and on grain yields for 
spring wheat ('I-iticumaestivumL.) grown continuously 
using zero tillage management at Swift Current, Sas
katchewan. 

Materials and Methods 

The experiment was set out on a Swinton silty loam 
soil (Ayres et al., 1985). an Aridic Haploborall (Brown soil 
zone). It was composed of four 2.5 ha replicates, each 
split Into two main stubble height treatments: a uniform 
short stubble (15-20 cm high) and a tall-short stubble 
treatment (tall stubble) (Campbell et al., 1986). The tall 
stubble plots consisted of one strip of standing stubble 
about 40 to 60 cm tall by 15 cm wide every width of the 
swather (6 m) and running in a perpendicular direction 
to the prevailing winds. The remainder of the area was 
cut at the standard 15-cm height. Each stubble height 
treatment was divided equally and randomly into 3-year 
subplots which allowed the experiment to be moved 
yearly so as to minimize residual effects of fertilizer. The 
test-year subplots wcre divided into four nitrogen (N) 
fertilizer (urea) sub-subplots. In the first year. Nfertilizer 
rates were 25. 50, 100, and 150 kg/ha. in subsequent 
years, the 150 kg/ha N rate was changed to 75 kg/ha. 
Each N fertilizer rate treatment was divided into two sub-
sub- subplots which compared broadcast application to 
banding at 12- to 15-cm depth on a 30-cm spacing, 
There was a further split which allowed comparison of 
fall versus spring application of N. All test-year plots re-
ceived blanket applications of P, K, and S. 

Plots were planted to Canuck spring wheat (Triticum 
sp.) in early May of each year using a zero-till offset disc 
drill without seedbed preparation and harvested in late 
August to early September with a small combine in a 

direction perpendicular to the trap strips. 

Each replicate was staked in the fall to facilitate soil 
and snow sampling at the same points each time of 
measurement (Campbell et al., 1986). Soil cores were 
taken in the fall (usually late September) and spring 
(usually early May) close to each stake for soil water, NO, 
-N. and NaHCO -P determinations in the 0 to 15-, 15- to 
30-, 30- to 60-. 60- to 90-, and 90- to 120-cm depths. 
Growing season rainfall, air temperatures, and wind 
speeds were recorded at a meteorological station 0.5 km 
to the east of the test site. 

Results and Discussion 

Precipitation and Weather Conditions 

The weather during the 6 years of study reinforced 
the historical pattern of extreme variability. Precipita

tion received between fall and spring soil sampling 
averaged 94 mm and ranged from 63 to 132 mm. 
Growing season (May-July) rainfall in the years 1982 to 
1987. respectively, were 244. 187, 101, 73. 205. and 129 
mm. These compare to our long-term (99 yr) mean 
growing season rainfall of 166 mm. Growing season air 
temperatures and wind speeds in the dry years were 
much above average resulting in severe water stress for 
growing p. ints (data not shown). 

Water Conservation 

Each year. significantly more snow was trapped in 
tall than in short stubble treatments (Table 1). During 
periods of warm Chinook winds, the trapped snow 
persisted in tall stubble areas for several days after it 
disappeared from short stubble areas. 

The extra water conserved in tall stubble compared 
to short stubble areas averaged 11 mminthe top 120cm 
of soil and varied from -6 mm to 27 mm (Table 1). These 
results are similar to those reported by Kachanoski et al. 
(1985), but are substantially below the extra 45 mm of 
available soil water by which fallow fields generally 
exceed stubble fields in the Brown soil zone (Campbell et 
al., 1987). The efficiency of intake of overwinter precipi
tation averaged 45% for tall stubble and 33% for short 
stubble. The efficiency for short stubble is similar to that 
reported for this system by others (Campbell et al., 
1987). The low efficiency of meltwater intake in 1985-86 
was due to thawing and refreezing of meltwater in the 
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Table 1. Effect of stubble height on water conserved and efficiency of intake of fall and winter precipitation. 

Precip. Water in 
(fall to snow 

Season spring) Tall, Short, 

mm 

1981-82 
1982-83 
1983-84 
1984-85 
1985-86 
1986-87 
Mean 

132 
93 
68 
131 
63 
75 
94 

97 
40 
69 
122 
100 

NDb 
85 

43 
34 
27 
61 
60 
ND 
45 

Si (Ht) 
Sx"(Yr) 
S3" (Ht x Yr) 

2 
3 
4 

Significant factors 
Ht 
Yr 
Ht x Yr 

Tall and short refer to tall and shot stubble, respectively. 
bND = not determined. 

Water 
conserved 

Tall Short 

Advtg. 
of 

tall stubble 

Efficiency of 
intake of precip. 

Tall Short 

ram/120 cm % 

47 38 9 35 29 
31 26 5 33 28 
45 20 25 66 29 
83 56 27 63 43 

8 14 -6 13 22 
42 34 8 57 46 
43 31 11 45 33 

3 5 
7 8 7 
9 9 

I and 0*indicate significance at P < 0.05 and at P <0.01. respectively. 

warmer than usual winter which caused formation ofice 
layers that sealed the soil surface. Then a rapid thaw 
promoted runoff in late winter. Significant runoff losses 
of meltwater also occurred in the first 2 years as a result 
of rapid spring melting of the snowpack. Obtaining good 
infiltration ofmeltwater is a problem with snow trapping. 

Effect of Stubble Height and N Fertilizer 
on Spring Wheat Yields 

Wheat yields were directly related (r = 0.90) to the 
level of growing season rainfall. in years of favorable soil 
water, yields were increased by application of Nfertilizer 
(Table 2): maximum yields in these years were obtained 
at Nfertilizer rates of 75 to 100 kg/ha. In dry years (1984 
and 1985). yields were unaffected by N fertilizer. This 
problem of little yield response or even depressed crop
yields by application of moderately high rates of N 
fertilizer Is not uncommon for stubble cropping in the 
Brown soil zone, and since drought can be expected as 
a rule rather than an exception, care must be taken not 
to over-fertilize, 

In 4 of 6 years, yields were higher (P < 0.05) on tall 
stubble than on short stubble (Table 2). The overall yield 
advantage of tall stubble averaged 93 kg/ha or about 6% 
more, and was particularly significant in years of low 
growing season rainfall. However, the extra water con-
served by tall stubble does not account for the yield 
difference between stubble heights in some years (e.g., 
1984). The zero till-trap strip combination may also be 
increasingyield by reducing evapotranspiration through 
reduced wind speeds near the soil surface. 

The effect of timing and method of N application on 
grain yields varied from year-to-year (Table 3). During 

yield. In contrast, in the wettest year (1982), spring 
banded N gave the highest yields and fall broadcast gave 
the lowest yields. Yields for spring banded treatments 
were 15% (325 kg/ha) greater than for fall broadcast 
treatments in thisyear. In 1983, a year with near average 
rainfall, fall broadcast Ngave 128 to 158 kg/ha less yield 
than the other treatments. In 1986 and 1987, there was 
no effect of time of N application, but yields averaged 81 
and 238 kg/ha higher in the respective years for banded 
compared to broadcast N.When averaged overyears, the 
overall relative responses to the N management systems 
were rated 100. 98,94, and 91 for spring band, fail band, 
spring broadcast, and fall broadcast, respectively. 

Conclusions 

Snow management using cereal trap strips has not 
provided the 45 mm of extra water commonly stored 
during the 2 1-month summerfallow period in this area. 
However, the extra 11 mm conserved appears to be used 
more efficiently in the zero till system. 'ields were 
significantly higher in tall than in short stubble, espe
cially in dry years. Methods for enhancing entry of snow
melt water into the soil are required. 

Fertilizermanagement made little difference toyields 
in dry years, but deep banding and spring application of 
Nwereadvantageous in moist or wetyears. Lowest yields 
were obtained when urea-N was broadcast applied in 
fall. 
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Table 2. Effect of stubble height and N fertilizer on wheat yields., 

Soil NO,-N Stubble Fertilizer N rate (kg/ha) 
Year (0-60 cm) height 25 50 75 100 Mean 

kg/ha 	 Mg/ha 

1982 26 Tall 2.01 2.23 (2.35), 2.48 2.27 
Short 1.81 2.07 (2.41)' 2.66 2.24 

1983 13 Tall 1.40 1.64 1.97 1.99 1.75 
Short 1.36 1.63 1.65 1.90 1.63 

1984 14 Tall 0.65 0.59 0.71 0.72 0.65 
Short 0.49 0.46 0.44 0.48 0.46 

1985 25 Tall 0.78 0.68 0.55 0.65 0.67 
Short 0.55 0.51 0.52 0.46 0.51 

1986 49 Tall 2.64 2.61 2.83 2.79 2.72 
Short 2.53 2.63 2.61 2.69 2.61 

1987 23 Tall 1.17 1.33 1.46 1.59 1.38 
Short 1.29 1.39 1.50 1.54 .43 

1982-87 25 	 Tal 1.44 1.51 1.64 1.70 1.58 
Short 1.34 1.45 1.52 1.62 1.48 

Values are arranged over time and method of N application.
Main effects for the test plots (year, stubble height and N fertilizer) were significant (P < 0.05) as were several interactions. 

Estimates based on missing plot techniques. 

Table 3. Effect of time and method of N placemrent or. yield of wheat., 

Method of N Time of N applicationb 
Year placement Fall Spring Mean 

Mg/ha 

1982 Band 2.29 2.39 2.34
 
Broadcast 2.04 2.30 2.17
 

1983 Band 1.66 1.73 1.69
 
Broadcast 1.47 1.66 1.57
 

1984 Band 0.56 0.56 0.56
 
Broadcast 0.56 0.55 0.56
 

1985 Band 0.59 0.60 0.59
 
Broadcast 0.60 0.58 0.59
 

1986 Band 2.71 2.67 2.69
 
Broadcast 2.65 2.57 2.61
 

1987 Band 1.51 1.54 1.53
 
Broadcast 1.27 1.31 1.29
 

1982-87, 	 Band 1.53 1.58 1.57 
Broadcast 1.43 1.49 1.46 

Values are averaged across height and rates of fertilizer. 
bIn 1985, these treatments were early-April and mid-May because early arrival of winter prevented a fall application. 

All main effects and several of the second and third order interactions were highly significant. 
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Introduction 

Maximizing P fertilizer use efficiency is very depend
ent on proper fertilizer placement in the soil. Because P 
is reiatively immobile in soils, proper placemen, is of 
particular importance in the semiarid western U.S. 
under dryland production, where soil water is low at the 
soil surface for much of the growing season. The average 
annual precipitation in the west-central Great Plains 
region is 420 mm, ranging from 300 to 840 mm. This 
region includes western Nebraska. Kansas. and eastern 
Colorado. Approximately 3.2 million ha ofdryland win-
ter wheat (Triticumaestivum L.) are harvested annually 
in this region under a summer fallow cropping system 
(Greb, 1979). Approximately 64% of the soils are defi-
cient in Nand 33%deficient in P fordryland winter wheat 
production (Westfall el al.. 1986). 

In this region. -hoe" drills are used to plant dryland 
winter wheat. The drills are designed to move the dry 
surface soil to the side, which may be 5 to 10 cm deep. 
to allow the seed to be placed in moist soil about 2.5 cm 
deep in the bottom of the furrow. This ensures rapid, 
uniform germination and emergence in this semiarid 
environment. The placement of P fertilizers in moist soil, 
where they will be available for plant uptake, poses some 
unique problems in thkt environment. The inclusion of 
additional devices (disks or Injection knives) on the drill 
is difficult at the nan -w row spacing used (30 to 35 cm). 
This also results in additional soil disturbance which 
causes a loss of stored soil water. Since soil water is the 
major limiting factor of plant growth, excessive soil 
disturbance is undesirable. The application of P fertilizer 
preplant is an opt!on, but results in additional soil 
disturbance and water loss. Application of P fertilizer 
during a cultivation for weed control is a viable option
but Is not widely used. If the producer is using a no-till 
production system, this is not a viable alternative, 

This research was conducted to evaluate different P 
fertilizer placement techniques that are applicable to 
production systems and equipment used in semiarid 
environments for dryland wheat production. The objec-
tive of this research was to determine the effect of 
different P rates and placements on N and P uptake, 
grain yield, and quality of dryland winter wheat. The 
experiments were conducted under no-till production, 

but the results are applicable to conventional-till, mini

mum-till, and no-till production systems. 

Materials and Methods 

Dryland winter wheat fertilizer placement and rate 
studies were conducted in three growing seasons: 1983
84, lC84-85. and 1985-86 in eastern Colorado. Details 
of these studies have been reported previously (Ward, 
1986: Westfall et al., 1987). The field sites and selected 
soil characteristics are presented in Table 1. Soil phos
phorus (P) was analyzed using the AB-DTPA procedure 
(Soltanpour and Schwab, 1977). Nitrogen (N)rates were 
0, 34, and 68 kg N/ha. The P rates were 0 and 15kg/ha.
A randomized block experimental design with four rep
lications was used. Factorial combinations of all N and 
P rates were evaluated. Fertilizer sources were liquid 
urea, ammoniumnitrate. and ammonium polyphosphate. 
The fertilizer placements evaluated were: (a) preplant
broadcast without incorporation, (b) dribbling the fertil
izer over the seed rowon lop ofthe soil after row closure 
(DOS). and (c) banding the fertilizer 2.5 cm below the 
seed at planting (BBS). All placements were accom
plished with the planter/fertilizer applicator described 
by Westfall and Strohman (1987). 

Hard red winter wheat cultivars 'Vona' and 'Sandy' 
were planted at 50 kg seed/ha in late September in rows 
30cm wide. Overall plot size was 17 m long by 1.8 m wide 
(6 rows). The center section (4 rows x 15 m) was 
harvested for yield. A significant location interaction 
occurred in 1983-84 due to emergence damage occur
ring with the BBS treatment at 90 kg/ha on the lighter
textured soils at Akron and Eads. Since determination of 
the maximum N rate that could be placed close to the 
seed as a function of soil texture was not one of the 
objectives, the results were confounded and we were not 
able to accurately evaluate our objectives. For this 
reason, the fertilizer rates were decreased for the re
mainder of the study duration and we have not included 
the 1983-84 data in this paper. Significant year interac
tions did occur In 1984-85 and 1985-86. Therefore, the 
data are combined across locations within each year, 
years being kept separate. All P rate and placement data 
are averaged across the 34 and 68 kg N/ha rates. The 
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Table 1. Selected physical and chemical characteristics of soils. 

Season/ 
Location Soil type 

1983-84 
Akron Weld sil 

(Aridic Paleustoll) 

Platner Platner scl 
(Aridic Paleustoll) 

Eads Colby sil 
(Ustic Torriorthent) 

1984-85 
Eads Colby sil 

(Ustic Torriorthent) 
Weld 1 
(Aridic Paleustoll) 

Platner Platner scl 
(Aridic Paleustoll) 

1985-86 
Matheson Weld 1 

(Aridic Paleustoll) 

Ft. Morgan Weld 1 
(Abruptic Paleustoll) 

pH O.M P0'-P" NOB-N 
(0-30 cm) (0-120 cm) 

g/kg mg/kg kg/ha 

7.6 12 5.0 93 

6.9 12 6.0 149 

7.8 12 2.0 157 

7.8 12 1.8 105 

6.8 14 4.1 121 

7.1 11 4.1 101 

7.7 8 0.8 36 

7.5 10 2.5 96 

10-3.0 and 3.1-3.6 mg/kg P classified as low and medium soil test levels, respectively. 

data were analyzed using standard analysis of variance 
procedures and significance determined at 0. 10, 0.05 
and 0.01 levels (+, , ** respectively), 

Results and Discussion 

The application of P fertilizer increased P uptake by 
dryland winter wheat at harvest, averaged across loca-
tions and 34 and 68 kg N/ha rates (Table 2). There was 
also a significant increase in N uptake by the grain as P 
rate increased from 0 to 15 kg P/ha. Fertilizer placement 
had a significant effect on both N and P uptake by the 
grain and grain yield. There was no significant difference 
between N and P uptake from the BBS and DOS place
ments. However, both of these placement methods per
formed substantially better than did the broadcast 
application, resulting in significantly greater N and P 
uptake by the grain. Phosphorus application increased 
grain yield by 0.07 Mg/ha in 1984-85 and 0.27 Mg/ha 
in 1985-86 (Table 2). Both 1985-86 sites were classified 
as "low" in available P while only one was classified low 
in 1984-85 (Table 1). There was no significant difference 
in yield between the BBS and DOS fertilizer placements, 
both producing from 4.03 to 4.10 Mg/ha grain. There 
was., however, a significantly lower yield with the broad-

cast fertilizer application; about 0.27 Mg/ha less as 
compared to the BBS and DOS placements. 

Why does DOS placement result in equal N and P 

uptake and grain yields as banding the fertilizer below 
the seed, one of the most efficient methods of applying P 
fertilizer (Peterson et al., 1981)? McConnell et al. (1986) 
reported similar results from a -surface band" place
ment at one site in Nebraska. Their surface band P 
placement Is similar to our DOS placement. Our hy
pothesis for the efficiency of the DOS placement is shown 
in Figure 1.The "at planting" diagram shows the general 
configuration of the soil at planting. The furrow is made 
by the hoe drills used in the arid western U.S. as the 
planting shoe moves the dry soil to the side in order to 
allow the seed to be planted in moist soil. The press wheel 

AT PLANTING WITH TIME 

NEW 
FERTILIZER SOOWN.ILE 

BAND ROOTS BAND 

SEMINAL 
ROOTS 

Figure 1. Soil surface configuration at planting 
and with time after planting. 
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Table 2. The effect of P fertilizer rate and placement on N and P uptake by the grain yield of dryland winter wheat at harvest. 

Treatments P uptake 
1984-85 1985-86 

P rate (kg P/ha) 
0 12.6 12.6 
15 13.5 13.5 

Rate LSD (.05) 

Placements 

Broadcast 12.6 12.7 
Banded below seed (BBS) 13.7 13.7 
Dribbled over seed (DOS) 14.1 14.2 
Placement LSD (.05) 0.7 0.61 

P Rate x placement 

-LSD at the 0.1 level of significance. 

then firmly presses moist soil around the seed, which is 
planted about 2 to 3 cm deep in the bottom of the furrow. 
The fertilizer, in our DOS placement. is dribbled on the 
soil surface directly over the seed behind the press wheel 
after row closure. With time, wind and water action and 
natural sloughing move the soil from the ridge into the 
deep furrow. In a short time, the original surface-applied 
fertilizer band becomes a subsurface band ("with time" 
Fig. 1). As the crown roots are initiated at about the 2.5 
to 3.5 leaf stage of growth, they intercept the fertilizer 
band resulting in N and P uptake and yield response 
equal to banding the fertilizer under the seed. Since 
modification of existing planters to utilize the DOS 
fertilizer placement method is relatively easy and inex-
pensive, it is an excellent fertilizer application method by 
which farmers can apply fertilizer in an effient manner, 
thereby maximizing return to the fertilizer investment. 
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Introduction 

Wheat (Triticum aestivum L.) production in dryland 
areas of the Pacific NoAhwest is sensitive to both stored 
soil water and growing-season precipitation, and soil 
water is usually depleted before grain maturity (Leggett. 
1959; Papendick and Miller. 1977). In such regions, it is 
often desirable to limit the rate of soil water use by 
limiting vegetative growth, thereby saving a greater 
proportion of available water for grainfill (Black, 1966). 
Optimum nitrogen (N)applicatiorn is critical for efficient 
produc ion because inadequate N rcduces tillering and 
yield whereas excess N can overstimulate vegetative 
growth and decrease ywId substantially through inten-
sified drought stress after heading. The yield plateau for 
optimum N application can be quite narrow (Luebs and 
Laag, 1969: Ramig et al.. 1975). Sulfur fertil!zation can 
also increase yield, but response is related to efficient N 
application (Rasmussen and Alhnaras, 1986). 

Nitrogen can increase water use efficiency ofvegeta-
tive and grain production (Brown, 1971: Rhoads, 1984), 
but little is known about S effects. This research was 
conducted to quantify N and S effects on vegetative 
growth, water use, and grain yield of winter wheat. 

Materials and Methods 

Dryland winter wheat response to N and S was 
determined on a Cantala silt loam (Typic Haploxeroll) 
soil cropped in wheat-fallow rotation. The experiment 
design was a four replication randomized block split 
plot, with N as main plots, and S as subplots. Nitrogen 
(NH4 NO3 )was applied at 0, 40, 80, and 120 kg N/ha and 
S (CaSO4.2H 20) at 0 and 14 kg S/ha prior to wheat 
seeding. "Hyslop" winter wheat was seeded on Septem-
ber 26 in 18 cm rows at 67 kg seed/ha. Vegetative growth 
was determined at Feekes' growth stages 5 (April 16), 10 
(May 20). 111 (June 20), and 11.4 (July20) by harvest-
ing a 0.5 m2 area. Soil water content in early March and 
at each growth stage was determined on two replications 
by neWron attenuation. Grain yield was determined by 
combine harvesting a 2.1 by 10.2 m area from all plots. 
Straw yield was derived by multiplying grain yield and 
straw/grain vatio derived from an 0.9 m2 area. Precipi-
tation and temperature data were taken from a Class A 
weiAther station 8 km north of the site. Crop water use 

during each period was determined as the sum of soil 
water removed plus rainfall. Water use efficiency was 
determind by dividing dry matter production by crop 
water use. 

Results and Discuasion 

Vegetative Growth and Water Use 

Nitrogen application increased vegetative growth 
and water use slightly by the end of tillering (GS-5), but 
S fertilization had no effect (Table 1). From tillering to 
boot stage ol wheat growth (GS- 10). in,,reasing N appli
cation progressively increased gruwth and water use. 
Increased earl, season growth and water use with high 
Napplication were partially offset by reduced growth and 
water use after heading as stored soil water neared 
depletion. High N addition, without S, accentuated S 
deficiency and limited vegetative growth. 

Consumptive water use at maturity showed a trend 
towards an increase with N addition. Total water use 
(stored soil water plus precipitation) averaged 326, 342, 
367, and 376 mm with 0. 40, 80, and 120 kg N/ha. With 
80 or 120 kg N/ha, wheat depleted about 15, 61, 87.and 
94% of soil water by the end of tillering, boot, milk, and 
mature stages of wheat growth, respectively. 

Water Use Efficiency 

The major influence of N and S on water use effi
ciency of vegetative growth of wheat occurred only 
between the end of tillering and heading (Table 2). 
Nitrogen increased vegetative water use efficiency about 
36% with S application and 8% in the absence of S 
fertilization. Nitrogen rates above 40 kg N/ha did not 
further increase water use efficiency while increasing 
growth and water use. Sulfur increased wat.er use effi
ciency by nearly 20% at this growth stage. Most of the 
increased watei ut efficiency from fertilization dissi
pated following heading, primarily because of greater 
drought stress. 

Nitrogen improved water use efficiency ofgrair. but. 
not straw production. Grain water use efficiency was 
similar to that for Mediterranean climates in Australia 
(French and Schultz, 1984). S"fur's influence on water 
use efficiency was ilmited ' straw production, with 

http:CaSO4.2H
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Table 1. Effect of nitrogen and sulfur fertilization on dr,- matter yield (DM). consumptive water use (CWU). and soil water 
depletion (SWD) by dryland winter whcat at different stages of growth. 

Growth stage and sulfur application (kg/ha)
Nitrogen GS-5 GS- 10 GS- 11. 1 GS- 11.4
 
applied 0 14 0 
 14 0 14 0 14 

kg/ha Dry matter yield (Mg/ha)
0 1.2 1.2 5.1 5.0 10.0 9.7 10.7 11.0

40 1.3 1.4 5.9 6.6 11.0 11.7 12.8 13.6 
80 1.9 1.6 6.8 7.6 11.9 12.7 13.1 15.1 

120 1.4 6.61.8 8.5 11.6 13.4 12.6 14.5 

Consumptive water use (mm)

0 68 72 202 
 208 283 311 314 338 
40 79 59 225 207 313 305 348 337 
80 85 101 233 245 322 343 352 383 
120 112 85 265 253 333 350
360 393
 

Soil water depletion (%)
0 6 8 46 48 69 78 75 83 
40 10 4 4854 79 77 87 83
 
80 13 17 59
56 82 88 88 97
 
120 13 19 66 62 85 
 94 90 100 

Statistical analysis
GS-5 GS-10 GS- 11.1 GS- 11.4

Comparison DM CWU SWD DM CWU SWD DM CWU SWD DM WU SWD 

No N vs. N **a NS NS NS $* NS NS 
N rate + 5 NS * NS NS NS NS NS
S application NS NS NS NS NS NS NS + + 
NS interaction NS NS NS NS NS NS NS NS NS NS 

-. ,. *indicat, significanc at P = 0.10. 0.05. and 0.01. respectively. NS = not significant. 

Table 2. Effect of nitrogen and sulfur fertilization on water use efficiency by dryland winter wheat at different stages of growth. 

Component, growth stage, and sulfur application (kg/ha)
Dry matter yield Strawyield Grain yield

Nitrogen GS-5 -GS-10 GS- 11.1 GS- 11.4 G- 11.4
 
applied 0 14 0 
 14 0 14 0 14 0 14 

kg/ha kg dry matter/mm of water use 

0 8.4 7.7 22.0 21.0 33.2 29.3 22.8 22.8 11.1 10.9 
40 8.3 12.4 23.8 28.2 33.0 35.9 24.0 26.4 i1.9 12.4

80 11.0 7.9 25.4 27.6 33.9 34.6 24.4 26.2 13.0 13.1


12 6.1 11.0 224 29.9 32.8 34.7 22.8 24.3 13.1 12.7 

Statistical analysis
No N vs N NS, + NS 
N rate NS NS NS NS NS 
S application NS * NS + NS 
NS interartiori + + NS NS NS 

., 0. 0 indicate significance significance at P = 0. 10. 0.05. and 0.01. respectively. NS = not significant. 

increased grain yield associated with increased water environment and efficient water use. Madison. WI: American 
use. Optimum grain yield was a-hieved with 80 kg N and Society of Agronomy. 
14 kg S/ha. Brown. P. L. 1971. Water use and soil water depletion by 

dryland wintLr wheat as affected by nitrogen fertilization. 
Agronomy Journal 63:43-46.
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Introduction 

Barley (Hordeum vulgare L.) response to phospho-
rus (P) was found to be related to available P In soils at 
time of sowing, to soil depth, and to i2ather conditions 
(Krentos and Orphanos, 1979). The relative Increase In 
barleyvield attributable to P fertilization was greatest in 
shallow soils and under low rainfall conditions (Matar. 
1977: Orphanos, 1987). The response of barley to nitro-
gen application has been observed mostly during rainy 
years or in fields where barley was the preceding crop 
(Loizides, 1958; Harmsen et al., 1983). 

The research initiated in 1984/85 was a collabora
tive effort between the International Center for Agricul-
tural Research in the Dry Areas and the Soils Directorate 
of the Ministry of Agriculture and Agrarian Reform of 
Syria and was aimed to: 

1. 	 Determine the biologic and economic response of 
barley to nitrogen (N) and P fertilizers in farmers' 
fields in various provinces of Syria. 

I. 	 Clarify the relationships between available Nand P 
In so.ls at sowing and the response in yield of barley 
fertilized with N and P, and 

iti. 	 Establish guidelines for fertilizer recommendations 
based on soil tests. 

Materials and Methods 

Experimental sites in the barley-growing region of 
Syria represented major soil and clinmatic conditions, 
Four provinces were included (Aleppo, Hama. Has-
sakeh, and Raqqa). Most selected sites had been pre-
ceded by fallow (a total of 27), and 6 sites preceded by 
barley. Each trial comprised two replicates of a complete 
randomized factorial design with four levels of N (0, 20, 
40, and 60 kg N/ha), supplied in the form of ammonium 
nitrate (33% N), and four levels of P (0, 13. 26. and 39 kg 
P/ha) supplied as treble superphosphate (19.7% P). The 
variety used was Arabic Aswad. 

The P fe' tifzer and halfof the N were drilled into the 
soil along with the seed. The remaining Nwas applied as 

a top dressing at the tiller Ing stage. Soils were sampled 
in 20-cm increments down to a 100-cm depth (or bed
rock) at planting time for determination of mineral-N 
(NH4 and NO ) separately, and NaHCO:,-extractable P for 
0 to 20-cm soil layer. 

For the crop responses to be correlated with soil 
tests, the Cate-Nelson graphical method (Nelson and 
Anderson, 1977) and the Mitscherlich-Bray equation 
(Bray, 1958) were used. 

Results and Discussion 

All Larley sites were calcareous and alkaline (pH 7.8 
to 8.5), with lime equivalents ranging between 3 and 
52%, and textures dominantly clay to clay loam. Sea
sonal rainfall between November 1 and the end of May 
ranged between 147 and 339 mm and the water rarely 
penetrated beneath 60 cm in the soil prolile. The NaHCO3 
extractable P ranged between 2.2 and 10.2 mg/kg and 
the N03,-N In various soil layers was quite different from 
one site to another. 

Phosphorus Test 

Production of grain and straw responded positively 
and significantly either to Nor P fertilizer or both at every 
site. Increases were observed with application of P more 
often than with N. 

According to the Cate-Nelson method, the critical 
level of Olsen-P in the top 20 cm of soil was about 5 mg/ 
kg with crops achieving 800/c of their maximum yield in 
the absence of fertilizer application (Fig. 1-A). 

The Mitscherlich-Bray equation was derived relat
ing total dry matter production (') to soil P at planting 
(X) and rate of P applied in kg P/ha (X2): 

log (100 - Y) = log 100 - 0. 135X, - 0.029X, [I] 

The critical level of available P in the soil that 
produced 80% of maximum yield was about 5 mg/kg 
(Fig. I-B), which is In close agreement with the value 
obtained by the Cate-Nelson method. A range of critical 
levels of P (5 to 7 mg/kg) were obtained for cereals in the 
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Figure 1. Scatter diagrams of ;elative yield of 
barley total dry matterversui NaHCO3-P at sowing. 
A. Cate Nelson Method, and B: Mitscherlich-Bray 
Method. 

region by Orphanos (1987). Soltanpour et al. (1987). and 
Yurtsever (1986). 

In rainfed environments, where water is limiting, a 
simple linear regression was derived between maximum 
dry matter (A) and seasonal rainfall (RN): 

A = 27.81 RN - 1396 121 
R2 = 0.59. 

The standard Mitscherlich-Bray Equation was 
adapted to incorporate this rainfall-dependent variable 
for total dry matter production to give the following 
predictive equation: 

Log [(27.81 RN - 1396) - YJ = Log (27.81 RN - 1396) 
- 0.135x, - 0.029x; [3] 

These results demonstrate that the NaHCO-P could 
be used as a reliable soil test to predict barley response 
to P fertilization under changing rainfall conditions. 
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Figure 2. Scatter diagrams of N0 3 -N in 0 to 60 cm 
soil layer at sowing vs. (A) relative yield of total 
dry matter of barley at harvest, (B) relitive yield of 
grain.
 

Nitrogen Test 

The Cate-Nelson graphical method with analysis of 
variance was used to relate the relative yield of barley 
grain or total dry matter (grain + straw) at harvest with 
nitrate N in various soil layers at sowing. Data showed 
that the level of NO3N that produced 80% of maximum 
yield for dry matter was 40 kg/ha at sowing in the 0 to 
60-cm soil layers. The corresponding level of NO:,-N 
needed for grain production was 35 kg/ha (Fig. 2). By 
adjusting the value to support maximum yields ofgrain, 
one obtains 44 kg/hE These results are very close to 50 
kg/ha obtained in Morocco with wheat (Trticurn aesti
vum L.) (Soltanpour et al.. 1987) or the work of D.E. 
Smika cited by Olsen (1984). Response of barley to N fer
tilization could be predicted with the same degree of 
accuracy if the NO3-N in only the top 0 to 40 cm of the soil 

profile was considered. Inadequate and unreliable rela
tionships were observed between the NO:N In the top 0 
to 20 cm and predicted yields. 

It was concluded that the Na-ICO:3-extractable P and 
the NO 3-N content of soils at planting could be used as 
reliable soil tests to predict the response of barley to P 
and N fertilization. 
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The papers in this group contain much information 
on the fertilizer requirements of dryland cropping sys-
tems. The information reported herein, as well as other 
information that exists in the literature, reveal that a 
good understanding exists of nutrient requirements of 
dryland cropping systems under normal growing condi-
tions, nutrient availability should not limit production. 
However, situations exist where political or other socio-
economic factors limit the availability of fertilizer to the 
farmer, but these were outside the scope of the confer-
ence. 

Cole et al. pointed out the major changes in organic 
matter content and nutrient supplying capacity of soils 
that have occurred as a result of conversion of Great 
Plains grassland in the U.S. to croplands. The produc-
tion system that dominates in this area is a wheat-fallow 
rotation. While large losses have occurred in earlier 
periods, improved management practices in the past 40 
years have resulted in stabilization of the organic matter 
pools and actual improvement of degraded soils. Al-
though this report was specific to the Great Plains 
region, the degradation process is mimicked, toagreater 
or lesser extent, in essentially all soils that have been 
converted to croplands throughout the world. The adop-
tion of no-till pr-oduction systems, improved fertilizer 
management practices and improved water conserva-
tion techniques, and the development of a better under-
standing of the dryland agroecosystems have resulted in 
the stabilization, or actual improvement, in the Great 
Plains region. These systems need to be adopted in all 
countries where soil degradation continues. Until adop-
tion of these or other conserving practices occurs, soils 
will continue to be degraded and lose their production 
potential. 

Some significant constraitis still exist in soil fertility 

management of dryland agroecosystems. The inability to 
make fertilizer recommendations that ensure maximum 
economic return under diverse environmental (rainfall) 
conditions is a major factor that limits production. 
Better climatic predictive models need to be used in 
conjunction with fertilizer recommendation models in 
order to ensure maximum economic return to fertilizer 
investment. The lack of proper fertilization placement is 
resulting in low fertilizer use efficiency and low economic 
return to fertilizer investment. Many producers do not 
have the proper equipment to place the fertilizer in a 

sition to ensure maximum fertilizer use efficiency. 
Some major needs and priorities are evident. The 

development of production systems which accumulate 
soil organic matter, or at least drastically reduce the 
.: -t ,ent rate of decline, and control soil erosion have 
been developed, but are not widely accepted by pioduc
ers. Greater emphasis needs to be placed on technology 
transfer to farmers concerning the benefits, both short 
and long term, of production practices/systems that are 
more compatible with the overall long term dryland 
agricultural production system. A fertilization system, 
or practice, that allows producers to respond to climatic 
or environmental changes within a season need to be 
developed. This would allow a producer to capitalize on 
unusually high rainfall events that could lead to in
creased production if soil fertility was kept in balance. 

A diverse subject matter was covered in this group 
of papers. Therefore, it is difficult to identify one major 
theme of this section. Many excellent reports were 
contained herein, ranging in subject matter from fertility 
placement to water use efficiency to nutrient dynamicn 
in dryland soils. All authors are to be congratulated for 
their outstanding contributions that made the confer
ence and these proceedings a success. 
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Introduction 

Many kinds of residues are associated with the 
production, processing, and utilization of agricultural 
products. These include plant materials remaining in 
fields after harvest, by-products of primary and secon-
dary processing, and animal wastes. The residues can be 
used for agricultural, animal feed, energy production, or 
manufacturing purposes. Actual use depends on type. 
amount available, attitudes and needs of the producer, 
availability of nonfarm outlets, and distance between 
production and use sites. Multiple uses are possible for 
some residues, but there is direct competition among 
different users for others. In this report, the different 
uses for residues are given, with the benefits and conse-
quences of each use being addressed. Finally, manage-
ment techniques to meet the multiple uses are dis-
cussed. The emphasis is on residues remaining in fields 
after crop harvest and those that readily could be used 
from nearby processing sites. 

Residue Types and Uses 

Few surface residues remain after harvest of crops 

used for animal feed. In contrast, one half or more of the 
dry matter produced remains in the field after harvest of 
grain, seed, or fiber crops. Such residues constitute a 

as otetia uss.majotat reourearius 	 eped 
major resource that has various potential uses, depend-
ing on type of material under consideration, 

Maintaining Soil Productivity 

All residues contain nutrients and, therefore, have 
value for soil productivity maintenance if they are re-
turned to soil where their decay releases the nutrients 
for subsequent crops. Re-turning residues to soil also is 
important for maintaining soil organic matter (OM), 
which is important for favorable soil structure, soil and 
water conservation, and soil microbial and fauna activ-
ity. 

Maintaining soil productivity through nutrient recy-
cling should be ir.primary objective of crop residue use 
because continued removal of residue results in land 
degrn on. However, even wh'!n all residues are re-
turned, soil productivity may decrease because nutri-
ents are removed with the harvested material and others 

may be lost due to leaching, runoff, erosion, and volatili
zation (of N). When a soil's nutrient level limits crop 
production, fertilizer often is relied on to restore produc
tivity. Productivity also can be restored or maintained by 
returning 	animal manure to the land, which is widely 
practiced 	in many countries. Green manure and alley 
crops are used in some countries to help maintain soil 
productivity. 

Because 	 of generally low residue production by 
dryland crops. soil nutrient or OM contents resulting 
from different residue management practices (returning 
to soil, removal, or even burning) often are not affected 
greatly on a year-to-year basis. However, nutrient and 
OM content decreases do result from prolonged removal 
or burning of residues (Massee et al.. 1966; Unger et al., 
1973). from crops grown, and from cropping systems 
and tillage methods used. 

Soil and Water Conservation 
Crop residue use for soil conservation is as impor

tant as and is closely allied to its use for maintaining soil 

productivity. Residue use for soil conservation is associ
ated with its use for water conservation. 
involvesSoil erosion by water is aandcomplextransport.process thatp ,rticle detachment Detach

mntoes from the t of ranr afr 
flowing water. Some transpori results from raindrop 
lashngbut most results fo aro 

splash, but most results from water flow across the 
surface. When maintained on a soil, residues dissipate 
the energy of falling raindrops and, thereby, reduce 

particle detachment and transport due to raindrop 
splash. Approximate amounts ofwheat (Triticumaestivum 
L.) residues required to keep erosion by water below a 
tolerable level of 11 Mg/ha on various soils are shown in 
Table 1. Residues on or near the surface also reduce 
rates and amounts ofwater flow across the surface, thus 
reducing erosion. 

Water conservation due to surface residues results 
from decreased particle detachment, which minimizes 
surface sealing and maintains favorable infiltration rates, 
and from decreased flow rates across the surface, which 
provides more time for infiltration. Surface residues 
reduce both soil and water losses, but soil losses gener
ally are reduced more than water losses (Harrold and 
Edwards, 1972; Rockwood and Lal, 1974). Soil losses 
and, to a limited extent, water losses decrease with 
increasing amounts of surface residues. 

4. ...... 
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Table 1.Approximate amounts of residue needed to maintain erosion below a tolerable level of I I Mg ha' on various types of soil 
(Anderson, 1968: Fenster, 1973). 

Water erosion Wind erosion 

Flat Wheat Wheat residue Growing wheat Sorghum residue 
Soil texture, residue Standing Flat Standing Flat Standing Flat 

Mg ha 

Silts 1.6 0.5 1.0 0.6 0.5 2.0 2.9 
Clays and 
silty loams 2.1 0.9 1.8 1.1 0.9 3.7 5.3 

Loamy fine 
sands 1.0 1.2 2.4 1.3 1.0 4.7 6.9 

'Silts with 500 g kg'. clay and silty clay with 250 g kg'. and loamy sand with 100 g kg' nonerodible fractions (greater than 
0.84-mm diameter). 

Besides reducing runoff, another important aspect 
of water conservation is evaporation control. As for 
runoff, evaporation decreases with Increasing amounts 
of surface residues (Bond and Willis. 1969: Russel, 
1939: Smika, 1976. 1983; Unger and Parker. 1968. 
1976). Evaporation reduction is greatest soon after 
rainfall. After prolonged drying, evaporative losses be-
come similar for bare and residue-covered soils (Army et 
al.. 1961: Bond and Willis. 1971; Unger and Parker. 
1976). Consequently. under dryland conditions where 
precipitation may occur infrequently, surface residues 
may have limited value for reducing long-term evapora-
tion and, hence, for conserving water, except during 
high-precipitation periods. 

Water conservation under dryland conditions may 
be further hampered by low residue production by 
dryland crops. For example, Greb et al. (1967) and Unger 
(1978) showed that soil water storage was much lower 
with surface residue amounts below 2.0 Mg/ha than 
with greater amounts. Residue production by dryland 
winter wheat, grain sorghum [Sorghum bicolor (L.) 
Moench], cotton (Gossypium hirsutuin L.). and millet 
(Setariasp. and Pennisetumsp.) often is less than 2.0 
Mg/ha. Besides the amount, residue types also greatly 
affect evaporation. Cumulative evaporation with grain 
sorghum stover and cotton stalks was about two and 
four times greater, respectively, than with wheat straw, 
all placed on a soil at the same rate on a weight basis 
(Unger and Parker, 1976). The materials had different 
densities, which resulted in differences in mulch thick-
ness and, hence, in evaporation, 

As for water erosion, the wind erosion process is 
complex and influenced by various soil, management. 
climate, and crop (or residue) factors. Surface residues 
affect wind erosion mainly by influencing windspeed at 
the soil-air interface. Secondary effects result from their 
effects on soil properties. which may affect soil erodibil-
ity, and on water conservation, which may increase crop 
yields and, hence, provide more plant material for greater 
protection against erosion. 

Approximate amounts of wheat and sorghum resi
dues required to maintain erosion by wind below about 
I I Mg/haon various soils are shown in Table 1.Except 
possibly for grain sorghum. residue production by dry-

land crops often is adequate to protect soils against wind 
erosion, provided the residues are maintained on the 
surface during the wind erosion season. In cases where 
residues are limited. sol' ridging or roughening tillage. 
growing or erecting wir lbreaks and barriers, or apply
ing crop residues to t;e surface helps to control wind 
erosion (Unger, 1984a). Special problems with respect to 
wind erosion control occur where, for example, cot-hn, 
peanuts (Arachissp.), and peas (various sp.) are grown 
on dryland. Not only is production low, but the residues 
provide limited protection against erosion because these 
crops often lose their leaves before harvest and their 
stems are slender and relatively dense, affording limited 
resistance to the wind. Where such crops are grown, 
alternate erosion control practices such as mentioned 
above usually are required. However, on highly erosive 
soils such as non-cohesive sands, even tillage or barriers 
may not satisfactorily control wind erosion. 

Residue Removal for Feed, Fuel, and 
Manufacturing Purposeo 

Residue use for productivity maintenance and re
source (soil and water) conservation involves residue 
management on the land. In contrast, residue use for 
feed, fuel. and manufacturing results in removing most 
above-ground materials, thereby depriving land of some 
nutrients and OM, and subjecting it to potertial water 
losses and soil erosion hazards. Unfortunately, short
term needs and economic gains often overshadow the 
long-term advantages of returning residues to the land. 
However, there are numerous worldwide examples which 
show that poor management practices such as over
grazing, excessive removal of plant residues, and defor
estation render the land virtually useless for crop pro
duction. Consequently, where plants or their resiiues 
are limited, alternate practices must be employed to 
preserve productivity of the land. 

Livestock Feed 

Crop residue use for livestock feed is widespread. 
Methods of use include 1) harvesting the entire plant 
(usuallyby hand), removing the grain (seeds or achenes), 



and feeding the residue to livestock; 2) simultaneously 
harvesting grain and residue in the field, usually by 
machine: 3) harvesting residues by hand or machine 
after grain harvest: and 4) direct use of residues by 
grazing livestock after grain harvest. 

Any use by livestock reduces the amount remaining 
on the soil for productivity maintenance and conserva-
tion purposes, and, therefore, constitutes competition 
for the residues. Of those listed. Method 1 undoubtedly 
results in greatest competition because almost all above-
ground materials are removed. Residue removal usually 
Is less complete with Methods 2 and 3. Prolonged grazing 
may cause almost complete residue removal with Method 
4,buttheremovalisgradualand. hence, thelandshould 
be protected for part of the non-crop season. Besides. 
manure Is returned directly to the soil and thus aids in 
maintaining soil productivity. Animal manure also may 
be returned with other methods unless it is used for 
other purposes (e.g.. fuel). 

Although widely used. many crop residues have 
limited value for aninal feed because of their low nutri-
ent content and digestibility. In fact, animals may lose 
weight if their diet consists solely of residues of such 
crops as wheat, rice (Oryza sativa L.), and barley (Hor-
deum vulgare L.) because they cannot ingest sufficient 
amounts to derive the nutrients and energy needed for 
weight maintenance (N. A. Cole. Bushland, Texas, per-
sonl communication. 1987). Residues of crops such as 
sorghum, corn (Zea mays L.), and fababean (Viciafaba 
L.) may be more nutritious (Kernan et al., 1981: Klopfer-
stein and Owen. 1981: Thorlacius et al., 1979). In 
addition, some portions ofresidues such as chaff, leaves, 
and seedheads are more nutritious than plant stems 
(Coxworth et al., 1981; Kernan et al., 1984). Thus. 
selectiv harvesting of residues could improve animal 
performance when their diet consists primarily of crop 
residues. 

Animal performance generally also is improved when 
residues are treated with alkali, ammonia, acid, or steam 
(Coxworth et al.. 1981: Garrett et al., 1981: Kernan et al.. 
1981; Sankat and Bilanski. 1982; Winugroho et al.. 
1984. Such treatments may be practical where large 
amounts of residues are available, feed supplements are 
limited, or animals are confined to limited areas, but not 
where animal grazing or foraging is practiced, as in many 
dryland situations. 

Improved residue use by animals, both in confined 
feeding and grazing situations, is possible when proteins 
and minerals are added tothediet (Bhaskar et al., 1980; 
Hofmeyr et al.. 1981: Klopfenstein and Owen. 198 1). Use 
of such supplements and alternate feeds could reduce 
the amount of residue required for feed and, thereby. 
permit retention of some residues in the field for produc-
tivity maintenance and conse,-vation purposes. 

Fuel Uses 

To a greater extent than use for feed, residue use for 
fuel constitutes direct competition ,1,ith Its use for pro-
ductivity maintenance and resource conservation. Even 
so,crop residues have long been used for fuel (Barnard, 
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1985) and have received widespread attention as renew
able energy resources in recent years. 

Crop residues have been widely evaluated for large
scale power generation, gas and alcohol production, and 
direct burning for grain drying and heating purposes 
(Apland et al.. 1981: Ashare and Buivid. 1981: Fosteret 
al.. 1981: Helsel and Wedin, 1983; Kocsis, 1982: Lock
eretz, 1981: Oursbourn et al.. 1978: Walawender. 1983,. 
Such use generally is practical and economically feasible 
when sufficient residues are .1allable near the site of!ise 
so that harvesting and transportation costs are low or 
when the residues are by-products of processing opera
tions le.g.. cotton gin trash and sugarcane (Saccharum 
sp.) bagassel (Bhagat et al.. 1979: Flaim and Urban. 
1980: Held. 1984; Hitzhusen and Abdallah, 1980). 

Except for limited situations (e.g., gin trash and 
bagasse), large concentrations of residue generally are 
not available from dryland crops and, thus, use for large
scale operations has limited potential. Limited availabil
ity. however, does not preclude dryland crop residue use 
as fuel. In fact, crop residues are the primary fuel for food 
preparation and heating in dryland regions of many 
countries because petroleum fuel supplies are unreli
able and wood products are costly or limited. Most 
residues are directly burned with cotton stalks, com 
cobs, millet stalks, and pigeon pea stems being excellent 
as cooking fuels because they burn well and are conven
ient to collect. In contrast, cereal straws and other 
lightweight materials burn rapidly, leave no embers, are 
difficult to store, and, hence, have limited value for fuel 
(Barnard, 1985). 

Other methods ofusing agricultural residues as fuel 
under on-farm or small-scale conditions include direct 
burning of dried manure (dung)cakes and biogas pro
duction from manure and other residues. Manure cakes 
have long been used in wood-scarce areas. They are easy, 
to burn and provide relatively constant heat (Barnard, 
1985). In well-designed systems. biogas also provides a 
constant fuel source for cooking and heating. Systems 
are available for family- or village-sized biogas opera
tions (Freedman, 1983; Kaufman, 1981; Park et al., 
1979). 

Manufacturing Uses 
Crop residues contain chemical compounds, and 

methods for extracting some of them are available or 
have been investigated (Antonopoulos, 1980: Chen, 
1984: Miller, 1980: Taylor, 1981). Other products that 
can be made from residues include paper (Guha and 
Dhawan. 1978) and building materials (GertiJejansen, 
1976). The feasibility of using residues for manufactur
ing depends on the type and amount available, nearness 
of manufacturing plants, and value of the product to be 

produced. 
As for feed and fuel, residut removal for manufac

turing competes with use for productivity maintenance 
and resource conservation, and the consequences of 
such removal are similar. A possible advantage of use for 
manufacturing rather than for feed or fuel is that only 
certain constituents (e.g., stems and seed heads) may be 
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needed, thus allowing some portions of the residue to 
remain in the field. In addition, the manufacturing 
process itself may result in unused by-products that 
could be returned to the land. When used for fuel, only 
ashes remain. 

Crop residue removal for feed. fuel. and manufac- 
turing precludes their use for productivity maintenance 
and resource conservation, and. hence, may reduce 
future crop production potential. However, the actual 
impact on crop production potential is difficult to estab-
lish. and depends on such factors as native soil fertility, 
susceptibility to erosion, and management practices. 

Removing residues from fertile soils may have little 
or no immediate effect on subsequent crop production 
because the anount of nutrients contained in most 
dryland crop residues is small. In addition. plant roots 
and crowns contain some nutrients and their return to 
soil aids in maintaining fertility. Long-term residue 
removal does reduce soil nutrient levels as previously 
discussed. and application of fertilizer Is necessary 
when soil fertility limits crop yields, 

The best natural defense against soil erosion is an 
adequate cover of plants or plant residues. Conse-
quently. when residues are removed, soil erosion poten-
tial may be increased and alternate practices may be 
required to keep erosion at tolerable levels. Practices 
that aid water crosion control include terracing, land 
leveling or smoothing, furrow-dliking, C(onlourilng. and 
strip cropping. Strip cropping. installing barriers, grow-
ing windbreaks, applying residues to the surface, and 
using soil ridging or roughening tillage are widely used 
to help control wind erosion. 

Management practices and decisions are involved in 
crop residue use for off-farn purposes and for implem-
entation of alternate methods of soil productivity main-
tenance and conservation. To further minimize the 
potential adverse effects of residue removal, manage-
ment practices should be employed that encourage 
favorable crop growth under prevailing conditions. These 
in rude selecting well-adapted crops or cultivars: pi int-

ing at appropriate dates. rates, and row-spacints: con-
trolling weeds and insects on a timely basis; and using 
cultural practices, crop rotations, and resistant culti-
vars to minimize potential plant disease problems. 

Residue Disposal 

Although crop residues have value for productivity 
maintenance and resource conservation when retained 
on the soil surface, and economic value when used for 
feed, fuel, and manufacturing, they often are incorpo-
rated with soil by tillage and sometimes destrcyed by 
burning. Tillage that incorporates residues aids produc-
tivity maintenance by recyclihg nutrients and slowing 
OM decline, but usually is less effective for resource 
conservation than when residues are retained on the soil 
surface. 

Reasons for residue burning include easier land 
preparation for the next crop. release of mineral nutri-
ents from the residues. Improved weed control, and 
reduced Insect and disease problems (Blederbeck et al.. 
1980). Depending on amount and type of residues 

present and tillage method employed, surface residues 
may increase tillage problems. However. conservation 
tillage methods (stubble mulch and no-tillage) that 
retain most or all residues on the surface are available. 
Dryland crop yields often have been equal or higher with 
conservation tillage than with clean tillage (Greb. 1979; 
Phillips. 1964. 1969: Smika and Wicks. 1968: Unger. 
1984b: Unger and Wiese. 1979: Wicks and Smika. 
1973). indicating that residue burning is not required for 
favorable crop production when other suitable residue 
management practices are employed. 

Burning releases Ca. Mg, P. and K from residues. 
but Increases the potential for their loss due to leaching 
and erosion (Biederbeck et al., 1980). Burning also 
increases the potential for loss of N. C. S. anid possibly 
some other nutrients due to volatilization and results In 
unfavorable soil conditions in some cases (Biederbeck et 
al., 1980: Dormaar et al., 1979: Unger et al.. 1973). 
Hence. burning for nutrient release is questionable. In 
addition, use of the no-tillage system, which retains all 
residues on the surface, generally has required only a 
slight increase in fertilizer application to obtain yields 
comparable to those obtained with clean tillage. 

Residue burning destroys weeds and weed seeds. 
and, hence. may improve crop growth and yields. How
ever. weeds are seldom, if ever, eliminated by burning. 
Herbicides usually give better weed control than burning 
and their use permits surface residue maintenance In 
conservation tillage systems. which effectively conserves 
resources. 

Burning destroys insects and disease organisms in 
or on crop residues and, therefore, reduces problems 
from these pests. Where other measures are not avail
able or practical, residue burning probably is the most 
effective control measure. However, insect and disease 
organisms in soil usually are not destroyed by residue 
burning and use of crop rotations may give better 
control. Shifting of planting dates may minimize insect 
and disease problems. 

Conservation tillage systems often are not adopted 
because of potentially greater insect problemfs. Indeed. 
more severe problems have occurred with surface resi
dues than with clean tillage In some cases, but the 
opposite occurred in other cases (Unger and McCalla, 
1980). In general, however, insect populations are not 
greatly different under conservation and clean tillage 
conditions (Unger. 1984a). An exception has been Infes
taticn of sorghum and wheat by the greenbug (Schi
zaphisgraminurn Rondani). Greenbug (an aphid) popu
latlons and damage to the crops were much greater 
where clean rather than conservation tillage was used 
(Burton et al.. 1987). Cotton insect populations and 
damage also were lower where conservation rather than 
clean tillage was used (J. L. Hatfield, Lubbock. Texas. 
personal communication. 1988). 

Management Techniques to Meet
 
Demand for Residues
 

Residues generally comprise the largest portion of 
above-ground crop dry matter and. hence, represent a 



major portion of the production effort. Although resi-
dues generally have less economic value than the pri-
mary crop product (grain, seed, and fiber). they are used 
for various purposes. Some uses are complementary. 
others are competitive. The various uses have been 
discussed. In this section, some practices for meeting 
the multiple uses for crop residues are discussed relative 
to retaining sufficient residues on the land to maintain 
its productivity, mainly by controlling soil erosion. 

Limited Residue Removal 

Although information regarding residue amounts 
required to control erosion under all conditions Is not 
available, amounts shown in Table I can serve as a 
guide. When residues exceed indicated amounts, the 
excess could be removed without seriously impacting 
erosion control efforts. However, even the amounts 
shown do not eliminate erosion and any residue removal 
may Increase erosion as compared with no removal, 
Water conservation usually increases with residue 
amounts on the surface, 

Selective Residue Removal 

Crop residues are comprised of various plant parts, 
with some being more valuable for feed, fuel, and manu- 
facturing than others. Examples are chaff, leaves, and 
seed heads for feed and corn cobs and woody stems for 
fuel. Plant parts required for manufacturing vary widely, 
depending on the intended product. Building material 
manufacture requires high-fiber content stems, whereas 
chemical compound manufacture requires very select 
portions of some plants. Because selected plant parts 
have the greatest value, removal of only the most valu-
able portions would provide the materials required for 
feed, fuel, or manufacturing while yet retainir.g some 
residues for conservation purposes. 

Other types of selective residue removal include 
using only the residues passing through the harvester as 
livest *kfeed; allowing animals to forage on fields after 
harvest of primary crop product. but halting grazing 
while adequate residues for conservation still remain; 
and removing less or no residues from highly erodible 
areas, but some or most residues from less erodible 
areas. To further aid erosion control, residues from 
within a field or from outside sources (e.g., processing 
residues) may be placed on highly erodible areas. 

Substitute High Value Forages for Residue 

Many residues have low nutritive value for animals 
whereas forage crops harvested at the proper stage have 
a much higher nutritive value. Consequently. growing 
"rops specifically for animal feed could permit use of 
other crop residues for conservation purposes. Animal 
production would not be decreased and may be in-
creased if sufficient forages are produced. Areas devoted 
to other crops would be decreased and, as a result, total 
production by those crops may be lowered. However, if 
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residues from those other crops are effectively managed. 
improved resource conservation and nutrient recycling 
may result in total yields comparable to those where 
residues are removed from the entire land area. 

Alley Cropping 

Where residues are limited because of low-produc
tion or removal for other purposes, an alternate method 

of protecting the soil and maintaining Its fertility is alley 
cropping (also called alley farming or avenue cropping). 
With alley cropping, deep-rooted perennial shrubs or 
trees are grown in rows or strips far enough apart so 
crops can be grown between them. The trees or shrubs 
are pruned at the start of or periodically during the 
cropping season to minimize competition for light and 
water. The pruned leafy materials and twigs are used as 
mulch for the cropped area and some as animal feed. 
Woody branches and stems are used as fuel. Weeds 
usually are not a severe problem because the shrubs or 
trees shade the soil during ti;- Interval between crops 
and the surface mulch suppresses weed growth during 
the growing season. The shrub or tree species selected 
depend on the soil, climate, and crop to be grown. 
Selected species should grow rapidly. fix N. have a 
multipurpose nature (mulch, feed, fue)l, and be deep
rooted to minimize competition with crop plants for 
water and nutrients. The leguminous species Leucaena 
leucocephaliaand Gliricidiasp. have performed well in 
alley cropping systems (Wilson et al., 1986). 

Utilization of Waste Land Axeas 
Many farms, villages, or communities have some 

land areas unsuitable for field crop production. These 
areas may be adjacent to streamr; or drainage ways, 
rocky outcrops, or low-lying areas. Although some of 
these areas already are used for growing feed or fuel, 
further development for such purposes could reduce the 
demand for crop residues for feed and fuel. Good man
agement could also reduce erosion that often occurs on 
waste areas. 

Improved Balance between Feed Supplies 
and Animal Populations 

When animal populations are correctly matched to 
available feed supplies, then adequate crop residues for 
conservation can be maintained on the land. In contrast, 

excessive animal populations may cause increased 
demands for crop residues, which can result in inade
quate soil protection. Many cases of land deterioration 
are attributable to long-term overgrazing and/or residue 
removal, especially in countries where animals repre
sent the owners weadlh. In such situations, social and 
economic factors as well as agricultural factors are 
involved and must be considered when implementing 
changes to obtain an improved balance between feed 
supplies and animal populations. In addition, changes 
in national policies and priorities may be needed to 
achieve the improved balance. 
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Use of Alternate Fuel Sources 

Dryland regions have an abundance of sunshine, 
which provides an inexhaustible supply of solar energy 

during a large part of the year. Solar units are used for 
heatLngwater and space in some countries, but their use 

is limited or nonexistent in others. Although energy may 
not be available during cloudy or rainy weather, part-
time solar energy use could greatly decrease the demand 
for crop residues and wood products. Again, social. 
economic, and governmental factors must be considered 
when implementing use of solar energy, and technical 
advances also may be required to develop practical solar 
units, especially for cooking. 
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Introduction 

Dryland crops are subjected to frequent or pro-
longed periods of water stress, reducing yield potential. 
Thus, fewer crop resid'-es are generally produced on 
dryland soils than under irrigation or in more humid 
regions, limiting the amount of carbon available for soil 
organic matter maintenance. In many regions, crop 
residues are utilized for fuel, fodder, or shelter, often 
increasing wind and water erosion and further reducing 
the quantity oforganic matter produced on and returned 
to dryland soils. In this chapter, we discuss the effects of 
crop residue management on dryland soil environments,subsequent biological activity, organic matter dynam-
ics, and on crop production. 

Residue Management and the Soil 
Environment 

Crop residue management directly affects soil wa-
ter, aeration, and temperature and nutrient (substrate) 
regimes-additional factors defining the soil environ-
ment for microbiological activity. The microenvironment 
in residue-covered soils is usually less oxidative than 
that where -esidues are removed or incorporated. The 
less oxidative environment is often more conducive to 
sustained microbial activity because water and soluble 
C remain in the surface soil for a greater part of the 
season (Doran. 1980). 

Llnn and Doran (1984) found that the optimum soil 
water regime for biological activity in most soils occurred 
when about 60% of the soil pore volume is filled with 
water (WFPS). When WFPS is greater than about 60%, 
most smaller diameter pores (< 10-20 p), in which most 
soil microorganisms reside, are watei-filled. Oxygen 
diffusion through these pores is seriously Impeded, 
creating an environment favorable for acUvity of anaero
bic microorganisms (Doran et al., 1987). However, the 
more frequent situation in dryland soils is that ofwater 
deficit. As soil dries, water films in soil pores are thinned 
to only a few molecules, greatly slowing substrate diffu
sion rate to microorganisms. Most biological processesslow down accordingly. 

Changes in soil microbiological populations as affected by crop residue management have been studied in 
several United States soils by Doran et al. (1987). 
Compared to plowed (bare) soil, the surface 75 mm of no
till soil contained greate: numbers of all classes of 
microorganisms studied (Table 1), especially denitrifl

ers. At lower soil depths, microbial populations (except 
denitrifiers) are often less in no-till than in plowed soil. 
There is less soil-residue contact in no-till than in plowed 
soil, which, along with more favorable water and more 
uniform temperatures, results in slower but prolonged 
activities of microorganisms. 

The total quantity of soil organic C retained is similar 
for the two residue management systems, but the verti
cal distribution ofC is quite different (Table 1). Residue
covered surface soil frequently has greater organic C 
than bare soil (Black, 1973), promoting aggregaticn, 

Table 1. Percent change In soil properties and microbial parameters for no-tillage compared with plowing (Doran et al., 1987). 

Soil properties and microbial parameters 

Soil Total Total Mineralizable Aerobic Total Microbial Soil 
depth N C N organisms anaerobes biomass water 

- mm- % 

0 75 +29 +42 +37 +35 +27 +54 +28 
75 -150 +1 0 -2 -34 +5 -2 +8 

150-300 -3 -6 -7 -18 +1 0 +8 
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earthworm activity, fungal binding of sofl aggregates, 
and greater plant-root concentration near the surface 
(Tisdall and Oades, 1982). The improved aggregation in 
turn promotes development of more macropore space. 
improving infiltration and reducing runoff and erosion. 

Tillage and Residue Management: 

Temperate Dryland Soils 


Maintaining crop residuer on the surface of temper-
ate dryland soils conserve, water, reduces wind and 
va er erosion, and often increases crop growth and N 

uptake. Because of the large fields often found in tem-
perate dryland regions, maintaining crop r-s'dues on 
the soil surface is often the most practical means avail-
able for controlling wind and water eros!on. 

The beneficial effects of maintaining crop residues 
on the soil surface were illustrated tn a recent study in 
eastern Nebraska in which each Mg/ha of maize (Zea 
mays L.) or soybean [Glycine ma.:-L.) Merr.] residues left 
on the surface of no-till soil increased soil water storage 
at planing time 5 to 8 mm (Table 2). Increased water 
storage ,-ndreduced surface soil temp ratures ncreased 
grain yield for these crops approximately 100 kg/Mg of 
crop residues. Total N uptake by tie crop was likewise 
increased beause the more favorable water regime 
increased mninei'lization and uptake of native soil o-
ganic N. Much of the N in soybean but little of that from 
maize residu-s was utilized, 

Maintair rigcrop residues on the surface ofdryland 
soils may not always increase soil water storage and 
evohance crop yields. Aase and Tanaka (1987) showed 
that, in east ,rn "lontana, where 30- to 60-day precipi-
t'tion-free periods often occur, water conservation was 
equal in bare and residue-covered soils. Also, insuffi-
cient crop residues are often produced on dryland to 
have a measurable effect on evaporation. In addition, 
weed control is frequently less effective on residue-

covered soils. For these reasons, there are many ex
amples where surface residues fail to improve dryland 
crop growth. 

Tillage and Residue Management:
 
Tropical Drylard Soils
 

Most crop residues in tropical regions are used for 
fuel, fodder, or are burned off, and the remaining resi
dues decompose rapidly because of the warm tempera
tures and long growing seasons. Consequently, tropical 
dryland soils are usually low in organic matter, severely 
eroded, and have poor physical structure. Management 
practices have amajor bearing on improvig soil produc
tivity in these regions. Erosion and runoff protection are 
provided by raising a good crop in the rainy season and 
conserving sufficient soil water to produce a second crop 
during the following dry season. 

To provide cover and conserve water, extraneous 
(from outside sources) crop residues frequently are 
introduced as a mulch, or cover crops are grown in situ. 
No extraneous mulch materials are used to reduce 
evaporation, control weeds, lower soil temperatures. 
and maintain organic matter and soil productivity. 
Mulches not only reduce eros!on, they enhance estab
lishment and maintenance,.f soil aggregates, soil physi
cal structure, and crop yields (Lal et al., 1975). Extrane
ous mulches also decrease bulk density while increasing 
porosity, organic-matter content, and infiltration rate 
(Kandiah, 1979). Mulches of dry grass and pearl millet 
[Pennisetumglaucum(L.)R. Br.] stalks lowered penetra
tion resistance in the red soils of India (Hajra, 1986). 
Mu: hes frorr sugar cane (SaccharunoflinarumL.)and 
pearl millet residues rcduced ma"lmum soil tempera
ture 50C at - 10-cr,. .epth and increased yield of spring
planted potatoes (Solhnum tuberosum L.) (Prh.ar and 
Arora, 1980). i -nithwestern Nigeria, maize yield 
remained higher with no-till than with conventional 

Table 2. Effect of crop residue rate on water conservation, grain yield, an,; N uptake by no-till maize and soybean (Power et al., 
1986). 

N uptake (whole plant) from 
Residue Availa1',e Grain Fertil- Residual, Residues Soil 

Crop rate water yield izer 

%b mm Mg/ha kg/ha 

Maize 0 178 2.64 4 5 0 73 
50 193 3.34 7 6 0 97
 
100 223 3.87 7 6 2 114
 
150 232 3.93 11 6 1 124
 

Soybean 0 172 1.66 14 2 0 84c 
50 204 2.04 21 2 1 124 
100 232 2.23 16 7 38 116 
150 224 2.36 20 6 63 106 

Residual effects of fertilizer applied to previous crop. 
bPercent by weight of residues produced by previous crop. 

For soybean, includes biologically fixed N. 
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Table 3. Grain yield ofirrigated maize and following wheat as affected by mulching applied 4 to 5 weeks before maize harvest (Prihar 
et al., 1979). 

Maize 

Treatment 1973 1974 

Control 3.14 1.00 
Mulch 3.43 1.44 

tillage, even after 24 consecutive maize crops in 12 years 
(Lal, 1984). Organic mulches increased soil water stor-
age and maintained higher seed zone water content 
resulting In increased maize and wheat yields in Punjab 
(Table 3). 

Surface mulches are also maintained in tropical 
soils by growing a legume cover crop before the cereal 
crop. Pigeon pea [Cajanuscajan (L.) Huth] intercropped 
with maize or cowpea [Vigna unguiculata (L.) Walp. 
subsp. unguiculata) with sorghL,m [Sorghum bicolor (L.) 
Moench) provided 30 and 45 kg N/ha, respectively, for 
cereal crops In central India (Kumar Rao et al., 1983; Das 
and Rao, 1986). Important cover crops for soil and water 
conservation in the tropics have been described by 
Wilson et al. (1982). Residues from Pspohocarpuss , 

Glycine wightii, centro (CentrosemapubescensBenth.), 
and tropical kudzu [Pterariaphaseoloides(Roxb.)Benth.] 
canbeasgreatas 11.0, 6.5, 13.0, and 10.0 Mg/ha/year, 
respectively, 

Collectively, these and other studies indicate that 
use of extraneous mulches or cover crops may improve 
the organic matter status of tropical dryland soils by im-
proving water conservation, plant growth, and erosion 
control. 
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Introduction 

Throughout the world, the production of food crops 
depends highly on the storage and utilization of soil 
water. Once water is infiltrated and stored in the soil 
profile, it is usual for some time to elapse before actual 
crop use is required, often nearly a full season or more 
in the case of fallow dryland systems. This results in 
much water being lost by direct soil water evaporation 
before the crop is capable of utilizing the soil water for 
growth and production. It is well documented that crop 
yields are highly correlated with available soil water 
(Leggett, 1959: Unger, 1978, 1986), and maximizing the 
soil water resource is the major aim of modem-day 
dryland agilculture. 

The conservation of any water stored in the soil 
profile is highly dependent on the upper boundary or soil 
surface condition. It is here that the atmospheric energy 
is partitioned between that which heats the soil or air, 
and that which evaporates soil water. It is also at the soil 
surface that man may have the largest influence on 
conservation of soil water. All farming requires tillage 
and the manpulation of previous crop residues. Recent 
research has substantiated and emphasized the effects 
of both tillage and residue on soil water evaporation 
(Brun et al.. 1986; Massee and Cary, 1978j. Sometimes 
water is conserved, but more often additional soil water 
is lost as a result of these management decisions. The 
timing of the tillage operations or residue removal with 
respcct to rainfall or irrigations can cause significant 
changes in evaporative loses. 

Infiltration, surface ponding, and runoff are other 
proctsses within the soil water hydrology system which 
are also affected by tillage and residue. For small catch-
ments in Australia, Freebairn and Boughton (1985) 
show a two-to-three fold increase of infiltration and 
reduction of runoff from burned to mulched land, and a 
similar reduction of peak runoff rates. These effects are 
significant in soil water budgets such as those presented 
by Omer et al. (1988) for Sudan where runoff was 
estimated to be a sig.'dficant loss in dryland farming 
systems. Berry et al. (1985) showed that for South 
African dryland corn (Zea mays L.) field conditions, 
reduced tillage systems which left more surface residues 
generally provided better soil water conditions at the 
flowering stage. 

Residue Effects 

Crop residues have long been recognized as an 
important resource for water conservation in dryland 
agriculture (Unger and Parker, 1976). Unfortunately, 
farmers in many areas are not aware of this potential 
benefit and as a result make no real effort to manage 
residues for this purpose. In many regions of the world, 
crop residues are an important source of animal feed, 
, ilding material, or fuel. Where alternate needs exist, 
use for water conservation is generally of much lower 
priority. Results are lacking which show the economic 
value of crop residues for water conservation relative to 
other uses. 

Residues are generally most effective fox ;ater con
servation when managed as a surface mulch. Surface 
residues facilitate infiltration by slowing runoff and 
absorbing raindrop impact which reduces soil puddling 
and crusting. Mulches also reduce evaporation Dy re
flecting radiation, thermally insulating the soil, and 
decreasing the wind speed near the soil surface. The 
actual amount of water conserved by a residue mulch 
depends on a number of factors including type, amount, 
and placement of the residues: precipitation and other 
climatic characteristics; length of fallow; tillage practice; 
and soil type. 

Greb (1983) summarized soil water gains during 
fallow for different rates of small grain residues for four 
locations in the U.S. Great Plains. In most cases, the 
cropping system was alternate wheat (Triticum aestivum 
L.)-fallow. These long-term field experiments showed 
that increases in soil water from the mulches were 
significant and roughly proportional to the amounts of 
surface residues over the range of 2.2 to 6.6 Mg/ha. 

Water storage efficiency per unit of mulch decreases 
slightly with increased mulch rate within the range 
used. In the Great Plains, each Mg/ha of crop residue 
saves about 9 mm of water from evaporation. Studies by 
Unger (1978) in Texas showed that a 1.0 Mg/hia applica
tion of wheat straw increased soil water during an 11
month fallow by 36mm; at the 4 and 8 Mg/ha rates, each 
Mg further increased soil water by 1z and 10 mm, 
respectively. These savings compare with approximately 
4 mm of water conserved for each Mg/ha of mulch 
during a 12-month fallow in the U.S. Pacific Northwest, 
which receives most precipitation in winter in contrast to 
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the summer in the Great Plains. Although the efficiency 
ofmulch for conserving water may vary considerably for 
different locations and management conditions, it is 
obvious that low residue rates (in the urder of 1.0 Mg/ha) 
may be highly effective for water conservation if the 
residues are properly managed. 

Tiliage Effects 

Water loss from both mulched and bare soil usually 
can be slowed by looseniug the soil Ath tillage which 
disrupts the capillar3 , continuity with the deeper layers 
and hastens formatio, of a dry surface layer that in
creascs resistance to upward flow (Aase and Tanaka, 
1937; Hamblin and Tenrant, 1981; Linden, 1982). 
Tillage which results in greater exposure of moist soil by 
increased roughness and deep soil cracks will increase 

evaporation. Thus, the proper kind, amount, and timing 
of tillage in combination with residue management must 
be defined to optimize water conservation by residue-
tillage combinations. 

The tilled state of a soil can alter the several physical 
functions relater] to soil water evaporation. The surface 
albedo may be changed such that more or less energy is 
absorbed. The theimal capacity and conductivity can be 
changed such th.-t the amount of heat moving into the 
profile is altered. Also, the water capacity and conductiv- 
ity characterist'cs may be changed to provide more or 
12ss soil water to interact with the available energy which 
iargely determines soil water evaporation, 

Simulation Model 

The process of soil water evaporation is a complex 
phenomena of water moving upward to the soil surface, 
acquiring heat from the atmosphere to change to the 
vapor phase, then moving vertically into the air. This 
interaction of water and energy at the soil surface is 
predictable and manageable with current understand
ing of soil water and thermal physics. 

Recent research has produced a detailed mathe-
matial model of the simultaneous heat and water 
(SHAW) system within the air-crop-residue-soil system 
of farmland (Flerchinger, 1987; Omer, 1987: Bristow et 
al., 1986). This model provides the capability for Im-
proved understanding, prediction, and reduction of the 
soil water evaporation processes. 

The physical system described by the SHIAW model 
consists of a vertical, one-dimensional profile extending 
from a point on the snow, residue, or soil surface to 
another deep within the soil. The system, illustrated in 
Figure 1. may have any combination of snow, crop 
residue, or tillage layers; or none of these. Atmospheric 
conditions approximately 2 m above the surface of the 
upper boundary and soil conditions at the lower Louid-
ary define the energy and water input to the system and 
drive its dynamic response. Hourly measured or esti-
mated values of air temperature, wind speed, relatihe 
humidity, solar radiation, and precipitation define the 
atmospheric inputs. 
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Figure 1. Schematic of the system represented by 
the SHAW model. 

Water, vapor, heat, and solute fluxes are calculated 
through the vertical system between known atmos
pheric conditions at the upper boundary and known soil 
conditions at the lower boundary. A layered system is 
established through the snow, residue, and soil; each 
layer 	is represented by an individual node; and water 
and thermal characteristics are defined for each node 
location. Energy, water, and solute fluxes are computed 
between nodes for each time step, and balance equa
tions for"each node are written in implicit finite-differ
ence form. Mathematical detail and validation are pre
sented byBristowet al. (1986), Flerchinger(1987), Omer 
(1987), and Flerchinger and Saxton (1988). 

Analytical Results 

The impact of tillage and residue combinations on 
the conservation ofsoil waterwithin the system of Figure 
I is not simple. It depends considerably on the varying 
states of the soil profile and the climatic regimes which 
occur over the time period. Each combination of climate, 
system, and objectives must be analyzed individually. 

Simulations were made of tillage-residue and soil 
type-residue interactions on water loss by evaporation 
using the SHAW model. These computations started 
with an initial water profile at field capacity in early May 
and used observed weather data for the summer of 1986 
at Pullman, Washington, USA. Recorded rainfall was 
used in one analysis, but taken as zero In a second run 
to simulate an extended dry period. Simulations were 
made for about 10 weeks. 

Figures 2a and 2b represent a bare or moderately 
heavy residue covered silt loam soil. Figure 2a, with 
precipitation, shows that evaporation loss is highest 
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Figure 2. Accumulative computed evaporation for a loam soil with four tilage-residue combinations with 
(a) and without (b) precipitation, and two soil textures bare or with residue with (c) and without (d) 
precipitation. 

from the bare, untilled soil. Tillage has little effect on 
evaporation loss on the residue covered soil. Although 
initial evaporation from the tilled bare soil is higher than 
for the tilled residue-covered soil, cumulative evapora-
tion at the end of the simulation run is the same. Figure 
2b, for the same soil and treatments but with no precipi-
tation during the simulation period, shows that the 
initial evaporation rate and cumulative loss is highest on 

Table 1. Residue and tillage effects on fallow evaporation at 
Pullman. Washington, USA. 

Tillage-residue Avg. for Avg. for 
treatment' 1986'1 1987" Avg. tillage residue 

mm 
CT-H 131 246 188 193 197 
CT-L 120 278 199 195 
FC-H 137 279 208 198 
FC-L 136 243 189
 
NT-H 145 243 194 196 
NT-L 133 262 198 
Mean 196 

aCT = Conventional tilled, FC = field chiseled, NT = No 
tillage. L =Low residue (1680 kg/ha), H = high residue (6700 
kg/ha).
bDetermined as soil water change plus precipitation. 
CDays 106 to 247. precipitation = 101 mm (Omer. 1987). 
dDays 57 to 245, precipitation = 203 mm (Fierchinger and 

the bare, untilled soil. 
Figures 2c and 2d compare residue effects on evapo

ration for a sand versus a clay soil. Figure 2c, with 
precipitation. shows a reduction in evaporation loss with 
residues, and considerably lower losses with the sand 
than the clay soil where the residue treatments were the 
same. Figure 2d, without precipitation, shows that the 
bare clay soil has the highest evaporation rate and goes 
into second stage (soil limited) drying about 10 days after 

e run begins whereas the clay with residues stays In 
the first stage (climate limited) throughout the simula
tion period. 

Six fallow plots at Pullman, with varying tillage and 
residue combinations were intensively monitored and 
analyzed with the SHAW model for 1986 and 1987. Table 

Table 2. Residue effect simulated for fallow evaporation at 
Katherine, Northern Territory. Australia. 

Day 351 Day 360 
Quantities, Bare Mulched Bare Mulched 

mm 
Accum. ppt. 170 170 170 170 
Accum. evap. 114 63 126 76 
Profile change 19 51 18 24 
Accum. perc. 37 56 26 70 

Accumulated amounts of evaporation since beginning of 

Saxton. 1988). simulation on Day 305. 
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Figure 3. Accumulative computed evaporation for 
six fallow tillage-residue treated plots, Pullman, 
WA, USA. 1987 (CT - conventional till, FC - field 
cultivated, NT - no till, H - high iesidue, L - low 
residue), 

1 and Figure 3 summarize evaporation losses over the 
summer period. The estimated evaporation by soil water 
and precipitation measurements (Table 1)show essen-
tially no differences due to either tillage or residue for the 
complete summer period. Treatments CT-L and FC-L 
had relatively little post-tillage residue remaining on the 
surface. There were differences at varying times as the 
summer progressed and varying downward or upward 
water fluxes at the lower soil boundary. 

The simulated data of Figure 3 using the SHAW 
model show time trends and the result of complete 
profile flux budgets for the relatively wet summer of 
1987. Negligible runoff occurred. No-till (NT) plots had 
the least computed evaporation which is opposite the 
results suggested by Figure 2a and 2b under a different 
climatic regime. Plot CT-L had the lowest initial water 
content. Supplemental computations with a comparable
initial profile indicate an evaporation amount similar to 
the other tilled plots. Under this frequently wetted 
regime, the no-tilled soil moved the precipitation deeper 
into the profile than did tilled soil, thus slowed evapora-
tion immediately after rainfall. Heavy residues for both 
tilled and untilled soil protected the frequently wetted 
soil surface from evaporation, which allowed more time 
for water to penetrate deeper into the soil. 

The values in Table 2 and Figure 4 were obtained by 
simulation with the SMAS (soil-mulch-atmosphere sys-
tem) model of Bristow et al. (1986) which is very similar 
to the SHAW model. These data illustrate water budgets 
of a bare and mulched soil in the Northern Territory, 
Australia, depending upon whether wetting or drying 
conditions existed. Here, the moderate residue cover 
reduced evaporation during the wetting period (Days 
305-351), resulting in the mulched profile having in
creased percolation. However, in the intense drying 
period (Days 351-360), the bare surface quicldy formed 
an impeding dry surface and reduced the evaporation 
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Figure 4. Computed soil water profiles for a bart 
and mulched surface during a wetting period (Days 
305-351) and a drying period (Days 351-360), 
Katherine, Northern Territory, Australia. 

rate while the mulched surface maintained a higiier 
evaporation rate. Although the two profiles were nearly 
equally wet at Day 360, the mulch covered soil became 
drier in the upper profile than the bare soil in subse
quent days. Tillage would have changed this scenario as 
suggested by results of Figure 2a and 2b. Simulations 
illustrate the complex interactions which need to be 
considered when making decisions of mulch manage
ment for example, when trying to optimize soil tempei a
ture and water conditioni during critical periods of 
seeding and emergence. 

Conclusions 

It has long been recognized that tillage and residues 
have an impact on soil water regimes. However, research 
results show widely varying results for tillage-residue 
combinations, and little progress was made until re
cently to improve soil water conservation. Now, newly 
developed computer simulation methods which accu
rately represent the many physical processes for heat 
and water fluxes within a tilled and mulched field allow 
a better understanding of the many complex relation
ships and interactions which occur. Through combina
tions of carefully monitored plots and soil thermal and 
water simulations, we can more accurately analyze 
management impacts for each location to develop im
proved dryland water conservation efficiencies. 
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Introduction 

Sorghum [Sorghumbicolorsudaneseorsaccharatum 
(L.) Moench] residues have been considered as a possible 
alternative energy source. The removal of crop residues, 
however, may diminish soil organic matter resulting in 
adverse effects on soil chemical and physical properties, 
and an eventual decline In soil productivity. Benefits 
associated with the return of crop residues to soil 
include nutrient cycling, erosion control, and improved 
soil physical properties (Power et al., 1986; Van Doren 
and Allmaras, 1978; Larson et al., 1978). The magnitude 
of the benefit depends on the quantity and quality of the 
residue, the subsequent crop to be grown, edaphic 
factors, topography, climate, and soil management. 

If the production of sorghum for methane and/or 
ethanol is to become a viable strategy for Texas sorghum 
producers, the effects of crop residue removal on soil 
productivity must be assessed. The purpose of this 
study was to evaluate the effects of stover removal on 
crop yields and selected soil properties in a conventional 
tillage, continuous sorghum cropping system In central 
Texas. 

Materials and Methcds 

The experiment was conducted at the Texas Agricul
tural Experiment Station Research Farm in Burleson 
County on a Ships clay soil (very-fine, mixed, thermic 
Udic Chromustert) during 1985 through 1987. Average 
rainfall is 980 mm, 45% of which occurs between the 
April to August cropping season. Treatments included 
three sorghum cuitivars of differing harvest indices 
(ATx623 x RTX430, a high grain producing hybrid; 
ATx623 x Rio, a medium grain and high biomass pro-
ducer; Grassl, a forage type), three fertilizer N rates (0, 
112, and 224 kg N/ha as NH4NO3), and three biomass 
return rates (0. 25, and 50% of total stover production In 
each plot). Treatment combinations were arranged in a 
split plot design with cultivars randomly assigned to 

severely, a trait considered undesirable for the mechani
cal harvest of either grain or biomass. 

Stover additions were applied uniformly to plot 
surfaces after the 1984, 1985, and 1986 grain harvests 
and incorporated into the top 10 cm of soil by three disk 
plowings followed by bedding. The plots received an 
annual application of 30 kg P/ha as 0-46-0. Half the N 
and all the P was broadcast preplant. The remaining N 
was sidedressed approximately 40 days postemergence. 
Plantings occurred in late March or early April, and 
seedlings were thinned to attain approximately 132,000 
plants/ha. 

Grain and stover from ihe middle 3 m of the two 
innermost rows of each split plot were hand harvested 
and weighed each year to determine yields. Stover 
subsamples were oven dried (70 0C, 4 days) for dry matter 
(DM) determination. Grain moisture was determined at 
harvest and yields were standardized to 14% moisture 
content. Stover and grain subsamples were acid-di
gested, with Nand P determined by autoanalyzer and K 
by atomic emission. Soil samples were taken from the 
top 15 cm of each plot during February 1988 and 
analyzed for micreaggregation (USDA, 1960), organic
carbon (Walkley-Black as outlined by Nelson and Som
mers, 1982), and available P, K, Na, Ca, and Mg as 
extracted by 1.4 M NH4OAc + 0.025 M EDTA. 

Results and Discussion 

Stover return rate did not affect yields during the 
first 2years of the study (Table 1). Thirdyeargralnyields 
of ATx623 x RTx430, however, showed a significant 
reductionwithcompletestoverremoval.ATx623xHegari 
grain yields and stover yields of all cultivars for all 3 
years of the study were unaffected by stover return rate. 

Complete stover removal resulted in significant 
decreases in available soil P and K, while microaggrega
tion and soil organic matter (SOM) remained unaffected 
(Table 2). However, SOM appeared to be decreasing in 
plots where most or all stover was removed. The rela

main plots and N and stover rates assigned factorially to 
split plots. Each treatment combination was replicated 
four times in split plots consisting ofsix rows, 7.6 m long 
and 0.68 m apart. The cultivar ATx623 x Rio was 
replaced by ATx623 x Hegari in 1987. During the previ-
ous two growing seasons, the former cultivar lodged 

tively high water holding capacity, warm temperatures 
and fertility of the Vertisol, combined with tillage, may 
have maintained a high rate of organic matter decompo
sition, preventing any significant buildup of SOM levels. 

The effects of sorghum roots on maintaining SOM 
and nutrient availability may be Important. Grassl and 
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Table 1. Yields of sorghum cultivars following 3 years of stover removal and annual average nutrient return or removal at various 
a 

stover return rates.

Nutrient 
Sorghum Mean annual - Yields- N - P - K 
cultivar stover return Grain Stover Return Removal Return Removal Return Removal 

Mg/ha kg/ha 

ATx623 x RTx430 0 3.83 beb 5.05 a 0 86 0 17 0 94 
1.27 4.23 ab 5.26 a 6 80 2 14 19 75 
2.54 4.54 a 5.34 a 12 73 3 13 37 57 

ATx623 x Rio 0 3.29 a 15.99 a 0 85 0 16 0 119 
1.85 3.28 a 15.87 a 7 78 2 14 27 92 
3.70 3.18 a 15.55 a 14 71 4 12 53 65 

Grassl 0 - 19.35 a 0 92 0 17 0 205 
4.43 - 20.38 a 23 59 4 13 F1 154 
8.86 - 19.24 a 46 46 8 9 102 103 

a Determined by multiplying average N. P, and K concentrations by 3 year grain and/or stover DM yields. Annual N, P. and K 

removal was 61, 10, 20 kg/ha fbr ATx623 x RTx430 grain, and 56, 9, and 12 kg/ha for ATxS23 x Rio grain, respectively. 
"Yields within a cultivar followed by the same letter are not significantly 'ifferent by Tukey HSD (0.05). 

Table 2. Effects of 3 years of sorghum stover removal on s oil micro-aggregation, organic matter (SOM), and nutrient availability. 

Mean annual Nutrient 
stover return Microaggregation SOM P K Mn Na 

Mg/ha % mg/kg 
0 83 a, 2.17 a 45 b 457 bc 5.0 bc 71 bc 
2.52 83 a 2.17 a 50 a 469 ab 5.2 ab 69 ab 
5.03 83 a 2.29 a 50 a 476 a 5.5 a 65a 

I Values within a column with a common letter do not differ significantly by Tukey HSD (0.05). 

ATx623 x Hegari probably produced greater root DM 
than ATx623 x RTx430 because ofgreater above-ground 
DM yields. For grain sorghums, root. can play an 
important role in nutrient cycling providing some 12 to 
22 kg N and 0.4 to 0.7 kg P/ha annually (Myers, 1980). 
For forage-type sorghums, higher root DM yields may 
provide a greater cycling of nutrients and may be a more 
important factor In the maintenance of yields. 

The stability of SOM and microaggregation may be 
attributed to the prevalence of stable clay-organic corn-
pounds in this fine textured Vertlsol (490 g/kg clay, 400 
g/kg silt). The soil contains very high levels of available 
Ca and Mg (31919 and 780 mg/kg, respectively, aver-
aged across all treatments). These cations act as bridges 
between SOM and soil clays resulting In the formation of 
highly stable clay-organic matter complexes (Stevenson, 
1982). 

Available P and K were reduced by stover removal 
and may have declined sufficiently to decrease ATx623 
x RTx430 grain yields (Table 1). The annual removal of 
K in stover can be substantial, especially with Grassl. 
Quantities of N and P taken up by grain and/or stover 
were sirmilar for all cultivars (85 to 92 kg N/ha). Much of 
the added fertilizer P appears to have been immobilized 

or reverted since crop P removals were lower than the P 
applied and soil P levels still declined. 

The amounts of N. P. and Kin ATx623 x RTx430 and 
ATx623 x Rio stovers were approximately 25, 7, 74, and 
19, 7 and 107 kg/ha, respectively. Most ofthe total N and 
about half of the P assimilated by these cultivars were 
removed in the grain, whereas K was largely held in the 
stover. This part!tiloning limits stover management strate
gies Ibr N and P cycling with the above two cultivars. 
Grassl did not produce grain and contained all nutrients 
in vegetative material, increasing the possibilities of 
devising management strategies that would return a 
portion of the crop to the field for nutrient cycling while 
removing a part for energy conversion. 

The Vertisol under study had relatively high re
serves of available nutrients, although these levels de
clined when the total crop was removed. The continuous 
removal of nutrients in a sorghum for biogas production 
system would require greater fertilizer inputs than in a 
production system where stovers are returned to the soil 
(Hons et al., 19861. Given the partial Immobilization/ 
reversion of fertilizer P and the high rate of K removal in 
stover, fertilizer P additions may have to be augmented 
and crops supplemented with K if yields are to be 
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maintained. The influence of stover removal on soil 
productivity must be assessed over the long-term if 
stover removal is to become part of a sustainab!e produc-
tion strategy. 
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Introduction 

Pearl millet I1?ennisetum glaucum (L.) R. Br.] is L 
major staple crop grown on 14 million ha ofthe semi-arid 
Sahelian and Sudanlan ecological zones. The crop is 
generally grown in association with cowpea [Vigna 
unguiculata (L.) Walp] by subsistence farmers using 
manual labor for all cropping operations. Chemical 
fertilizers are rarely applied. Cash inputs for crop hus-
bandry are limited to the occasional hiring of labor. 
Labor shortages are most severe for weeding operations. 
The millet-growing area in Niger has doubled to 3.2 
million ha during the last 25 years, while average grain 
yields have dropped from 0.48 Mg/ha to 0.30 Mg/ha 
(Anonymous, 1987). The decline in yields suggests that: 
production has expandf'd into increasingly marginal 
areas, fallow periods have become too short to allow 
natural restoration of fertility, and technical change has 
not yet had an impact on food production (Spencer, 
1985). In the future, it will be necessary for production 
increases to come from increased yields. Experience at 
the ICRISAT Sahelian Center (ISC) leads us to believe 
yield Increases are technically feasible if the principal 
limiting factors-inherently low soil fertility, limited and 
untimely cultural practices, and the occurrence ofdrought 
periods-are overcome (Fussell et al., 1987: KlaiJ and 
Hoogmoed, 1987). 

The paper focuses on field experiments at ISC evalu-
ating the effects of various soil and crop management 
practices on the plant establishment, yield, and water 
use of pearl millet. 

The Soil Environment 

The predominant soil series at the ISC are classified 
as a Psammentic Paleustalf (West et al., 1984). The sand 
content is around 900 g/kg, of which 85% fall within 
Chepil's classification (quoted by Zachar, 1982) of par
ticles with a very high (0. 1-0.15 mm) to high (0.05-0. 1 
mm and 0.15-0.50 mm) potential for wind erodibility. 
The soil surface is generally flat and smooth with a 
negligibie surface storage capacity. A weak crust may be 
present. Soil bulk densities range from 1.40 to 1.70 
Mg/m corresponding to a porosity of 36% to 43%. 
Densities at the higher end of this range may hamper 
root development. These soils are poorly buffered, hav-

ing cation exchange capacities of about 0.013 mol/kg 

and a pH(KCI) of 4.5 to 5.5. Organic matter (OM) levels 
are very low, in the order of 3 g/kg. The available soil 
water at field capacity is 70 to 100 g/kg. During the 
seedling establishment period, soil temperatures at 5
cm depth reach 420 C on a sunny day following rain. The 
average onset of the rains at ISC is 12 June. the average 
annual rainfall is 560 mm, and the average length of the 
growing season is 94 days (Sivakumar. 1987). 

The Effects of Tillage 

On the sandy soils at the ISC, reductions in bulk 
density and soil surface modifications resulting from 
tillage do not have an important impact on infiltration. 
These soils have weak crusts that generally do not 
reduce infiltration rates. Rainfall simulations on 1.5 x 
1.5 m plots (3-4% slope) demonstrated sustained infil
tration rates of 100 mm/hour for over 2 hours. Actual 
runoff on untilled plots cropped with millet (6 x 24 m, 3
4% slope) was 1.5% at most from 1984 to 1987. 

Reduced bulk density from tillage results in en
hanced rooting, greater access to soil water, increased 
fertilizer uptake, and, therefore, more secure and higher 
yields (Charreau and Nicou, 1971; Chopart, 1983). 
These effects are most pronounced in dry years. Modifi
cations in the soil surface such as ridging may reduce 
soil losses due to win 4 erosion by as much as 85% 
(Fryrear, 1984). At the ISC, several tillage methods have 
been evaluated in combination with other crop-manage
ment practices such as the addition of phosphorus 
fertilizers, maintaining crop residues in the field, and 
leguminous crop rotations. 

Primary Tillage, Fertilization, and 
Residue Management 

Two experiments addressing these issues were con
ducted at the ISC. In the first, the effects of plowing to a 
depth of 15 cm, ridging (75 cm between ridges, ridge 
height 15 cm) without other primary tillage. "sandfight
ing" (increasing the surface roughness by creating small 
depressions and clods), and a zero-tillage treatment 
were compared for millet production over a 2-year pe
riod. In the second, concurrent experiment, that was 

http:0.15-0.50
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repeated over 3 years, the "sandfighting" treatment was 
dropped and the other tillage treatments maintained. In 
this case, crop residues were either maintained or 
removed. In both cases, these treatments were com-
pared with or without the addition ofchemical fertilizers 
17kg P/ha pre-sowing and a split application of 40 kg N/ 
ha at 3 and 6 weeks after sowing. 

The tillage treatments were carried out at the begin-
ning of the rainy season with the first rainfall exceeding 
10 mm. Plowing and ridging with soil water at field 
capacity reduced soil bulk densities in the 0- to 15-cm 
layer to 1.22 Mg/m 3. thus increasing porosity to 54%. 
Compaction due to raindrop impact during the season 
was low. Penetrometer measurements confirmed the 
persistence of reduced bulk density throughout the 
season. Two months after plowing, soil resistance was 
still 50% lower than in untilled soil. Millet was planted 
on 13,000 hills/ha in rows 75 cm apart. Crop growth, 
water use, soil OM, and soil pH were monitored, 

Fertilizer use was the most important factor contrib-
uting to better 'Lands and yields. In the first experiment, 
plowing ard iidging improved plant stands and yields 
more when they were combined with fertilizer use. The 
response to fertilizer was moderate in the absence of 

primary tillage and on -sandfought" plots (Table 1). 
Ridging without other primary tillage requires consid
erably less time and energy than plowing. Ridging also 
helps to reduce wind erosion by increasing the surface 
roughness. which lowers wind speeds and traps sand in 
the furrows, thereby minimizing seedling abrasion and 
burial. 

For the second experimen~t, stand establishment 
data are not presented because the millet was grown in 
a protected area where wind erosion was not a problem. 
However, due to insect damage to the panicles, only
blomass (total dry matter) data will be presented (Table 
2). Biomass was increased by 89% with fertilizer use. 
Mulching, either millet haulms (stalks) (2-4 Mg/ha) left 
on the surface, or partially incorporated in ridges, or 
plowed under, increased yields by 54% on unfertilized 
plots and 12% on fertilized plots. Without fertilizer or 
crop residues, the effect ofprimary tillage was moderate, 
resulting in yield increases of only 1 1 to 16%. There was 
a significant tillage x fertilizer x crop residue interaction. 
When ridging is practiced, residues are concentrated in 
the ridge. Ridging with crop residues and without added 
fertilizer depressed yields. Wnen fertilizer was applied, 
ridging with crop residues enhanced crop yields. Be-

Table 1. Effect of pre-sowing cultivation and fertilization on plant population (in percentage of number of hills survived at harvest)
and grain yield, ISC. rainy seasons 1985 and 1986. 

Stand at harvest Grain yield
 
Treatmenta 
 FO Fl Mean F0 Fl Mean 

% Mg/ha 

Plowing 68 87 78 0.254 0.681 0.467
Ridging 44 80 62 0.180 0.649 0.414
Sandfighting 31 63 47 0.089 0.352 0.220
Zero-till 42 63 53 0.139 0.402 0.271 

SE ±3.3 ±2.5 ±0.040 ±0.034 
Mean 46 73 0.165 0.521 
SE ±1.5 ±0.015 

FO =control: Fl = fertilizer added. Split-split-plot replicated 4 times, subsub plot size 30 in. Average across 2 years and 3 
cultivars. 

Table 2. Effect of fertilizer use. pre-sowing cultivation, and use of crop residue, on total dry matter 'eld of pearl millet, ISC. rainy 
seasons of 1985, 1986, and 1987. 

FO F1
Treatment' RO RI Mean RO RI Mean 

Mg/ha
 

Plowing 2.46 4.16 3.31 5.48 5.68 5.58
Ridging 1.97 2.80 4.692.38 5.86 5.28
Zero-till 2.22 3.27 2.74 4.72 5.43 5,07 

Meanb 2.21 3.41 2.81 4.96 5.56 5.31 

1FO = no fertilizers added: FI = 17 kg/ha of P iertilizer and 40 kg/ha of N: RO = crop residue removed; RI = crop residue left. 
Split split plot replicated 3 times. subsub plot size 60 m2 . Average across 3 years and 2 cultivars.bSE for comparing means are for: fertilization - 0.223, tillage - 0. 108, residue - 0.088, and their interaction - 0.298. 



tween 1985 and 1986, mulching increased OM from 2.6 
to 2.9 g/kg (SE= ±0.006) while the pH (KC') in,"reased 
from 4.98 to 5.16 (SE= ±0.06). It is likely that the 
beneficial effects of crop residues stem from changes in 
the soil biological and chemical processes rather than 
physical ones. Maximum soil temperatures are de
creased by only 1 to 2°C with the low levels of mulch 
present in this experiment. The water use increased in 
1986 from 287 mm on the lowest-input plots to 320 mm 
when the highest levels ofinputs were applied. Water use 
efficiencies were higher in all years with higher levels of 
inputs, especially fertilizer, 

Tillage and Crop Rotation 

In another soil management experiment, the effects 
of tillage executed either at the end of the previous 
season or at the beginning of the rainy season, were 
compared with a legume, cowpea, and millet rotation or 
a continual millet cropping pattern. Seventeen kg/ha of 
P fertilizer was applied before sowing. 

In 1987, the previous sole-cropped cowpea increased 
the millet grain yields from 0.50 to 0.65 Mg/ha (SE = 
0.03). This effect was more important in the presence 

of plowing or ridging, with millet yields increasing from 
0.48 Mg/ha with the zero-tillage treatment to 0.70 
Mg/hawlth the ridging and to 0.76 Mg ha- Iwith plowing 
(SE = ±0.03). Whether the primary tillage was car-
ried out at the end of the previous season or at the 
beginning of the cropping season did not have much 
effect on millet yields. 

The greater effect of cowpea rotation when primary 
tillage ispracticed isnotfullyunderstood. Highercowpea
yieldtillage tie t may be associated withPurdue.s r 

leaving in the soil roots and other residues with their 
associated nutritive value, especially N in these treat-
ments. Increased rooting associated with lower bulk 
densities from primary tillage could have also contrib-
uted to better utilization of residual fertility from the 
cowpea crop. Soil chemical analysis of samples taken 
before and during the experiment is underway. 

Conclusion 

Primary tillage improves stand establishment and 
survival. This results in higher yields especially when 
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used in combination with fertilizers. Removal of crop 
residues depresses yields. Ridging seems to be the most 
promising technique. It requires less energy than plow
ing and helps to control wind erosion. Tillagc in combi
nation with crop rotation increases mill( yields. 
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Introduction 

The south edge of the Loess Plateau in Northwest 
China falls within the rainfed agricultural zone. Winter 
wheat (Triticum aestivum L.) is an important food crop in 
this zone with one crop per year. Practicing or imple-
menting summer fallow is the key to winter wheat 
production. The important objective of summer fallow 
lies in storing subsoil water and using the 3tored sum-
mer and fall rainfall for.,r ng growth of winter w- at. 
The tillage method previously used in the summer fallow 
period has been the barren lands (clean tillage). This 
method resulted in soil water loss by evaporation. To 
conserve soil water, starting from 1984. we carried out 
research on stubble mulch tillage in raih- ed land in this 
region. The objective was to develop an effective method 
to store and retain rainfall water in soil on the south edge 
of the loess plateau in Northwest China. 

Experimental Design and Method 

The experiment is divided into two parts. 

The Field Demonstration 

The field demonstration was divided Into two treat-entsi.,the fielddemonto edlino to te-s s 
ments, i.e., the fields with stubble mulching and the 
fields without stubble mulching. in the treatment with 
stubble mulching, after the fields had been stbsoiledstubleaftrulcingte feld hadbee sibsoled 
and pulverized in summer, they were covered with 6000 
kg/ha of wheat straw. Plot areas were of 0.2 ha and 
without any replication. The soil was the Luo soil, which 
developed on less. 

The Experimental Plot 

The experimental plot consisted of one bare soil 
without mulch treatment and three treatment mulched 
with wheat straw: 3000, 4500, or 6000 kg/ha. After 
plowing, the fields were pulverized 10 cm deep and 
divided into plots covered with wheat straw in accor-
dance with the design requirements. The area of each 
experimental plot was 25 M 2 . The treatments were 
arranged at random with three replications, 

Before winter wheat was planted, the remaining 

wheat straw used to cover the experimental field and 
plots was moved to the field sides, then shallow plowing 
was done in the demonstration fields. Paiking and pul
verizing was carried out for land preparation. In connec
tion with lanc preparation, 225 kg/ha of urea and 375 
kg/ha ofsupciphosphate was applied to the denanstra
tion fields and experimental plots. After land prepara
tion was completed, winter wheat was sown. aind then 
each experimental plot was covered with wheat straw so 
that wheat fields were covered during the whole growing 
season. The sampling area for yield calculation was 2.33 
x 2 M 2 

. After threshing, seeds were air-dried and weighed. 
The first year of the experiment was a rainy year, 

with 87 to 144 mm of rainfall which was more than total 
rainfall for a normal year. The second year was a slightly 
dry year, with 100 to 132 mm of rainfall which was less 
than total rainfall for a iormal year. But it was dry in 
winter and spring. In the third year, there was more 
rainfall than normal with the total for the year being 561 
mm. 

Findings and Analy3is 

Soil Physical Characteristics 

Based on the observation, soil protected by stubble 
mulching may be free from being a.rectly compacted byrainfall, and water in the surface layer can be prevented 
from drastic evaporation. in adition to the increase of 

organic matter and the in.reased earthworm activity,the 0- to 10-em soil horizou still remained loosened. 
termitonsoefor s t remiicedhtsiebl

Determinations before st-,wi.. indicated that soil bulk
densityat thedepthof0to 10ci was 1.29Mg/i 3 when 
wheat straw mulching was 4500 kg/ha; with 6000 kg/ 
ha, soil bulk density was 1.23 Mg/ m 3 . Without mulch

3ing, it was 1.36 Mg/m . Soil bullc density at the depth of 
10 to 20 cm was 1.40 Mg/m 3wih and without mulch
ing. This clearly showed that stubble mulching was 
favorable for maintaining good physical structure in the 
upper soil iayer so as to make soil permeability much 
improved. 

Soil Nutrient Conditions 

At the end ofsummer fallow, soil samples were taken 
to analyze organic matter, total nitrogen (N), alkali
hydrolysis N, and available phosphorus (P) in soil. After 



1 year of mulching, there was no obvious difference in 
organic matter contents, and total N in the 0- to 20-cm 
soil layer in comparison with that without mulching, 
while the alkali-hydrolysis N and available P wat, lower 
in the mulched soil. After mulching for 2 years. organic 
matter content, total N, alkali-hydrolysis N, and avail-
able P in the 0- to 20-cm soil layer were higher than those 
In soil without mulching. There appears to be a tendency 
for these to increase with the increase in amounts of crop 
residues. This indicated that stubble mulching had the 
function to increase organic matter contents and nutri-
ents in soil. 

In addition, the organic matter content increased 
and water content was much improved in the upper soil 
layer after stubble mulching, which resulted in an 
Increased number of earthworms. Based on observa-
tions before sowing in 1986, there were only 1 to 2 
earthworms per m2 in the 15-cm deep soil layer without 
mulching, while there were 12 per m2 in the fields 
covered with 30G0 kg/ha, 32 per m2 in fields mulched 
with 4500 kg/ha, and 45 per m2 in the fields mulched 
with 6000 lg/ha. It can be seen from the above that the 
number of earthworms increased with the amount of 
residue mulch. What is even more important, the number 
of earthworms is much higher with 2 years' mulching 
than with 1year of mulching. Thus, earthworms multi-
plying in great numbers will undoubtedly play an impor-
tant positive role in improving soil structure. 

Effects of Stubble Mulching on Soil 
Temperature 

Determinations in the summer fallow periodm di-
cteate t soil temperature ineach stubble mulching 
treatment plot, either in the mornng. at noon, or in the 
afternoon, was obviously lower than that in treatment 
plots without mulching. in general, the temperature 
difference was smaller in the morning and greater in the 
afternoon. In particular, the temperature difference in 

the 5-cm deep soil layer was the greatest F. noon. With 

an increase of soil depth, the temperature difference 
decreased. At the same time, soil temperature tended to 
decrease with an increase in mulch rate. For instance, 
there was a 4.6 0C drop in soil temperature in 5-cm deep 
soil layer when mulched with 6000 kg/ha, while a 1.0 
and 3.4"C drop in soil temperature in 5-cm deep soil 
layer when mulched with 3000 and 4500 kg/ha, respec-
tively. A drop in temperature can reduce evaporation, 
which is favorable to the preservation of subsurface soil 
water. 

The determination in wheat during the overwinter 
period indicated that soil temperature at noon and in the 
afternoon was lower in each layer with mulching than 
that in each layer without mulching. With an increase in 
soil depth, the temperature difference decreased. The 
temperature difference value was much smaller during 
the wheat season than during the summer fallow period. 
However, early in the morning, soil temperature in 
various soil layers with each mulching treatment was 
higher than in soil without mulching, and with an 
increase in amount of mulching, soil temperature in-
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creased correspondingly. This is closely related to heat 
conductivity, and shows that stubble mulching provides 
heat protection in summer and cold prevention in win
ter. 

Effects of Stubble Mulching on Soil Water 
Evaporation 

Evaporation is an important factor causing soil 
warto n i an t as sn sour 

water losses in rainfed lands. It was shown by our 
experiments that the amount of stubble mulching, 
whether more or less, and whether in summer, winter. 
or spring, may reduce soil water evaporation: and that 
the reduction in evaporation increased with an increase 
in the amount of mulch. In the three mulching treat
ments, the best effect was with 6000 kg/ha: the next 
with 4500 kg/ha; and the third with 3000 kg/ha. For 
instance, during summer fallow, evaporation in the 0- to 
50-cm deep soil layer with 6000 kg/ha of wheat straw 
was 4 and 9 mm less than with 4500 and 3000 kg/ha of 
wheat straw, respectively, and 11 mm less than that 
without mulching. Stubble mulching can obviously raise 
the soil water content in 0- to 20-cm surface layer so that 
the soil stays wet longer. When compared with the fields 
without mulching, the difference in soil water content 
was greatest to a 20-cm depth. This showed that soil 
water near the surface was extremely unstable, and in 
the case of drought and without mulching, soil water 
was easy to lose. Use of stubble mulching can conserve 
part of this soil water for crop use and thus raise use 
efficiency. Particularly in the dry years, the wet upper 
soil layer is favorable for sowing and for nutrient uptake 
by crops. The value of stubble mulch for maintaining a
wet upper soil layer was clearly shown in a period after 
rainfall. When the weather was fair, the water in bare soil 
without mulching evaporated so fast that the upper soil 
layer became very dry, while the lands with mulching 
remained wet longer because of less evaporation. Never
theless, if there was a long dry spell, soil water in lands 
ith mulching could also be reduced gradually. 

Effects of Stubble Mulching on Soil Water 
Storage 

Based on the determination at the end of summer 
fallow, evaporation with each mulching treatment was 
reduced because of stubble protection, and the amount 
of water stored in various layers increased to some 
extent compared to that in soil without mulching. The 
amount of water stored in various layers increased as the 
amount of mulch increased. There was a big increase 
when 6000 kg/ha of wheat straw was applied. In com
parison with the land without mulching, the amount of 
water in the 30-cm deep soil layer with mulching in
creased 10 mm: that in the 1.0-m deep soil layer with 
mulching increased 38 to 46 mm with the different 
mulch rate treatments. There was an additional average 
increase of 12 mm of water stored in the 2-m deep soil 
layer for 2 years when mulched with 3000 kg/ha of 
wheat straw compared with the lands without mulching. 
The increase was 26 mm with 4500 kg/ha and 42 mm 
with 6000 kg/ha of mulch. 
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Effects of Stubble Mulching on Development, 
Growth, and Yield of Winter Wheat 

Owing to the changes of water, fertilizer, air, and 
heat conditions, stubble mulching is expected to affect 
the development, growth, and yield of winter wheat. 

The Growth 	and Development Conditions 
of Winter Wheat 

Wheat with each mulching treatment generally 
emerged 1 to 2 days later than that on lands without 
stubble mulching. With mulching, the wheat had tall 
and thin seedlings with long and light-green leaves. The 
wheat seedlings appeared to be over-grown. Neverthe-
less, the above-mentioned conditions did not last long. 
Generally, when wheat reached the tillering stage, the 
seedlings gradually improved, and their growth and 
tillering surpassed that of those in the fields without 
mulching. The effect was greatest with 6000 kg/ha of 
mulch and least with 3000 kg/ha of mulch. Total stems 
of wheat before winter and those in spring were higher 
with mulching than without mulching. 

After winter wheat reached the jointing stage, plant 
growth was best in each treatment with mulching and 
the plants had strong and deep-green stems and wide 
leaves, but the heading stage was 2 to 3 days later with 
than without mulching. 

The ripening stage with each mulching treatment 
was, in general, later than that without mulching. 
Among them, the ripening stage in the fields with 4500 
and 6000 kg/haofmulch was about2to3days later, but 
the wheat was normal and good in quality. When har-
vested, studies were made of factors related to yield 
components such as ear numbers and length per hec-
tare, grains per ear, and weight of 1000 grains. In 
general, these factors with each mulching treatment 
were superior to those in the fields without mulching. 
They were best with 6000 kg/ha of malch. 

Yield Results 

Based on results from three fields for 3 years where 
the amount of mulch increased from 3000 to 6000 kg/ 
ha, average wheat yield increased 7.5 to 18. 1%. The 
increase was greatest with 6000 kg/ha of mulch. When 
compared with yields without mulching, the Increase 
was 13. 1 to 23.5% and averaged 18. 1%. 

Discussion 

Stubble mulch tillage can be said to be a minimumtillage practice. Apart from the necessary tillage opera
tion carried out after winter wheat harvest and before its 
sowing, the land was not plowed during the Summer 

fallow. If weed killers and no-till seeders are used, tillage 
and weeding operations can be eliminated before sow-
Ing. The results from our experiments showed that this 
tillage method had the following advantages: (I) it could 
stabilize soil temperature and reduce temperature dif
ference between night and day; (2) it could reduce water 
evaporation to increase the amount of soil water stored: 
(3) it could prevent the land surface from being splashed 
directly so as to maintain good soil structure: (4) it could 
increase soil organic matter contents to raise soil fertil
ity: (5) it could maintain the upper soil layer In a wet state 
for a longer time, thus making it favorable for maintain-
Ing seedlings and for drought resistance; and (6) it could 
make better use of nutrients in the upper soil layer by 
wheat plants, being favorable for nurturing seedlings, 
and for ensuring high yields. Therefore, we concludethat 
it is feasible to extend stubble mulch tillage to large scale 
areas over the Loess Plateau. 

Whether this 	tillage method can be extended de
pends on the availability of stubble or crop residues, 
which are lacking on the Loess Plateau at present. With 
the provision of fuel and energy resources in rural areas 
in the future, a great possibility will be offered to extend 
stubble mulch 	tillage gradually. 

As far as the duration of stubble mulching was 
concerned, we carried out the experiment after winter 
wheat was planted. The results showed that water 
conservation was poor and that mulching after sowing 
was unfavorable to wheat growth. with wheat seedlings 
becoming yellow and having more sharp and dry leaves 
when no fertilizers were applied. In this case, there was 
no yield increase and sometimes even a yield reduction. 
Therefore, with the purposes only to reduce soil water 
evaporation, it!was best to mulch the lands soon after 
they had been summer plowed. 

All in all, stubble mulch tillage, as with other tillage 
methods, has its strong and weak points. For instance, 
low soil temperature after mulching may affect the 
mineralization of soil nutrients, and plant diseases and 
weeds may be serious. Wheat seedlings grew poorly in 
the fields without applied fertilizer. This shows that 
stubble mulching presents many problems and what we 
have done is just a beginning. There are still more 
questions to be further studied and discussed. 
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Introduction 

Tillage practices and residue management influence 
root system development primarily by changing the 
evaporative soil water losses and by changing soil strength 
through operations which loosen the soil. This work was 
done to illustrate for wheat (Triticum aestivum L.) im-
pacts of changes in soil water content and soil strength 
on root length density profiles through the use ofa model 
which describes the elongation and branching history of 
vertically-growing axes. 

The Model 

The model, WHTROOT Is based on the relationships 
shown in Figure 1 (Porter et al.. 1986). Each wheat root 

axis appears at a set point in developmental time as 
measured in phyllochrons (Klepper et al.. 19841. Aphyl-
lochron is the amount of time required for a plant to 
change from a main stem leaf number of n to n+1. For 
wheat. It is assumed equal to 100 GDD (growing degree 

Table 1.Grouping and initiation of axes and leaf number for 
growing degree days (GDD) since sowing. The GDD for axis 
initiation are calculated from the average temperature of the 
0- to 100-cm layer using a base of 01C. R = Radical. 

Leaves on Initiation 
main shoot Axis class Axes present, time 

no. GDD since 
sowing 

0 (scutellar node) - 2A R.-2A,-2B 100 
0 (epiblast node) - 1A -1A,-IB 200 
0 (epiblast node) - Ix - IX- lY 300 
0 (coleoptile node) OA OA.OB 400 
3 IA IA. IB.0X.0Y 500 
4 2A 2A,2B, IX. IY 600 
5 3A 3A,3B,2X.2Y,10Al0B 700 
6 4A 4A,4B,3X,3Y.20A,20B, 800 

1OX, 10Y,I IA, I lB 
7 5A 5A,5"3,4X,4Y,30A,30B, 900 

20X, 20Y. IIX.lY. 
21A,21B 

Axes are identified using the node based system described 
as follows: Single-digit numbers refer to axes associated with 
main shoot node; double-digit numbers refer to axes 
associated with nodes on first-order shoots. 

days, base temperature of 000). Air temperature is used 

to generate canopy components- local soil temperature 

Is used to generate root lengths. For the calculations in 
this paper, average daily soil temperatures were as

j .1i ! 

,Ij. 

04
 

0'
 
PHYLLOCHRONS AFTER EMERGENCE 

Figure 1. The relationship between main stem root 
axis appearance and branching and the appearance 
of leaves on the main stem and on tillers. The mod

el combines roots into classes as shown in Table 1. 

Table 2. Values of parameters used in the model. 

Parameter Value 

Soil profile layer (cm) 10 
Plant density (number/mi) 100 

Time from sowing to germination (GDD) 100 
Time from root production to branching (GDD) 250 

Elongation rate (cm/GDD) for unimpeded root 
Axis 0.18 
First-order laterals 0.04 
Second order laterals 0.01 

Branching density (number/cm) 
First-order laterals 2 
Second-order laterals 1 

Elongation rate (cm/GDD) for impeded roots 
Is obtained by multiplying the unimpeded value by: 

Plowed - wet 0.8 
Compacted - wet 0.6 
Plowed - dry 0.6 
Compacted - dry 0.2 
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sumed equal to average daily air temperatures. - - - -o,_ -" _ 

Table 1 shows the production schedule of root axis / A -0 B
 
classes as related to GDD from piaIvting. Each axis is = 1 B
 

assumed to grow vertically downward at a constant -0.!,/
 
maxhnum rate in unimpeded moist soil and to initiate F , 
branches 250 GDD after elongation at a given lineal ,
 
density (Table 2). All branches and sub -branches of an
 

- WITH ALL BRANCHES -P E
axis are assumed to remain in the soil layerinwhich they - - WWr FIRST ORDER BRANCHES LOOSEps0rLc WET

AXESONLY LOOSE PRFI LE - DRY
 

are initiated. Growth rates given in Table 2 are reduced "'______________'_________
 
by decreases in soil water and by soil compaction. The -o0 ....
 
root length density in each layer is calculated by sum- -

ming the length cf axis, first-order laterals, and second- -0: ..- C - "
 
order laterals in each root class. ,

0s 

Application of the Model - .SP.-W 
- LOOSE PROFILE - WET " D-LOSE - WETL8 PROFILE--LOOSELAY.ER PAN2-. W:P'LOW-WET At, - WET 
-- LOOSEPLOW LAYER - 1 -3 DRYThree profiles were assumed for application of the " DY PAN AT U 

model. One is assumed to be uniformly loose to allow ROOT LENGTH DENSITY (,,,Im') ROOT LENGTH DENSITY (km/ml) 
maximum root elongation throughout the profile: the 
second has a single hard pan from 0.2 to 0.3 in and is Figure 2. Root length density profiles calculated at 
uniformly loose above and below the hardpans: he third 900 GDD from planting for A) a wet, loose profile, 
contains a plow layer in the top 0.2 m which has been B) a loose profile, C) a loose plow layer over a 
loosened oallow maximum root elongation from 0 to 0.2 compacted subsoil, and D) a hard pan at 0.2 to 0.3 
m and a uniformly compacted zone below 0.2 m. The m depth. For B, C, and D, the profiles are 
water content of each profile was assumed to remain predicted for a uniformly wet profile and for a 
uniformly wet for all three profiles for the first 450 GDD profile maintained wet for the first 450 GDD and 
(3 leaved plants). For the next 450 GDD. two scenarios dry in the top 0.5 m for the second 450 GDD. 
were followed: one assumed a uniformly wet profile 
throughcut: the second assumed that the top 0.5 m of when the profile remains wet throughout the 900 GDD, 
the profile was at a water content dry enough to restrict root length below the loose plow layer is reduced. The 
root growth while the bottom 0.5 m remained uniformly rooting decrease is even greater when this profile is 
wet. allowed to dry in the top half for the last 450 GDD of 

growth. 
Figure 2D shows the effect of a hard pan between 20 

Results and 30 cm on the pattern of rooting. The delay in axis 
penetration of the hard pan reduces the depth of rooting 

Figure 2A shows the root length density profile of the and the amount of root material present at each depth 
uniformly loose profile that was maintained moist from below the hard layer. 

0 to 900 GDD. The total root length density for each 
depth is derived from axes, from first-order branches. 
arid from second order branches. Notice that the deepest Discussion 
roots are primarily axes while the majority of the root 
length in the top 0.5 in of soil is contributed by the first- Data shown in this paper illustrate the roles which 
order laterals. The deepest axes have reached 1.0 m soil water and soil compaction (strength) can play in the 
depth; these are all seminal roots. Since the crown roots limitation of cereal root system development under 
do not appear until three lhylloclrons after emergence, various tillage systems. The conditions specified to run 
they are considerably shallower than the seminal roots. the model are simplistic. For example, we would not 
This maximum rooting profile will be used to compare expect the soil profile to remain constantly wet for the 
the more restricting profiles in the remainder of this first 450 GDD nor would we expect the water content of 
paper. soil between 450 and 900 GDD to show the sharp change 

Figure 213 shows the reduction in root prolifriatlon at 0.5 m that was imposed in this work. Nevertheless, the 
brought about by allowing the top 0.5 m to be dry for the profiles generated by the model are similar to those 
second 450 GDD. Notice that the reduction In root length observed under field conditions. The general exponen
density brought about by the dry soil extends below the tial decline with depth is commonly observed. The 
0.m5 nlevel.Thisoccursbecause thelater-produced axes impacts of compaction or of drier soils are consistent 
are delayed In their growth through dry soil and they with information in the literature on the effects of 
reach the lower layers later and. therefore, are delayed in increased soil strength on root growth. 
producing branches in deep soil. This model has the ability to synchronize root and 

Figure 2C illustrates the reduction in potential shoot developmental events and to provide biologically 
rooting brought about by compacted subsoils. Even meaningful sequences of root growth events. The model 



also provides the number and distribution of vertically-
growing axes which serve primarily as -plumbing" or 
transport roots for much of their life span as distin-
guished from first or second order laterals which operate 
to absorb materials fo' transmission to the vertically-
growing axes. With further work, the model should serve 
as an excellent, biologically-centered set of concepts for 
explicit, process root growth models. 
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Introduction 

Mulch farming is an intensive water conservation 
farming system which gives great improvement both in 
quantity and quality of crop production in semiarid and 
semi-humid regions in north China. There are many 
types of mulch farming such as trash, gravel-sand, and 
plastic film mulching. 

Farmers easily draw on local materials for trash 
mulching from their fields. The cost is low. In the semi-
arid region of China, we have many successful experi-
ments of trash mulching. But due to fuel shortage, the 
trash mulch farming system has not been adopted in 
China. 

Gravel-sand mulching is a helpful fanning system in 
semiarid regions where annual precipitation Is only 180 
to 350 mm. It makes a favorable condition to allow 
penetration of rainfall into soil through the mulch, and 
to decrease evaporation from soil. In the past 3 to 4 
centuries, it has been used on a limited area (73,600 ha) 
within 35 to 380N. latitude and 103 to 1050 E longitude 
In the loess highland, mostly in Gansu province, 

In the past decade, plastic film mulching (PFM) 
developed very quickly. Since 1979, PFM experiments 
Involving 40 crops have been conducted at 48 stations in 
14 provinces, and most of them have achieved signifi-
cant success. Within 5 years. the total area of PFM fields 
amounted to 1.33 million ha, mainly in the northern 
China provinces of Liaoning, Shanxi, Shaanxl, Shan-
dong, and Xinjang Autonomous Region. In Liaoning 
province, the area doubled from 1983 to 1985 (from 
58,400 to 114.700 ha). The PFM fields of cotton (Gossy-
plum hirsutum L.) and peanut (Arachis hypogaea L.) 
accounted for 77% of total PFM area, and 45 and 51%of 
the cultivated area of these crops, respectively, in 1985. 

Gravel-Sand Mulch Farming 
(GSMF) 

The gravel-sand mulched fields are covered with a 
10- to 16-cm thick mixed mulch of cobbles, gravels, and 
sands in different sizes taken from river alluviums and 
glacier deposits. Before mulching, the field should be 
plowed deeply, fertilized with large amounts of farm 
manure, harrowed, and leveled in the summer fallow 
time as for preparing a seedbed. Then gravels and sands 
are applied to the frozen soil in winter. During the 
growing season, the soil of mulched fields are not tilled. 
There are special tools for sowing and manuring to 
prevent the mulch layer from being mixed with the soil. 
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The porosity of the mulch can be maintained for about 
30 years. When the gravel and sand mulch is mixed with 
soil to an extent ofabout 25%by weight, its function will 
diminish gradually. Then the old mulch should be 
renewed. 

A series of experiments and observations on the 
gravel-sand mulched fields in comparison with unmul
ched fields indicated that water contents from March to 
September of the 0- to 20-cm soil layer increased by 2 to 
7%; water evaporation was reduced by more than 30%; 
temperature of topsoil beneath the gravel-sand mulch 
was 1.5 to 2.3 0 C higher in spring and autumn; daily 
fluctuation of soil temperature at the 5- to 8-cm depth 
decreased; salinity of the soil decreased by 0.1 to 0.2%: 
practically no soil erosion occurred; seedlings emerged 
3 days earlier and crops matured 6 days sooner; and 
plant diseases, insect pests, and weeds decreased sig
nificantly. 

The chief difficulty of putting gravel-sand mulch 
farming into practice Js that It requires much strenuous 
manual labor. That is why the GSMF is still limited to a 
small area and some of the area may be replaced by 
plastic film mulch farming In the near future. 

Plastic Film Mulch Farming
(PFMF) 

Fields are covered mainly with colorless transparent 
plastic films in PFMF dryland farming in north China. 
Two methods of PFMF have been adapted to different 
conditions and different sowing methods: (1) sowing 
before mulching, and perforating the film at the early 
seedling stage; and (2) mulching, perforating the film, 
and then sowing. The first method is adaptable to all 
kinds of sowing methods, especially machine work. 

Farmers must seize the appropriate time of soil water 
content for sowing. It is necessary that, with in-row or in
hill seeding, the rows or hills be 3 to 4 cm under the
mulch to prevent young seedlings from touching the 
plastic film directly, thus avoiding burn damage. There 
is also a greenhouse effect under the film for about a 
week before perforation. The second method is good for 
soil water conservation because the fields are covered 
with plastic film in early spring when soil is still frozen 
and a large amount of the thaw water can be kept in the 
soil. This method, however, requires more manual labor 
at seeding. 

There are no full coverings by plastic films in dryland 
mulching fields. There must be unmulched spaces for 
penetration of rainfall between mulched rows. In differ
ent regions, mulching percentages are different and 



range from about 60% In semi-humid regions to over 
70% In semiarid regions. 

All techniques of PFMF should be suitable for inten-
sive farming. Fertilizer application is the most important 
link. When soil water content and soil temperature are 
improved, crops grow vigorously and demand more 
nutrients. Otherwise, they will undergo severe stress 
prematurely. Chinese farmers have adapted many suit-
able fertilizer application systems to meet various re-
gional conditions. For weLd control, they use herbicides 
or herbicidal ilms.There are different types of mulching 
machines that can be pulled by horses or a tractor. 

The reasons PFMF has expanded so rapidly for 
dryland farming in north China are as follows. 

1. PFMF Improves Soil Conditions at Critical
 
Stage 


Late spring to early summer is the critical stage 
when crops are susceptible to water, temperature, and 
salinity stresses. About 65% of annual precipitation 
occurs in July to September. Soil water content drops to 
a minimum in late spring or early summer. It Is the 
critical factor that delays seeding of spring crops and 
affects spike differentiation and grain formation of au-
tumn crops. Experimental data showed that the maxi-
mum soil water content at the 0- to 10-cm depth from 
seeding to the seedling stage was 11 to 16% for fields 
mulched at the beginning of spring thawing and only 7 
to 9% for unmulched fields. 

Temperaturesofmulchedfieldsinspringwerehigher 
than that ofunmulched fields on clear, cloudy, and rainy 
days by 2 to 6, 1.4 to 2.3 and 1.0 to 2.5 0C, respectively, 
which were advantageous for early sowing. The accumu-
lated temperature (>1 0°C in the 5-cm depth) during the 
period of May 11 to June 10 increased 860C in mulched 
cotton fields, which advanced cotton growth by 1 week. 

Because evaporation decreased in mulched fields, 
maximumsoilsalinltydroppedsignificantlyInthespring. 
Soil saline concentration at the 0- to 5-cm depth de-
creased from 0.21% to 0. 14%. The rate of cotton seedling 
emergence increased from 70% to 86% and cotton yields 
increased by 62% as compared with those on unmul-
ched fields. 

2. PFMF Promotes the Growth and 
Development, and Improves the Quantity and 
Quality of Dryland Crojs 

In comparison with unmulched fields, dates of seed-
ling emergence, flowerbud differentiation, blooming, 
and boll-forming of PFMF cotton were 8 to 10, 5 to 9, 6 
to 9, and 8 to 12 days earlier, respeclively: PFMF plants 
grew more vigorously and were 29 to 35% taller, had 20 
to 31% more fruiting branches, had 8 to 30% more bolls 
per unit area, and had 14 to 27% higher boll weights: and 
per cof 
PFMF cotton fiber yield was increased by 45 to 114%. In 

yield increasedparticular, the pre-frost cotton fiber 

about 20%, thus promoting the quality and price of 
cotton fibers. 
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Other PFMF dryland crops showed the same ten
dency of early development and vigorous growth like 
PFMF cotton. For example, dates of root nodule forma
tion. flowerbud differentiation, and peg penetration of 
mulched peanut were 14 to 16, 6 to 8, and 3.5 to 7.7 days 
earlier than those ofunmulched peanuts. Productivity of 
single plants increased by 7.14 g. Yields of pod and 
kernel per hectare of PFMF peanut increased by 21 to 
167% and 32 to 63%. Crude protein and fat contents of 
PFMF peanut kernels Increased 1.71 to 3.75% and 1.72 
to 1.78%, respectively. The yields of PFMF sweet potato 
(Ipomoea batatus L.), sugar beet (Beta vulgaris L. var. 
saccherifera), tobacco (NicotianatabacumL.), and corn 
(Zea mays L.) Increased by 28 to 61, 40 to 81, 11 to 50, 
and 44 to 165%, respectively. 

3. PFMF Increases Cash Income of Farmers 

Three kinds of vinyl filns are being used in mulch 
farming: low density poly-ethene (LDPE). linear low 
density poly-ethene (LLDPE), and high density poly
ethene (HDPE). The film thicknesses are 0.013-0.018, 
0.009-0.012 and 0.005-0.007 mam. The film costs per 
hectare are 480-525, 360-375 and 270-300 Renminbi 
(RMB) Yuan, respectively. HDPE Is the thinnest and 
cheapest one, but it is vulnerable. LLDPE is a promising 
one, but it cannot be used in peanut fields because it is 
too strong to let the pegs penetrate. Consequently, LDPE 
is still being used in relatively large area, though it is the 
most costly one. 

The PFMF resulted in high and stable yields of 
various dryland crops. From an economic viewpoint, 
crops such as cotton, peanut, sugar beet, and tobacco 
produced high net income. For some grain and pulse 
crops, the net income was relatively low or even de
creased, because the price of these crops is lower than 
that of above-mentioned cash crops. Another factor 
limiting the net income is the production cost. The first 
of all is the price of plastic film. It is too high in 
comparison with the low price of many dryland crop 
products. If the cost ofplastic film drops to 300-375 RMB 
Yuan/ha, the PFMF will extend to a larger area in 
dryland farming in north China. 
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Introduction 

Winter wheat (Triticum aestivum L.) Is produced on 
288,000 ha in semiarid eastern Oregon and Washing-
ton, U.S.A. The climate is mid-latitude semiarid: classi-
fled in the Modified Koeppen System as Interior Mediter-
ranean with mild wet winters and dry hot summers 
(Critchfleld, 1966). Maximum winter rainfall intensity 
ranges from 0.20 to 5. 1 mm/hr, with a median of 0.8 
mm/hr (Brown et al., 1983). 

Herein, I summarize five fallow-wheat cycles of 24
months duration (1978-1984) that studied the effects of 
stubble management and time and type of tillage on 
water storage and use. yield of wheat, and water use 
efficiency. 

Study Methods 

The field study compared six stubble-tillage systems 
in a fallow-wheat sequence in an experimental design 
with four replications on a Walla Walla silt loam (coarse-
silty, mixed, mesic Typic Haploxeroll) with < 5% slope. 
There was a field in fallow and a field in crop each year. 
Plots were 30 by 90 m. The stubble-tillage treatments 
were (1) stubble stand overwinter, spring plowed 150 
mm deep, (2) stubble flailed, (3) stubble bunied, (4) 
stubble disked 50 mm deep, (5) stubble chiseled 380 mm 
on 0.6 m spacing, and (6) stubble stand overwinter, 
subsurface sweep cultivated 125 mm in the spring, 
Treatments 2, 3, 4, and 5 were made in September after 
harvest in late July or early August. The soil profile was 
dry to the permanent wilting percentage to a depth of 1.2 
m. All treatments were sprayed with glyphosate in early 
March to kill weeds and volunteer wheat. Two days later, 
Treatment I was plowed and Treatments 2 through 6 
were subsurface sweep cultivated at a depth of 125 mm. 
All plots were fertilized in May by injection of 50 kg/ha 
N as anhydrous ammonia. Injection knives were spaced 
450 mm and operated at 150 mm depth. Plots were 
rodweeded as necessary to control new growth weeds 
during the summer. Stephens soft white winter wheat 
was deep-furrow seeded at a seeding rate of 56 to 60 kg/ 
ha in mid October. 

Soil water was measured to 2. 1 m using a neutron 
probe. Measurements were made approximately monthly 
in the fallow winter from September to March, then 

U.S.A. 

discontinued until October to permit tillage and seeding. 
Monthly measurements were resumed from late October 
to March 1. Frequency of soil water measurements were 
increased to biweekly from March to harvest in late July. 
Plots were harvested in late July or early August with a 
small combine with a 2.1 -m header. 

Precipitation was measured at the site using a 
standard U.S. Weather Bureau rain gauge. Winter rain 
and snow precipitation were caught in a mixture of 
ethylene glycol and water and measured volumetrically. 

Results 

Crop year (September 1 to August 31) precipitation 
during the 6 years of the study were 216, 406, 302, 360, 
426, and 299 mm, compared to the 77-year mean of 292 
mm. The average precipitation for the five 24-month 
fallow-wheat cycles was 697 mm. 

The average water storage during the 18-month 
water storage period (September I after harvest to March 
1 of crop year) ranged from 227 to 256 mm (Table 1) or 
39 to 44% of the 587 mm precipitation. Greatest water 
storage (256 mm) occurred where the stubble land was 
chiseled after harvest. In two of the five cycles, surface 
soil was frozen much of the first winter after harvest 
(details not presented) and runoff water was trapped in 
the chisel grooves. The least amount of water (227 mm) 
was stored where the stubble was disked in the fall after 
harvest. Soil was dry when disked which flattened and 
partially covered the stubble, but pulverized soil aggre
gates. This treatment stored the least water in two of the 
five cycles. The remaining four treatments were Interme
diate in water storage and did not differ significantly 
among each other. 

The greatest use of soil water by the wheat crop 
occurred in the fall chiseled treatment which also stored 
the most water (Table I) and least water removal oc
curred in the fall disked treatment. As would be ex
pected, water use from the remaining four treatments 
were intermediate between the above treatments. 

Average grain yields were highest where the stubble 
had been fall burned or spring plowed (Table 1). Yields in 
the other treatments were reduced in three of the five 
cycles. Shallowly-incorporated crop residues in these 
treatments provided superior erosion control but "tied 
up" some of the available nitrogen. Precipitation ranged 



Table 1. Effect of stubble management and tillage in a fallow-
wheat sequence on the 5-year average (1980-1984) water 
storage and soil water use in a 2. 1-m profile, and wheat yield, 
and water use efficiency (WUE), Moro, Oregon, U.S.A. 

Stubble Water Water Grain 
treatment storage use yield WUE 

mm Mg/ha kg/ha/mm 

Spring plow 244 239 4.77 13.7 
Fall flail 245 230 4.17 12.3 
Fall bum 240 232 4.80 14.0
Fall disk 227 217 4.44 13.6Fall chisel 256 244 4.34 12.3 
Springhisee 240 226 4.26 12.7 

LSD, P < 0.05 16 14 0.20 -
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from 123 to 146% of normal in these years and higher 
yields increased amount of nitrogen needed. Higher N 
availability occurred in the fall burn and spring plow 
treatments which avoided microbial immobilization. 

Lowest grain yield occurred where the stubble had been 
fall flailed or spring subsurface sweep cult!vated. Aver
age giain water use efficiency varied from 12.3 to 14.0 

kg/ha/mm water use. 
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Introducton 

Shifting-cultivation (Jhum or slash-and-bum culti-
vation) is a common pattern of hill agriculture for 
growing upland-rice (Oryza sativa)practiced in the hill 
slopes of North-Eastern India. The soil surface arthro
pods, including the insects which constitute a major 
component oft he fauna, may influence the crops through 
a number of mechanisms (Reddy, 198 1). Knowledge of 
the population ecology of these arthropods and their 
relationships with abiotic environmental factors are 
essential for better pest management practices and for 
predicting pest out-breaks in the Jhum cultivated agro-
ecosystems. These systems are contiguous with wood-
land areas which increasc the chance of a non-pest 
species of arthropods becoming serious pests. Unfortu-
nately, little information is available on the ecology of 
these arthropods inhabiting the Jhum cultivated agro-
ecosystems. The pisent paper gives a brief account of 
the qualitative and quantitative composition of these 
arthropods and their seasonal abundance in relation to 
various abiotic factors in a year-old Jhum cultivated 
upland-rice system. 

Study Site and Sampling Methods 

The experimental site is situated at about 4 km east 
of a small town-Medziphema (Lat. 25 045'43"N; Long. 
93153'04"E and Alt. 420 m MSL) about 35 km from 
Dimapur on the Dirnapur-Kohlrna national highway in 
Nagaland (Nqorth-East India). The site is characterized by 
an Oxisol soil, with the texture of the surface layer being 
fine sandy loam and the color usually dark brown, 
Implying a high organic matter content. 

The sutface dwelling arthropods were collected during 
1982-83 by oitfall-trap method as described in Reddy 
and Venlkataiah (1986). The abiot!c factors such as 
rainfall was measurc with a rain gauge and the soil 
temperature was measured with a soil thermometer at a 

depth of 5 cm. The soil water content ofthe 0- to 5-cm soil 

layer was measured gravimetrically, and the humidity at 
the soil surface was measured with a hygrometer. The 
organic carbon was measured following the methods of 
Jackson (1967). 

Results
 

A total of 3792 surface dwelling arthropods belong
ing to 32 different taxa were collected. The Formicidae 
(Hymenoptera) was the most abundant group, consti
tuting 41.8% of the total arthropods. Pheidole sp. was 
the dominant species and comprised 33.4% of the total 
fauna. Anoplolepis longipes comprised 2.45%, 
Paratrechinasp. comprised 2.0%, and Meranoplus sp. 
comprised 1.6% of the total arthropods. Odontopnera 
transversa, Camponotus sp., Pachycondyla sp., 
Leptogenys sp., Andermorphasp., Pheldolgetonsp., and 
Scelio sp. represented less than 1%of the total arthro
pods. The Collembola, the next dominant group, com
posed 34% of the total arthropods. Hypogastruridae 
constituted 5.5% and Entomobryidae (mostly 
Dicranocentroldescf. salmont)constituting 20.0% of this 
total. Isotomidae (mostly Isotoma trispinata),Sminthu
ridae (Sminthurus sp.l, and Onychiuridae constituted 
less than 5.0% of the total arthropods. Acarina repre
sented 9.1% of the total with Cryptostigmata the most 
abundant mite group, constituting 6.7% of the total 
fauna. Prostigmata, Astigmata, Araneae with Lycosidae 
(Tochosasp. and Paradosasp.), Gnaphosidae (Zelotes 
sp.), Zodariidae (Storenasp.), and Clubionidae (Micaria 
sp.) constituted less than 2% of the total arthropods. 
Orthoptera accounted for 6.2% with Gryllidae repre
senting 6.0%. The remaining 0.2% were Acrididae and 
Blattidae. Homoptera, Aphididae (Rhopalosiphum ruff
abdominalis)and Jassidae, Heteroptera with Reduviidae, 
and Lygaeidae (Oxycerenussp. and Horrid(pameraneit
neri) comprised less than 1% of the total arthropods. 
Coleoptera, in total, constituted 4.7%of the total arthro
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pods ofwhich Scarabaeidaecomprised of2.8%. Onthopha-
gus vaulogeri constituted 2.0%. Another Onthophagus 
sp., and Staphylinidae (Coenonicasp. and Philonthus 
aenepennis),Elateridae (Agrypnussp. and Megapenthes 
sp.), Carabidae (Scarites indus and Mastax laeviceps), 
Chrysomelidae (Chaetocnema basalts and Monolepta 
signata), Histeridae (Neosantaluslatitibius), Scolitidae 
(Coccotrypes carpophagus), Curculionidae and Cocce-
nillidae and the coleopteran larvae constituted less than 
1% of the total arthropods. The remaining arthropods, 
including Isoptera (Odontotennessp.), Diptera, Lepidop-
tera larvae, Dermaptera, Diplopoda (Polydesmidasp.), 
Chilopoda (Lamyctessp.), and Isopoda, constituted less 
than 1% of the total arthropods. 

The seasonal fluctuation of the relative population 
-bundance ofmost ofthe taxa of the arthropods revealed 
that the populations gradually decreased in summer 
and suddenly increased during the rainy season, reach-
ing the peak of abundance in June and July. Among 
Formicidae, Pheidole sp. was recorded in maximum 
number during the last weeks of November while the 
minimum number was recorded during the last weeks of 
February. A. longipes, the second dominant species, was 
recorded in maximum number during the last weeks of 
December and gradually decreased to a minimum in 
March. Similarly, Paratrechinasp. was at low ebb in 
number during November and December, and reached 
maximum numbers in March and April. Collembola 

showed minimum numbers in November, which gradu
ally increased reaching the peak of abundance during 
June. Then, their abundance decreased gradually as the 
winter approached. Acarina, including Cryptostigmata, 
showed an increase in numbers to a maximum abun
dance during March and April, followed by a decline 
during the subsequent months. The other groups of ar
thropods, although recorded in very low numbers, were 
maximum during the rainy season and were absent 
during most of the year. 

The relationship between numbers of arthropods 
captured in pitfall traps and the abiotic and edaphic 
characteristics of the site are shown in Table 1. 

Discussion 

Moeed and Meads (1985) recorded higher numbers 
and greater diversity of species in their study than those 
reported here. Major and Koch (1982) recorded 12 
groups of arthropods in three different habitats. Both 
studies found Formicidae and Collembola as the major 
taxa. Among Collembola, individuals belonging to Ento
mobryidae were recorded in maximum numbers. proba
bly due to the fact that the group possessed large 
individuals which are mainly the surface-dwelling forms. 
However, Moced and Meads (1985) reported Hypogas
truridaeasthedominantgroupamongCollembola.They 

Table 1. Linear regression equations between the population abundance of different taxa of soil surface inhabiting arthropods and 

some of the abiotic environmental factors of the cultivated upland-rice agroecosystem. 

Arthropod Taxa Soil humidity (RH) Rainfall 

% cm 

Total Arthropods -

Anoplolepis longipes y=36.24-0.46x -

t=2.88" 
Paratrechinasp. 

Total -
Collembola 
Isotomidae -

Entomobryidae -

Total Acarina --

-

y= 19.9+0.13x 
t=2.14* 
-


-


Cryptostgmata y=52.42-0.61x -

Total Coleoptera 
t=2.18" 

-

Onthophagusvaulogeri -

Total arthoptera -

Gryllldae (Adults) -

Gryllidae (Juveniles) -

P < *0.05; P < **0.01; P < **0.001 

y=0.12+0.03x 
t=4.8"** 

y=0.51+0.25x 
t=5,2"** 

y=O.18+0.12x 

t=3.43* 

Soil temperature Organic carbon: 

1C %
 

y=-35.56+5.98x 

t=2.6* 

y.-16 -25.I1x 

t=3.94"* 
y=56.56+3.97x 
t=2.24' 

y=13.86-36.3x 
t=2.59" 

y=12.84+0.94x y=46. 1-65.88x 
t=2.99"* t=2.7" 
y=- 12.98x+0.87x y=40.44-59.12x 
t=2.8" t=2.5"
 
y=-7.5+0.47x 
t=2.l l*
 

y=7.44+0.43x -
t=2.1I I* 

y=20.41 +45.4x 

t=2.33'
 
-

y= 18.69+41.93x 

t=2.14"
 

http:y=13.86-36.3x


516 Residue Management 

also reported Cryptostigmata as the dominant group 
among Acarina. Collections of the Coleoptera and other 
groups of arthropods reported in this study are far less 
than those reported by Moeed and Meads (1985). That 
study reported 158 species ofColeoptera belonging to 36 
families. The reduction in the present study was proba-
bly due to the effects of previous slash and burn prac-
tices, particularly the latter which did not allow the 
arthropods to reestablish fully. However, other investi
gators also recorded negligible numbers of miscellane
ous taxa of arthropods (cf.Major and Koch, 1982: Moeed 
and Meads, 1985) similar to our findings. 

The seasonal changes in the population abundance 
of the soil surface arthropods are influenced by several 
abiotic environmental factors. The climatic factors such 
as temperature, humidity, precipitation, and soil water, 
and sotl chemical factors such as pH, organic matter, 
available phosphorus, and potassium influence the 
activity of t'aese arthropods. Thus, these variables may 
also increase or decrease their populations (Mitchell, 
1963). Nevertheless, most of the arthropods were re-
corded in greater abundance during the rainy season, 
although only a few of them showed significant co-e a-
tion of numbers with rainfall. Temperature showed a sig-
nificant negative correlation with the population abun-
dance of total arthropods, Cryptostigmata, and Coleop-
tera (0. vaulgen and a positive correlation with Collem-
bola (fable 1). McColl (1975) suggested that tl .decline 
in number of Collembola activity on the surface in the 
summer is attributable to the dry conditions, and that 
rainfall was the most important climatic factor affecting 
captures of Collembola. In contrast to the present find-
Ings, Joose (1965) noted a positive correlation between 
the catches of different Collembola and temperature, 
while Moeed and Meads (1985) reported that the popu-
lations of Collembola were positively correlated with the 
rainfall. Soil humidity showed a significant positive 
correlation with the population abundance ofA. longipes 
and Cryptostigmata, and the soil organic carbon showed 
positive correlation with Paratrechinasp.. lsotomidae. 
total Acrina including Cryptostigmata, and Gryllidae 
(Table 1). 

The higher catches of Coleoptera over the warmer 
monts ws mst ue t thir elatonsip ithpobaly

months was most probably due to their relationship with 
temperature and rainfall. Rickard and Haverfield (1965) 
reported Coleoptera activity was correlated positively 
with temperature. Mitchell (1963) reported a similar 
positive influence of rainfall on the activity of beetles, 
However, others report the activity and abundance of 
ants were correlated with availability of food, in addition 
to abiotic environment. Whitford (1978) noted that an 
increase in temperature and food served as a threshold 
for ant population fluctuation, and an Increase in the ant 
activity was correlated with rainfall as well. However, 

Major and Koch (1982) reported that the Increase in ant 
abundance was negatively correlated with rainfall. 

Cool temperature and organic carbon, among the 
abiotic variables, showed signifluant correlations with 
the population abundance of maximum number of ar
thropod taxa (Table 1);thus, these two factors may be 
more operationally significant in influencing the popula
tions in the Jhum system. 
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Introduction 

Alfisols (Ferruginous Tropical Soils) and associated 
soils predominate In the Sudan Savanna Zone (600-900 
mm annual rainfall) ofWest Africa. Soil surface textures 
tend to be sandy and the subsoils compact due to the 
downward movement of clay within the profile (Jones 
and Wild, 1975). 

Low soil fertility (mainly N and Pdeficiency), drought 
stress, and soil compaction are considered the major 
agronomic factors limiting maize (Zea mays L.) produc-
tion.The risk ofdrought stressishigh due to low rainfall 
and erratic distribution patterns. Also, soil crusting and 
high soil compaction result in low water infiltration rates 
and high runoff (Charreau. 1972). 

Maize Is grown mainly on garden or compound plots 
(Kassam, 1976) where soil properties have been in-
proved by the continuous addition of household refuse, 
animal manure, and/or crop residues. Traditional soil 
preparation is with the hand hoe under a flat cultivation 
system. 

The objective of this study was to assess the possi-
bility of growing maize under conditions that occur 
outside the compound plots by evaluating the role of 
maize crop residues, tied ridges, and chemical fertilizer 
under the traditional hand-hoe cultivation system. 

Materials and Methods 

This study was conducted at the Kamboinse Station 
In Burkina Faso, 14 km north of Ouagadougou, at 300 
m above sea level. Mean annual rainfall is 838 mm in one 
rainy season from June to September. Potential 
evapotranspiration is 1805 mm/year (Virmani et al., 
1980) with an average of 4 to 5 mm/day during the 
growing season. The soil is a hyperthermic, 'Aquic-Oxic' 
Paleustalf, with a p1i (H20) of 5.5, 6.1 g/kg organic 
carbon, 1.6 Mg/kg Bray-I P,110 g/kg clay and 580 g/ 
kg sand. Soil bulk densities are 1.4 to 1.5 Mg/m-. Final 
water infiltration rates are often 2 to 5 cm/h. 

The study was started In 1979, but this report covers 
only the 1984 and 1985 results. The trial involved a 
factorial combination of two management (M) levels 

(main plots), three maize crop residue (R) regimes (sub

plots), and two ridging (S)systems as sub-subplots, in a 
randomized complete block design with five replications. 

The M levels were low (M1)and high (M2), and were 
established prior to 1984 by annual applications of 37
10-12 and 97-20-23 kg/ha ofNPK. respectively. In 1984, 
however, the former rate was applied unifornly to all 
plots, whereas in 1985, the NPK rates were 37- 10- 12 and 
60-10-12 kg/ha. A low density (44,400 plants/ha) was 
used with M Iand a higher density (59,300 plants/ha) 
with M2. 

The R regimes were crop re-idues removed (RI), 
residues left in silu as mulch (iR2), and residue amount 
doubled (R3). To ensure uniformity, the amounts of 
maize residue dry matter ([)M) applied from RI to R2 
were 0, 2.5, and 5.0 Mg/ha rder M1,and 0, 4.0 and 8.0 
Mg/ha under M2. 

Ridging .ystems were: planting on the flat, without 
earthing up (traditional system, S 1), and plantingon the 
side of old tied ridges (S2). Tied ridges were made or 
remolded with a hand-hoe during the earthing-up op
eration in previous years. All plols were hand-hoe culti
vated (5-cm deep) before planting, and 15 and 30 days 
after planting (DAP),but only the basins were cultivated 
in plots with tied ridges. Old ridges and ties were 13 to 
15 cm high at planting and ties were 1.25 in apart. Tied 
ridges were earthed up 30 DAP to a height of about 20 cm 
in 1985, but not in IJ84. 

Plots had four rows 5-i long and 0.75 m apart. The 
central two rows were used for yield estimation. The trial 
was planted to the local Kamboinse variety in 1984 and 
local Koudougou variety In 1985 (90 and 82 days to 
physiological maturity, respectively). 

Results and Discussion 

In spite of the low grain yields and high variability 
(CV = 62.4%) observed in 1984, there were significant 
differences in yield between M levels (*), R regimes (*), 
and S systems (***), but none of the interactions were 
significant. Mean yields (expressed on a zero percent 
moisture basis) increased from 0.232 Mg/ha under M I 
to 0.336 Mg/ha under M2, and from 0.203 Mg/ha under 
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RI to 0.300 Mg/ha under R2 and to 0.349 Mg/ha under The fact that there were no significant yield differ-
R3 (LSD = 0.091, at P = 0.05). The conventional flat ences between M levels under RI, even when tied ridges 
cultivation system gave 0.110 Mg/ha as opposed to were used, indicates that the role of crop residues (as 
0.458 Mg/ha under tied ridges. mulch) is not restricted to increasing water infiltration. 

Higher yields and less variability (CV = 23.3%) were Therefore, the systematic removal of crop residues 
observed in 1985. As in 1984, there were significant appears to be detrimental for sustaining or improving 
differences in yield between Mlevels (*). the productivity of these soils.R regimes (***), 
and S systems (***). Only the M x R interaction was Significant yield increases due to residue regimes 
significant (*).The high M level gave 2.46 Mg/havs 1.98 were obtained only when approximately 4 Mg/ha or 
Mg/ha for Mi. Planting on tied ridges gave higher yields higher of residue DM was applied, which is the residue 
than the traditional flat cultivation (2.90 vs 1.53 Mg/ha, produced by a maize crop with a grain yield of 2.8 Mg/ 
respectively). Mean yields also increased from R I to R2 ha or more. The data suggests that there is no interaction 
and from R2 to R3 (1.76, 2.09, and 2.80 Mg/ha, rcspec- between residue amount and the use of tied ridges up to 
tively; LSD = 0.224 Mg/ha, at P =0.05). However, yield 4 to 5 Mg/ha of DM. Beyond this amount, the rate ofyield 
increased significantly from R 1to R2 only under M2, not increase due to residue application decreases if tied 
under M 1, which explains the significant M x R interac- ridges are used. Comparable (or even higher) yields were 
tion. obtained under tied ridges with residue removal an.' 

Both tied ridges and R regimes of 4 Mg/ha or higher under simple ridges with 8 Mg/ha of residue DM. Given 
generally increased germination, plant height, ears/ the difficulties associated with availability of and com
plant. shelling percentage, grain number and grain size, petitive uses for crop residues under semi-arid environ
and decreased the number of days to 50% silking (data menes, the use of tied ridges presents obvious advan
not shown). tages in this ecology, although, as previously discussed, 

Low grain yields in 1984 were due to exceptionally systematic removal of crop residues is not advisable. 
unfavorable rainfall conditions. Total rainfall was 414 Labor costs and labor availability are twoof the most 
mm and the trial had to be wholly replanted on August important aspects to be considered when recommend
2, with only 252 mm falling in the period August to Oc- ing the use of hand-made tied ridges to farmers that use 
tober. Although total rainfall in 1985 was only 574 mi, traditional hand-hoe flat cultivation. This study shows 
water conditions were better (472 mm from planting to that it is feasible to plant directly on old tied ridges, thus 
harvest) and substantially higher yields were obtained decreasing labor costs. Tied ridges can be remolded 
than in 1984 (overall means of 2.22 and 0.284 Mg/ha, (earthed up) later in the season when there is less labor 
respectively). Nevertheless, similar types ofresponses to demand for other farm operations or while weeding. The 
maize residue DM were obtained in both years (Figs. 1 degree of weed growth before planting will be extremely 
and 2), with the exception of the yield decline when variable, depending on the time elapsed between the first 
residue increased from 4 to 8 Mg/ha under M2S2 in rains and sowing. Past experience indicates that, in 
1984. Such yield decline was caused by a drop in the most years, weeds are easily controlled by hand-hoeing 
grain number (686 and 486 grains/m 2, respectively) due of the furrows. 
to more vigorous early growth which magnified drought The 1984 and 1985 results confirm earlier (1980
stress during a 3-week dry spell at flowering. 
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Figure 1. Effect of maize residues on maize yield Figure 2. Effect of maize residues on maize yield 
under two ridging systems and two management under two ridging systems and two management 
levels. Rodriguez, 1984 levels. Rodrgue , 1985. 



1983) findings obtained in the same study (Rodriguez, 
M., unpublished data) and support the view that maize 
can be successfully grown most years In the predomi-
nant soils of the Sudan Savanna in non-garden plots 
without having to apply animal manure, provided that 
tied ridges are used: grain yields of 3 to 4 Mg/ha were 
obtained from 1979 to 1987, except 1984. Even under 
the 1984 conditions, the mean yield increase due to tied 
ridges was 0.348 Mg/ha, which could mean the differ-
ence between starvation and survival following a year of 
severe drought and low crop yields. Tied ridges alone 
severetrouht
(without chemical fertilizer application) can be used to 
stabilize and increase maize yields in garden plots, but 
both tied ridges and some fertilizer are required to grow 
maize outside such plots. From this study it appears the 
rainfall pattern is such that, for continuous rainfed 
maize cropping on these soils, recommended annual N 
fertilizer rates should exceed 40 kg/ha, but should not 
reach 90 kg/ha. 

Maize in the Sudan SavannaZone 519 

References 

Charreau. C. 1972. Problemes poses par l'utilization agricole 
des sols tropicaux par des cultures annuelles. (Problems 
arising from the agricultural use of tropical soils with annual 
crops). Agronomie Tropicale 27: 905-929. 

Jones, M.J.. and A. Wild. 1975. Soils of the West African 
Savanna. The maintenance and improvement of their fertil
ity. Technical Communication No. 55. larpenden, Herts, 
UK: Commonwealth Bureau of Soils. 

Kassam, A. H. 1976. Crops of the West African semiarid Tropics.
Hyderabad, India: International Crops Research Institute
for the Semi-Arid Tropics. 

Virmani, S.M., S.J. Reddy, and M.N.S. Bose. 1980. A handbook 
on the rainfall climatology of West Mrica: Data for selected 
locations. Infornmation Bulletin No. 6. Patancheru, India: 
International Crops Research Institute for the Semi-Arid 
Tropics. 



152 Tillage and Crop Residue Effects 
on Water Infiltration 

P. W. Unger', Y. Benyamini 2, 0. R. Jones', and J. Morin 2
 

'U.S. Department of Agriculture, Agricultural Research Service, P.O. Drawer 10,
 
Bushland, Texas 79012 U.S.A.
 

21srael 	Ministry of Agriculture, Agricultural Research Organization, Soil Erosion Research Station, 
Ruppin Institute Post, Emek-Hefer 60960, Israel 

Introduction 

Water conservation and erosion control are impor-
tant components of an effective dryland crop production 
system. Water infiltrating into a soil does not transport 
particles of that soil and, hence, minimizes water ero-
sion. Such water also can be retained in soil for use by 
plants. The benefits of water infiltration for wind erosion 
control are less obvious, but result from reduced soil 
aggregate dispersion and surface smoothing, improved 
plant growth, and improved soil water contents. Tillage 
is more effective for controlling wind erosion when the 
water content of a sandy soil is high (at or near "field 
capacity"), 

Tillage perse may increase or decrease water infil-
tration. It increases infiltration when it loosens surface 
crusts or dense soil layers, or provides surface depres-
sions for temporary storage. Tillage may decrease infil-
tration when it smooths the surface, disperses aggre-
gates, eliminates surface residues, or causes compac-
tion. Crop residues retained on or near the soil surface 
usually enhance infiltration by dissipating raindrop 
energy, thus minimizing aggregate dispersion and sur-
face sealing, and by retarding surface water flow, thus 
providing more time for infiltration. Incorporated resi-
dues result in favorable infiltration when they maintain 
favorable soil porosity and organic matter contents. In 
this study, we determined the influence of tillage and 
residue treatments on infiltration using a rainfall simu-
lator. 

Methods and Materials 

Infiltration studies were conducted at the USDA 
Conservation and Production Research Laboratory, 
Bushland, Texas (U.S.A.), and near Kibbutz Ruhama 
(Israel). Water was applied to field plots with a rotating 
disk type rainfall simulator (Morin et al., 1967) until the 
runoff rate became constant. Infiltration rate was calcu-
lated as the difference between measured runoff and 
water application rates. The infiltration parameters (1 11, 
and y) for a storm were obtained from the determined 
values of If, p. and t using the least squares fit of the 

equation of Morin and Benyamini (1977): 

it = if+ (it - if) exp (-ypt) 
where: I = instantaneous infiltration rate (mm/hr); I = 
initial infiltration rate (mm/hr); If= final infiltration rate 
(mm/hr); y = coefmicient (1/mm), which is related to soil 
surface aggregate stability; p - precipitation rate (ap
plied mm/hr); and t = time (ar). 

Bushland, Texas 

Measurements were made in 1987 at two field areas 
on a Pullman silty clay loam (fine, mixed, thermic 
Torrertic Paleustoll) that contained about 170 g/kg 
sand, 530 g/kg silt, and 300 g/kg clay, and had less than 
1%slope. Dryland grain sorghum [Sorghum bicolor (L.) 
Moench] was grown on Area 1 in 1986 and harvested in 
October. Dryland winter wheat (Triticum aestivum L.) 
was grown on Area 2 during the 1986-87 season and was 
harvested in June 1987 before the tests. On both areas, 
crop residues remained undisturbed until treatments 
were imposed. Residue amounts were 4.49 Mg/ha after 
sorghum and 2.17 Mg/ha afterwheat. Treatments applied 
to both areas were: MB - moldboard plowing about 15 
cm deep followed by one disking (residues plowed un
der), RT - rotary tillage about 15 cm deep (residues 
mixed with soil), ST-Res - sweep tillage about 15 cm 
deep after residues were removed, ST+Res - sweep 
tillage about 15 cm deep with residues not removed, NT-
Res - no-tillage with residues removed, and NT+Res 
no-tillage with residues not removed. Plots were 4 m 

wide and at least 10 m long. All treatments were repli
cated four times. For residue removal treatments, resi
dues were cut at 2 to 5 cm above the soil surface with a 
forage chopper and removed. 

Stored rainwater was applied at a rate of about 52 
mm/hr. Infiltration measurements were made on 1.5
m2 areas enclosed by a metal frame that was designed to 
permit measurement of runoff. Water was applied to dry 
soil (first rain) and to wet soil (second rain) after a few 
days. Besides runoff, other measurements included 
surface residue cover: mean weight diameter of aggre
gates; soil water content, bulk density, organic matter 
content, and pH; and surface random roughness. 
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Israel to low residue cover (<10%) combined with a relatively 
smooth, crusted surface which is common after dryland 

Measurements were made on a loess soil, which grain sorghum and which rapidly results in runoff. 
contained about 370 g/kg sand, 470 g/kg silt, and 160 Higher Iwith the NT-Res treatments than for the NT+Res 
g/kg clay, and had a slope of 3 to 5%. Traditional (two treatment is attributed to soil surface disturbance dur
passes with a disk and one pass with a drill) and ing the residue removal operation. Surface loosening by 
minimum (one pass with a drill) tillage treatments tillage resulted in relatively high I,with other treatments. 
involving different amounts of residual or added wheat The I was similarly high (-24 mm/hr)for the ST-Res 
straw were evaluated. Treatments were: T1,0.7 - tradi- and ST+Res treatments and lowest (11.4 mm/hr) for the 
tional tillage with 0.7 Mg/ha residual straw: Tr,1.5+3.0 MB treatment. Relatively high Iffor ST-Res and ST+Res 
- traditional tillage with 1.5 Mg/ha residual and 3.0 treatments is attributed to soil loosening and surface 
Mg/ha added straw: MT,0.7- minimum tillage with 0.7 protection (although limited) afforded by residues. In 
Mg/ha residual straw; MT.0.7+ 1.0 - minimum tillage contrast, residue incorporation with the RT and MB 
with 0.7 Mg/ha residual and 1.0 Mg/ha adred straw treatments afforded little or no surface protection and, 
and MT,0.7+3.0 - minimum tillage with 0.'1 Mg/ha hence, surface sealing and lower lfLow 1, for NT-Res and 
residual and 3.0 Mg/ha added straw. Treatments were NT+Res treatments is attributed to no soil loosening and 
replicated three times. Water application and runoff limited surface cover. 
measurement methods were the same as at Bushland. The range in 1, for different treatments after wheat 
The water was tap water, "softened" by passing through was much lower than after sorghum, with the lowest and 
resin filters. Application rates varied from 40 to 50 mm/ highest I,resulting from the ST-Res and NT-Res treat
hr,but were constant for a given rain. Water was applied ments, respectively. Greater uniformity of I after wheat 
to freshly tilled soil (first rain) and to previously wetted probably resulted from greater surface coverage pro
soil (second rain) after 1 or 7'days (denoted 2nd-I day vided by wheat residues. The lwas low (2.7 to 3.4 mm/ 
or 2nd-7 days). hr) where residues were buried or removed (MT. ST-Res, 

and NT-Res treatments) and higher (6.9 to 9.0 mm/hr) 
for other treatments. Overall, Ifwas lower after wheat 

Results and Discussion than after sorghum, probably because of different crop
ping and tillage histories and different slope aspects of 

Bushland, Texas the two sites. The y coefficient showed no trends that 
appeared related to tillage, residue amount, or residue 

Tillage and residue treatment effects on infiltration type (sorghum vs wheat). Preliminary multiple regres
parameters for the first rain are given in Table 1. After sion analyses showed that some soil parameters (cover, 
sorghum. I, was highest for the ST-Res treatment and aggregation, density, and water content) affected infil
lowest for the NT+Res treatment. Reason for the unusu- tration. These data will be included in a subsequent 
ally high 1,(284.5 mm/hr) for the ST-Res treatment is not report. 
apparent. Low I for the NT+Res treatment is attributed 

Israel
 

With traditional tillage, 1, and If for the first rain 
Table 1. Tillage and residue effects on water Infiltration under increased with increasing amounts of residue (Table 2). 
field conditions on a silty clay loam soil at Bushland, Texas Similar trends occurred for the second rains, except that 
(U.S.A.). Water was applied with a rainfall simulator. Ifwas identical (9.0mm/hr) for theTT,0.7 and T', 1.5+3.0 

treatments for the second rain (2nd-7 days). 
2 The I for the MT,0.7 and MT,0.7+1.0 treatmentsArea Treatment , Parameters r b 

were similar for the first rains, and were higher than for 

After MB 139.8 11.4 0.026 0.931 the MT,0.7+3.0 treatment. Reason for lower I for the 
sorghum RT 125.6 16.0 0.030 0.941 MT,0.7+3.0 treatment is not apparent. The If increased 

ST-Res 284.5 24.5 0.035 0.842 with increasing residue amounts for the minimum till
St+Res 97.5 24.2 0.027 0.866 age treatments. The I and I for second rains also 
NT-Res 138.7 13.9 0.046 0.839 increased with increasing residue amounts, except that 
NT+Res 38.4 12.1 0.012 0.629 I1for the second rain (2nd-7 days) with the MT,0.7+3.0 

treatment was lower than for other treatments. Again,
After wheit MB 76.2 2.7 0.014 0.952 the reason is not apparent. 

RT 81.9 6.9 0.017 0.898 The y for all treatments was higher for the second 
ST-Res 73.2 3.4 0.051 0.920 rain (2nd-Iday) than for the first rain. For traditional 
ST+Res 106.8 7.0 0.026 0.929 
NT-Res 113.6 3.3 0.021 0.965 tillage treatments, y further increased for the second 
NT+Res 81.7 9.2 0.055 0.817 rain (2nd-7days). However, for minimum tillage, y was 

lower for the 2nd-7 days rain than for the 2nd-I day 
See text for description of treatments and definition of rain. The y trends are related to soil aggregate stability 

terms. and are similar to trends reported by Morin and Ben
b= coefficient of determination. yamini (1977). 
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Table 2. Tillage and residue effects on water infiltration under treatments were imposed after dryland grain sorghum
field conditions on a loess soil near Kibbutz Ruhama. and wheat crops, and in Israel, where residual or added 
Israel. Water was applied with a rainfall simulator, wheat residues were present on tillage plots. At Bush

Srmtr'land, - - I was well above the water application rate with allparameters • 
2Treatment' 	 Rain event' 1, I- 7~ r b treatments, except for the NT+Res treatment after sor

ghum. For this treatment, residue cover was <10% and 

IT,0.7 	 Ist 93.0 9.0 0.041 0.797 the surface was smooth and crusted, which resulted in 
2nd-l day 11.3 4.5 0.046 0.602 low IV.Surface residues and soil loosening by tillage 
2nd-7 days 46.4 9.0 0.066 0.740 Increased If.In Israel. 1Iand Igenerally increased with 

Increasing amounts of surface residues. In conclusion, 
TT.l.5+3.0 	 Ist 140.0 26.0 0.056 0.929 tillage that disrupts a crusted soil surface and the 

2nd-l day 35.5 9.0 0.067 0.591 presence of sufficient residues to protect the surface 
2nd-7 days 61.0 9.0 0.091 O.JiO against raindrop impact are important for maintaining 

IVT,0.7 Ist 138.0 14.0 0.050 0.929 relatively high infiltration rates. Multiple regression 
2nd-i day 18.0 7.0 0.131 0.519 analyses showed that some soil parameters also affect 
2nd-7 days 72.0 8.0 0.091 0.880 infiltration. 

MT,0.7+1.0 	 Ist 141.0 23.0 0.051 0.988 
2nd-l day 27.4 9.5 0.065 0.691 Acknowledgement 
2nd-7 days 93.0 9.0 0.010 0.865 
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'See text for definition of treatments and rain events, and for 
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b ra -Coefficient of determination. 
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Introduction 

Low and unreliable rainfall in the western part of the 
southern Queensland region produce erratic crop yields 
and uncertain economic returns. This region, known as 
the Maranoa, experiences high-intensity summer storms 
resulting in severe erosion which threatens the produc-
tion base of the region. Runoff also represents a loss in 
.effective" rainfall. 

Wheat (Triticum aestivum L.) is grown in the winter 
months using winter rainfall and water stored during a 
summer fallow. Rainfall is summer dominant but evapo-
ration during the summer is also large. Wheat yields are 
limited by three major factors: unreliable planting rain-
fall, water stress around anthesis, and frost risk at 
anthesis. Coincidence of the optimum anthesis date for 
efficient water use with a high frost risk period means 
that yields are usually limited by either water stress or 
frost. Time of planting is often determined by occurrence 
of adequate rainfall (generally > 25 mm) which is highly 
variable and unreliable. A mean wheat yield of 1190 kg/ 
ha reflects these conditions. The role of fallow and crop 
management is to reduce these limitations by maxlmiz-
ing soil water storage and adjusting planting dates 
according to varietal phenology and rainfall distribution, 

Since rainfall is highly variable, extended experi-
mentation would be needed to measure the interactions 
between variety. planting date, and seasonal conditions, 
A computer model that predicts wheat yield 
(Woodruff.1986) was used to examine the expected effect 
of tillage menagement and planting date on yield proba-
bility. 

Catchment studies 300 km to the east in a more 
favorable climate have shown that tillage systems that 
maintain crop residue significantly reduce runoff and 
erosion and increase wheat yields (Freebairn and Wock-
ner, 1986: Freebairn et al., 1986). A study was estab-
lished In 1982 to investigate the influence of tillage on 
water balance and erosion In the drier western region. 

Some early results of this study led to simulated rainfall 
being used to examine the effects of gypsum in amello

rating hard setting and surface sealing of the soil on the 
catchments. This paper discusses results from the catch
ment study, a crop establishment study, a simulated 
rainfall study, and a computer simulation of wheat 
production. 

Materials and Methods 

Catchment Study 

This study was conducted at "Fairlands." 10 km NW 
of Wallumbilla (260 28'S. 1490 06'E). The soil, a brown 
clay derived from Cretaceous sediments (mudstone), is 
weakly to moderately hard-setting and exhibits some 
cracking when dry. The soil supported brigalow (Acacia 
harpophylla)and belah (Casuarinacristata)vegetation 
prior to clearing !n 1963 and has been cropped continu
ously since 1966. Salts are concentrated at 40-50 cm, 
and 80% ofpotential plant available water (10 cm) is held 
in the surface 60 cm. 

Rainfall is summer dominant (68% October - March 
inclusive) and characterized by intense convective storms 
and long dry periods. Mean annual rainfall is 587 mm 
with 54 wet days. The coefficient of variation of monthly 
rainfall ranges from 85% in the summer to 1 10% for the 
winter months. Annual pan evaporation is 2,700 mm 
with daily mean values greater than 10 mm from Novem
ber to February. Mean annual rainfall during the 5-year 
experiment period was similar to the long-term average, 
with one very wet year (845 mm) and two very dry years 
(468 and 376 mm). 

Four catchments, delineated by graded banks and 
channels, discharge runoff through 1.216-m wide 
Cipoletti weirs. Catchment areas are 2.4-5.9 ha and 
landslope Is 1.5-3%. The channel leading to each weir is 
at 0.3% grade. Water level is recorded by direct-height 
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float recorders and samples of runoffwater are collected 
by rising stage sediment samplers. At the beginning, 
end, and several intermediate times, soil water was 
measured gravimetrically to a depth of 1.5 m at nine 
locations in each catchment. Yields were determined by 
harvesting grain from three 7-m x 400-rn quadrats from 
each catchment. 

Treatments were applied to each catchment after 
wheat harvest in December each year to provide a range 
of surface conditions. For the first three summer fallow 
periods (1982/83 - 1984/85), the treatments were: 

" 	 minimum tillage: limited chisel plowing or scarifier 
with use of herbicides to control weeds. 

" 	blade tillage: weed control using a 1.8-m blade plow 
and final cultivation with a -carifler -fe;'c pli,ln h. 

" 	 chisel tillage- weed control using a chisel plow to 
reduce crop residue levels quickly after harvest, 

* 	 chisel tillage or blade tillage + 5 t/ha gypsum: this 
treatment was applied in December 1985 to deter-
mine if gypsum could improve infiltration, 

For the last fallow period (1986/87), the chisel tillage 
treatment included burning to further reduce crop resi
due. 

Crop Establishment Study 

To determine the influence of presswheels and tine 
type on wheat establishment, a factorial randomized 
block experiment (three replicates) was carried out adja-
cent to the catchment study in May 1984. The factors 
were: press wheel pressure (0 and 6 kg/cm of contact 
width) and planting tine type (narrow [2 cm] rigid tine, 
narrow rigid tine with sweeps set to displace surface dry 
sail from the planted furrow, and 'conventional' 10-cm 
wide duckfoot tine). Each experiment unit consisted of 
an 8-m row with 100 seeds planted 7 cm below the 
original soil surface. Details of similar experiments are 

presented by Radford (1986). The experiment was car
ried out when seasonal conditions were dry and most 
farmers were waiting for rain. 

Simulated Rainfall Study 

A rotating disc rainfall simulator (Morin et al.. 1967) 
applied rainfall to trays of soil 0.25 m wide, 0.4 m long 
and 0. 10 m deep. A factorial design was used: two crop 
cover levels (bare and 80% cover ofwheat stubble), three 
rates of gypsum (0, 2 and 5 t/ha) and four replicates. 
Rainfall was applied three times, each for 20 minutes at 
108 mm/h: a) initial run on soil sieved to pass a 2-cm 
sieve, b) second run, rain applied following drying (4 

-ay'at 40 "C) alter the first rain, and c) the trays without 
residue cover were split into duplicates after the second 
rain and were either left intact or given a simulated 
tillage. Runoff was measured at 5-minute Intervals and 
total infiltration was determined by weighing each tray 
before and after rainfall. 

The Wheat Yield Model 

Wheat yield is closely related to (I) leaf area at 
anthesis which sets yield potential, and (it) water supply, 
temperature, and evaporative demand in a short period
around anthesis. The duration of the phase from plant
ing to flowering is very important; where this is long it 
results in heavy soil water depletion and hence an 
increased chance ofwater stress at or after anthesis. The 
model used in this study considers varietal phenology 
and uses daily climatic inputs; it can therefore be run 
using long records of historical data to provide 
probabilistic estimates of crop yield (Hammer et al., 
1984, Woodruff, 1986). In this paper, we only consider 
the influence of soil water at planting on yield expecta
tions. 

Table 1. Mean fallow rainfall, runoff, fallow efficiency (%fallow rainfall stored in soil), and yield from four catchments near 

Wallumbilla. 

Treatment 

Minimum Blade Chisel 
tillage tillage tillage 

1982-85 13 years), 

Fallow runoff (mm) 
Runoff in crop (mm) 
Fallow efficiency (%) 
Wheat yield (Mg/ha) 

60(36-911 
44 (2-88) 
19 (11-34) 

1.7 (1.5-2.1) 

41(16-56) 
39 (0-751 

31 (18-41) 
2.1 (1.6-2.6) 

57 (30-83) 
42 (1-80) 
27 (9-41) 

1.8 (1.6-2.2) 

1985-87 12 years)b Tillage Tillage + 
gypsum 

Fallow runoff (mm) 
Runoff in crop (mm) 

5(2-8) 
0 

5(1-10) 
0 

Fallow efficiency %) 21(18-22) 23(22-24) 
Wheat yield (Mg/ha) 0.6 (0-1.31 0.6 (0-1.3) 

1Fallow rainfall was 354 mm (range of 278 to 435 mm). 
b Fallow rainfall was 254 mm (range 262 to 266 mm). 



Table 2. Cumulative infiltration (%)for six surface treatments 
using simulated rainfall on "Fairlands" clay. Rainfall at 108 
mm/h for 20 minutes. 

Gypsum rate Cover 

0 80 

Mg/ha % 

0 
2 
5 

12 
37 
50 

45 
68 
76 

Results and Discussion 

Catchment Study 

Water balance and yield data are presented in Table 1. 
Minimum tillage resulted in the most runoff in a2l years 
and blade tillage the least. High runoff under minimum 
tillage is attributed to the rapid formation of a surface 
seal reflecting the hard setting nature of the soil. Tillage 
by blade, on the other hand, reformed surface roughness 
and broke any surface seal, yet maintained surface 
cover. Chisel tillage was intermediate between these two 
treatments in effect. "In crop" iunoff was due to unsea-
sonably high autumn rainfall, especially in 1983 and 
1984, and differences between treatments were minor as 
surface conditions were similar after planting (with 
cultivator/drill). Differences between treatments in 
annual runoffwere less than measured in similar experi-
ments on self-mulching soils on the eastern Darilng 
Downs, probably due partly to soil differences but also 
to the lower levels of crop residue present and to low 
-ainfall intensities at Wallumbilla. A study of the lnflu-
ence of gypsum on infiltration behavior was prompted by 
the above result as gypsum had improved infiltration 
and associated crop yield in the region (So et al., 1978). 
However, in this experiment gypsum had little effect. 

Simulated Rainfall Study 

Simulated rainfall demonstrated potential improve-
ment in infiltration with the addition of gypsum and/or 
stubble cover (Table2). Results (not shown) were similar 
when simulated rainfall was reapplied after drying. 
When half the uncovered plots were "cultivated" i.e., top 
5 cm inverted, there were no significant differences 
between +tillage or +5 t/ha gypsum when simulated 
rainfall was reapplied for the third time. This result is 
consistent with the lack of response to gypsum In the 
catchment study although no high intensity rainfall or 
large runoff events have been recorded since gypsum 
application. Gypsum reduced slacking of aggregates In 
the simulated rainfall study. This was evident by a 
greater proportion of particles in runoff water In the 
<0.03-mm size range. When gypsum was applied, 30% 

Options in SemiaridSouthern Queensland 525 

Table 3. Effect of presswheel pressure and tine type on wheat 
(cv. Banks) establishment at "Fairlands" Wallumbilla, II May 
1984. 

Tine type Presswheel pressure 
(kg/cm contact width) 
0 6 

%
 

Narrow rigid 43 a* 66 c 
Narrow rigid with sweep 47 a 72 c 
'Conventional' duckfoot 19 b 44 a 

*Column or row values followed by the same letter are not 
significantly different (P < 0.05). 

of sediment in the <0.125-mm range was <0.03 mm 
whereas on non treated soil, 90% of sediment was <0.03 
mm. As this was the only distinguishing difference 
resulting from gypsum application, we presume that the 
< 0.03-mm size particles are responsible for surface 
sealing. Since the effect of gypsum appeared short-lived 
under successive, rainfall, it appears that the main 
action of gypsum was to temporarily increase the ionic 
concentration rather then replace Na* with Ca" ions. 

Establishment Study 

Narrow rigid tines or use of presswheels nearly 
doubled establishment when compared to"conventional" 
duckfoot tines without presswheels (Table 3). Fifty per
cent establishment is regarded as cceptable for small 
grains in the region. Improved germination is attributed 
to better seed-soil contact resulting in faster movement 
of soil water in the liquid phase rather than as vapor flow 
though loose soil. Planting dates can be better tuned to 
varietal and climatt c requirements when "successful" 
establishment can be achieved for longer periods after 
rainfall. 

Model Study
 

Simulated crop yield (disregarding frost risk) based 
on 92 years ofdally rainfall at Roma are presented for two 
planting dates and two starting soil water regimes in 
Figure 1. Frost risks associated with planting on IMay 
and 15 June are 48% and nil, respectively. While yield 
potential is higher for the earlier planting, frost risk is 
unacceptably high. 

The influence of stored soil water on yield expecta
tion is clear, an extra 50 mm of available soil water 
increased mean yield from 1090to 1370kg/ha. Inallbut 
the wettest years (5% probability), yields were predicted 
to be 300 kg/ha higher. If 1000 kg/ha covers the fixed 
cost of production in this environment, this yield in
crease can have a major influence on profitability. This 
ana!ysis shows that small increases in water storage can 
have a large Impact on yield and profit expectation. Also, 
thisjustifies efforts to Increase water storage by modify-
Ing tillage practice or other means. By examining other 
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Planting soil 6. Additional water storage greatly increases the proba
. date moisture bility of exceeding 1000 kg/ha, an arbitrary but 

80---	 1 May 40mm realistic cost of production.
7. Crop models and field experimentation can be com

-- 1 May 90mm 

60-	 -0- 195June 40mm bined to assess proposed modifications to tillage/ 
-4- 15June 90mm crop systems. 

o 40
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154 The Effects of Black Plastic Mulching 
of Beans in Aguascalientes, Mexico 

M. A. Martinez-Gamino 
INIFAP-CIFAP, Aguascalientes, Mexico 

Introduction 

In the semiarid regions in the states ofAguascalien-
tes, Zacatecas, Durango, and San Luis Potosi in Central 
Mexico, the average arca of beans grown under dryland 
conditions is 994,000 ha/yr, which represents approxi-
mately 70% of the total area of beans cultivated under 
dryland conditions in Mexico. The main problems for 
dryland farming systems in this area are the scarcity and 
untimely distribution of rainfall and the low soil-water 
storage. The use of plastic mulching in agriculture has 
greatly increa3ed soil water storage as well as the fruit 
quality and quantity (Lippert et al., 1964; Albregts and 
Howard. 1972: Clarkson, 1960; Takatori et al., 1964). 
The objective of this study was to evaluate the response

of bansto lackplaticmulcingundr drlan codi-
of beans to black plastic mulching under dryland condi-
tions in Aguascalientes, Mexico. 

Materials and Methods 

This study was conducted during the summers of 

1985 and 1986 in two locations: Sandovales and El 
Retono, Aguascalientes, Mexico. The climate of this area 
is characterized as temperate and semiarid with 363 mm 
annual precipitation. Based on -0.033 and - 1.5 MPa 
matric potential, the soil has a plant available water 
storage capacity of about 75 rm to ; 0.5-m depth, the 
depth at which the soil has a impermeable layer. Two 
treatments were tested: 1)black plastic mulching and 2) 
traditional method. In 1985, experimental sites were 
prepared according to the traditional method of tillage: 
they were plowed and disked. To lay the plastic mulch on 
the soil surface, the Agricultural Engineering Mechani-
zation Unit from Aguascalientes, Mexico, designed a 
machine capable of laying the plastic mulching, sowing, 
and fertilizing simultaneously. The plastic gauge was 75 
micron. ibis mulching remains in a good condition for 
18 months. Due to the plastic mulching, the plot for this 
treatment was not tilled in 1986. The traditional method 
was tilled with a plow and disk. The treatment plots were 
not fertilized. Planting dates in 1985 were June 28 and 
July 9 in Sandovales and El Retono, respectively. In 
1986, the planting date was July 25 at both locations, 
The variety of bean (Phaseolussp.) used in both years 
and locations was "Bayo Madero". This variety is well 
adapted to dryland conditions with a growing season of 
approximately 90 days. Average plant density was 8/m 2. 

After planting, weeds were controlled with Gesaprim (2 
chloro-4-ethylamino-6-isopropylamlno-s-trazine) and 

Gramoxone (11 1'-dimethyl-4,4-bipyridinlum ion] dichlo
ride) each applied at a rate of 0.1 g/m 2 . Soil water content 
was monitored during the entire growing season using 
the gravimetric method. Soil water content samples were 
taken twice a week to a 30-cm depth. 

Results and Discussion 

Precipitation 
The precipitation during the growing season Isgiven 

for 10-day periods (Table 1). During 1985. total rainfall 
in 1andoayes a 51 mm bo , 3 m l ring
in Sandovales was 251 mm, but only 36 mm fell during 
the pod-filling stage. In 1986, total rainfall was 200 mm, 
which had better distribution than in 1985, with 143 

mm in the pod-filling stage. In El Retono, total rainfall 

was 234 and 192 mm for 1985 and 1986, respectively, 
with a period of drought during the pod-filling stage in 
1985. 

Soil-Water Content 

During 1985 in Sandovales, soil water content was 
increased by the mulching during the growing season by 
approximately 91 mm compared to the traditional 
method. However, this difference was more marked 
before flowering, while soil water content was similar 
after flowering In both treatments. In 1986, rainfall 
distribution was better than in 1985 and. as a result of 
this, soil water content with mulching was 230 mm 
greater than with the traditional method (Fig. Ia and Ib). 
In El Retono, mulching increased soil water content by 
198 and 67 mm with respect to the traditional method 
for 1985 and 1986, respectively (Fig. Ic and Id). This 
shows that mulching was an effective soil water conser
vation method. 

Seed Yield 

In 1985, seed yield In Sandovales was 829 and 943 
kg/ha for the mulched and traditional treatments, re
spectively. In El Retono, seed yield was 593 and 159 kg/ 
ha for the mulched and traditional treatments, respec
tively. These differences were statistically significant, 
(P>0.05). The greater yields obtained with the traditional 
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Table 1. Precipitation for 10-day period during bean growing season in Sandovales and El Retono. Aguascalientes, Mexico, 1985 
and 1986. 

Location June July August 
and year 3 T 2 3 1 2 

Sandovales 
1985 
1986 

10 22 15 62 
0 

3 
7 

98 
0 

El Retono 
1985 
1986 

0 26 39 
0 

10 
0 

139 
4 
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Figure 1.Soil-water content durIng bean growing 


season in Sandcva;ed (a, b) and El Retono, (c, d) 
Aguascalientes, Mexico. 

treatment in Sandovales could be attributed to the 
periods of drought during the pod-filling stage, which 
affected the plants with the mulched treatment because 
of their greater LAI. In 1986, bean plants with mulching 

Month 

September October Total 
3 2 3 1I 2 

mm 

0 34 0 2 245 
17 33 3 36 100 4 200 

0 12 0 8 234 
24 23 0 42 91 8 192 

were not subjected to deleterious water stress during 
most of the season as a result ofsufflclent rainfall, and 
seed yield was not affected as In 1985. Seed yield was 
1840 and 1400 kg/ha with the mulched and traditionaltreatments, respectively. In El Retono, grain was 1170 

1010 kg/ha with the respective treatments. 

Summary and Conclusions 

The soil water content was increased with mulching 
and the risk of grain loss due to drought was less than 
in the case of the traditional method. With dryland 
farming which has scarce precipitation in Mexico, plas
tic mulching can be used by a farmer to produce the 
beans that are needed. Also, it is important to have a 
program by which the farmer can learn the correct use 
of plastic mulching and so avoid it becoming a pollution 
agent.
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Introduction 

Water conservation is important for satisfactory 
crop production In dryland regions. This study was 
conducted to evaluate the potential of various soil cov-
ering materials for increasing water conservation on 
dryland soils. 

Materials and Methods 

A field experiment was conducted in the northwest
ern part of Liaoning Province of China in 1987, which is 
located between the Northern Plain of China and the 
Mongolia Plateau. The elevation is over 700 m above sea 
level. The average annual precipitation is 350 to 430 
mm, and the potential evaporation is 1875 mm. It is a 
semiarid region. 

The soil for the experiment was a carbonated "drab" 
(local name) soilwhich had apH of8.5, 12.1 g/kgorganic 
matter, 0.7 g/kg nitrogen. 0.6 g/kg phosphorus, and an 
underground water level of 15 m. The above data were 
obtained before sowing. There were four treatments and 
two crops in the study. which were: (1) plastic film 
covering field (PFC)-the land was covered with 0.02 mm 
plastic film after sowing: (2) seeds treated with a water 
preservation material (STP)-a kind of hyper-hygroab-
sorbing resin, hygroscopic coefficient of 500 to 700 
times, was mixed with seed after saturated by water and 
at a rate of 7.5 kg/ha: (3) check treatment (CK)-being 
similar to local conventional management; and (4) 
compacting after sowing + deep loosening soil in seedling 
stage (CLS)-sowing was immediately followed by artifi-
cial compacting, and deep loosening soil between rows 
during seedling stage at the depth of 25 cm. 

Crops included maize (Zea mays L.) and sunflower 
(Helianthusannuus). The treatments were randomized 
and replicated three times. The area of a plot was 41.2 
M2 . Before sowing, farmyard manure (22,500 kg/ha) 
and fertilizer (N 27 kg/ha, P20 5 81 kg/ha) were applied 
to the soil and nitrogen fertilizer (27 kg/ha) was added 
during the crop growing season. The other field practices 
were the same on all fields. The densities of maize and 
sunflower were 43.5 and 39.0 thousand plants per 
hectare, respectively. 

The soil water contents in different layers and crop 
leaf area index (LAI) were separately measured every 10 
days, and yields of both crops were measured. The soil 
water content was determined by the oven drying meth
ods. Based on the precipitation, potential evaporation 
(from local meteorological station), and LAI data, effects 
on changes in soil water contents in the layer of 0 to 30 
and 0 to 100 cm were analyzed by computers. 

Results and Discuosion 

Seasonal Changes of Sol Water Content 
under Conventional Measures 

Two peaks in water content of the 0- to 100-cm soil 
layer appeared in the crop growth season (Fig. 1). The 
soil water content was much higher during May to mid-
June because of little crop growth, some precipitation, 
and melt water in spring. Later, as the crop grew and 
evaporation increased, the soil water content was re
duced rapidly. Maize and sunflower plots had a mini
mum water content on 20 July and I August, respec
tively. Then the soil water content increased gradually 
with the increasing precipitation, but it remained lower 
in sunflower plots. 

The range of soil water content in the 0- to 100-cm 
layer was from 75 to 170 g/kg. The maximum water 
content mostly occurred in the 20- to 40-cm layer. Ac
cording to the results measured in growth period of 
maize, the peaks of soil water content occurred I out of 
15 times in that layer. Why did not the peaks occur in the 
deeper layer? It was related to the climate and the soil 
conditions of the local area. The soil water content in the 
0- to 20-cm layer was intensely influenced by precipita
tion and evapotranspiration, and was unstable in that 
layer. It was possible that the maximum soil water 
content occurred in the layer after raining, but soil water 
was reduced rapidly due to 2 to 3 days evaporation and 
transpiration. However, in the 20- to 40-cm layer, it was 
relatively stable because the soil water content could 
also be increased by precipitation and affected iess by 
evaporation. Meanwhile, the layer had a higher bulk 
density, which could preserve more water. 

The layer below 50 cm was less affected by precipi
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V a 

H. #Dynamics 
,> 

efrom that In which gravitational water exists for a long 

term. 

of Soil Water Content under 
Different Treatments 

The changes of soil water content in the 0- to 100
cm layer for the treatments are illustrated In Figure 2.
The trend In soil water content with each treatment wasLconsistent.The differences due to treatments were small 

Maize 

May June July Aug S. 

.. 


0 ... 	 Sunflower 

Evaporation 	 S 
Precipitation son 

70 80 90 10 0 10 . 30 14 -16 0 70 -190 
The soil water content (gkg) 

Figure 1. The seasonal changes of soi water 
content in CK treatments. 

tatlon and not affected by underground water. In addi-
tion, because of root absorption, rising water vapor, and 
a lower water retention capacity, the soil water content 
below 50 cm was lower than the soil above. It is different 

during May to early-July, but from mid-July, the soil 
water content in PFC treatment plots was lower than 
that In other plots: the CLS plots had higher soil water 
content than other plots at the later crop growth stage. 
It showed that this method could preserve more water In 
the soil (Fig. 2 and Fig. 3). 

The soil at the 0- to 30-cmn depth was more lnflu
enced by precipitation and evaporation, so its water 
content was not the same as for the 0- to 100-cm layer. 
The maximum values of soil water content appeared in 
mid-August, not in spring. The lowest values appeared 

220to i i . .. ).] _ 

;
U "' , 170 

1: 16 , 
is 

15IS \" *. 
. 

140 

I I 
May June July Aug Sept 

Time 

PFC STP ......... CK CLS 
Figure 2. The changes of soil water content under 
different treatments in maize plots (0-100 cm). 

Table 1.The soil water storage capacity and consumption with different treatments (at the 0- to 100-cm depth). 

Crop 	 Factor 

Maize 	 Mean water storage capacity (mm) 

Water consumption' (mm) 

Efficiency of water utilizationb (kg/m 3) 

Sunflower
 
Mean water storage capacity (mm) 


Water consumption (mm) 


Efficiency of water utiilzation (kg/M 3) 


Treatment 

PFC SIP CK CLS 

185 188 195 194 

396 376 359 370 

4.6 3.8 3.2 4.1 

174 182 172 178 

382 358 362 360 

2.8 2.2 2.1 2.4 

'Water consumption = soil water content obtained from early time - soil water content obtained from later time + rainfall during
the period between these two times.
 
b Efficiency of water utilization = crop dry matter yield / water consumption.
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Figure 3. The changes in soil water content under Figure 4. Changes in soU water content at the 0
different treatments in sunflower plots (0-100 cm). to 30-cm depth in maize plots. 

in mid-July. The soil water content with the PFC treat- Field Water Consumption with Different 
ment was higher than with otler treatments during the Tftatments 
early stage of crop growth. After late-July, water preser
vation was not obvious with the PFC treatment. The soil On the basis of precipitation data in the local area 
water content was increased after mid-July in CLS and the value of soil water content, the soil water balance 
treatment plots (Fig. 4 and Fig. 5). During the whole was selected to calculate the field consumption (not 
period of crop growth, the soil water content in sunflower included were sheet flood and infiltration capacity). The 
plots was lower than that in maize plots at the 0- to 30- results showed that water consumption was highest for 
cm depth. On the average, it was 60 mm for maize plots the PFC treatment. It was 39 and 38 mm for maize and 
and 57 mm for sunflower plots, sunflower, respectively. The water utilization efficiency 

Table 2. The correlation (r) and path coefficients (P) betwecn soil water content and potential evaporation, precipitation, and LAI. 

Treatment 
Crop and depth PFC STP CK CLS 

Maize at the r E -0.0651 0.1143 -0.0862 0.1116 
0- to 100-cm depth rY 0.2336 0.0683 0.2814 0.2568 

rLY -0.8779"* -0.8054"* -0.8498"* -0.71694* 

P., 0.2203 0.2974 0.1012 0.2670 

PRy 0.3252 0.2108 0.4114 0.3876 

PLy -0.8779 -0.8546 -0.8489 -0.7464 

Maize at the 	 r., -0.1407 -0.4079 -0.2211 -0.3695 
0- to 30-cm depth 	 rY 0.6001"* 0.8003** 0.5721** 0.8039"* 

rLy -0.57910 -0.4012 -0.5136 -0.3327 
PEy 0.2190 -0.0816 0.0304 -0.0882 
Pa.y 0.6366 0.7954 0.7467 0.7941 
PLy -0.6360 -0.4325 -0.6041 -0.3727 

Sunflower at the rY -0.3946 -0.2821 -0.3922 -0.4736 
0- to 100-cm depth rRY 0.3728 0.2174 0.3395 0.4075 

rL, -0.6660"* -0.7701" -0.6332** -0.6306*0 

PEy 0.3157 0.1998 0.0592 -0.0409 
P.Y 0.6553 0.5210 0.4950 0.5471 

PLy -0.9494 -0.9114 -0.7456 -0.7314 

Sunflower at the 	 rrY -0.6373** -0.607500 -0.5032 -0.54120 
0- to 30-cm depth ry 0.5570* 0.5761* 0.5204* 0.6644*0 

rL, -0.59740 -0.55380 -0.6355' -0.4901 
PrY -0.0516 -0.1621 0.0101 -0.0657 

P 0.6686 0.6856 0.6618 0.7742 

PLy -0.6952 -0.6705 -0.6596 -0.6301 

*E: evaporation, R: precipitation, L: LAI, y: soil water content. ro = 0.532: roo0= 0.661. 
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Table 3. The effects of treatments on yield of maize and quantitative correlative relationships between the soil
sunflower, water content and other factors, while the pathway 

coefficient indicates the relative importance of the fac-
Treatment tors for soil water content. 

Crop 	 Replication PFC STP CK CLS As shown in Table 2. the changes of soil water 
content at the 0- to 100-cm depth both in maize and 

kg/plot, sunflower plots had a significant negative correlation 
with LAl and passive correlation with precipitation.

Maize 	 1 32.3 24.1 19.0 21.2 According to the results of path analysis, the influence
ii 33.6 23.4 21.3 22.2 of LAl on soil water content was greater than that of
iii 30.0 22.4 19.5 23.6 precipitation and potential evaporation. The valu, of 
Mean 32.0 23.3 20.0 22.3 Px.y was highest for LAI and soil water content. This
% of CK 160 117 100 112 suggests that the major factor affecting on soil water 

Sunflower 	 i 8.9 7.6 6.4 6.9 content at the 0- to 100-cm depth was crop transpira

ii 10.9 6.7 6.9 8.0 tion. 
iii 9.3 7.9 6.4 6.7 The changes of soil water content at the 0- to 30-cm 
Mean 9.6 7.4 6.6 7.2 depth were different from those at the 0- to 100-cm 
%of CK 147 113 100 109 depth, and different also for the two crops. The water 

content had a significant passive correlation with pre-
Plot area = 41.2 m2. cipitation, and negative cnrrelations with LAI and poten

tial evaporation in maize plots. In PFC plots, correlation 
between soil water content and LAI was significant (r = 
0.579). The results of path analysis showed that at the 
0- to 30-cm depth in maize plots, precipitation had the75  greatest influence on soil water content, followed by that 

- 70 of LAI and potential evaporation.
E, 6.r The influences of potential evaporation, precipita

60
6 -	 tion, and LAI on the soil water content at the 0- to 30-cin
55 - depth were all more important in sunflower plots. The 

a 50 ................ correlation coefficients reached or neared the signifl
45 __ cance level. The order of importance of their effects on 

June July Aug. Sept. 	 the soil water content was LAI fir,.t, precipitation second,
and potential evaporation third in PFC plots, and wasTirne precipitation, LAI, and potential evaporation in other

PFC - . STP treatment plots. These results indicated that the soil 
. CK - -- CLS water contents in sunflower plots were lower than those 

in maize plots because of the higher water consumption 
by sunflower. They were easily affected by potentialFigure 5. Changes in soil water content at the 0- evaporation, transpiration, and precipitation.

to 30-cm depth in sunflower plots. 

was lowest for the CK treatment (Table 1). Effects of Different Measures of Water
 
In many reports concerned with the mechanism of Preservation on Crop Growth and Yield
 

increasing yield with plastic film, increasing soil water 
 Crop growth and yield on each treatment plot were 
content was regarded as one of the major factors. But different due to differences in soil water content and 
they neglected more or less the changes of soil water other factors. The PFC played an important role in 
content below the tilled layer. The experimental results increasing soil temperature. Data obtained at 11 times
indicated that there was more water only in the plowed showed that the soil temperature at 5-. 10-, and 15-cm 
layer of PFC plots at the early stage of crop growing, but depths were increased by 3.0, 2.7, and 0.9 0C compared 
no significant differences In the 0- to 100-cm depth with CK treatments, respectively. Therefore, the rates of 

seedling emergence were significantly increased and 
emergence occurred earlier in the PFC plots. Similarly,Changes of Soil Water Content Associated the rates of seedling emergence in both STP plots and 

with Potential Evaporation, Precipitation, CLS plots were higher than those in CK plots. Also,
and LAI seedlings were more uniform in STP plots. The changes

in LAI are illustrated in Figure 6 and Figure 7. There are
To determine the relative importance of the factors differences among treatments and crops. Maize and

(evaporation, precipitation, and transpiration expressed sunflower had an obvious advantage in PFC plots during
by LAI) for soil water content at the 0- to 30-cm and 0- the entire growth season. 
to 100-cm depths. correlation and pathway analyses The grain yield results showed that these measures 
were used. The correlation coefficient indicate," the could increase yields to a different extent (Table 3). The 
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Figure 6. The changes of maize LAI of different Figure 7. The changes of sunflower LAI of different 
treatments. treatments. 

average yields of maize in PFC, STP, and CLS plots were Acknowledgement 
increased by 50, 17, and 12% compared with CK plots, 

respectively. The differences between PFC, STP, CLS, Appreciation is expressed to Prof. Shen Xiu-yeng for 
and CK were significant. Similarly, the sunflower yields her help in correcting this English paper. 
with PFC, STP, and CLS treatments were J.igher than 
with the CK. They were increased by 47, 13, and 9%, 
respectively. The difference between PFC and the CKwas 
significant, but the others were not significant. 



Rapporteur's Report on Plenary and Group A Papers: 

156 Residue and Soil Surface Management 
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A large of number of field management practices
have been tested under various world environments. 
The practices include crop residue management, rough
tillage, tied-ridges, bitumen and plastic covers, and alley 
cropping. Research on prediction models has been initi-
ated. 

The management strategies have been tried under 
specific environmental conditions. In order to extrapo-
late the results and to predict the behavior of the 
management strategies at other environments, careful 
documentation is needed of the conditions in which the 
experiments were conducted. At a minimum, the taxo-
nomic characteristics of the soil and a definition of the 
climatic regime is needed. The definitions should be 
given in one of the more common soil and climatic 

classification systems. 
Attention needs to be given to what standard sets of 

environmental measurements (soil, climate, plants) are 
needed for prediction modeling of management strate
gies. A system for accessing the data from experiments 
by scientists needs to be established. 

Research is needed to further expand computer
assisted prediction modeling approaches. Also, to de
velop improved means (equipment and data handling) of 
documented soil, climate, and plant conditions under 
which field experiments are conducted. 

A new, promising problem-solving approach is the 
use of computer-assisted modeling approaches for pre
dicting the results of management strategies. 
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Introduction 

"We should never be trying to grow arable crops 
here, this was 'cattle country' now fit only for sheep and 
goats." Those of us who are "trying" to improve the 
reliability of semiarid crop production will recognize this 
statement as one of the most common introductions 
received from many well intentioned professionals whose 
experience or training has usually been based on the 
"luxury" of more humid climes, 

This paper outlines critical steps that I consider 
must be taken iftangible progress is to be made towards 
the development and adoption of improved sustainable 
cultural practices for small farmers in semiarid regions., 
My experience with dryland farming, over the past two 
decades, has centered around Africa and the Middle 
East with some involvement in Indian and South Ameri-
can programs. For convenience, this paper will concen-
trate on the African scene since this is the continent of 
greatest change. However, most ofthe followingwould be 
applicable to other semiarid regions. 

The Challenge 

Why are we increasingly being asked to grow more 
crops in harsh semiarid climates where rainfall is spo
radic and unreliable? The main reason is clearly the 
unprecedented demand to increase local or internal 
agricultural production to match the exponential growth 
in population (World Bank, 1987; Walker et al., 1979). 
Africa is extensive (total land area = 30 Mkm2). but in 
some countries the population growth rate is as high as 
4% per annum, which in the case of Kenya (0.58 Mkm 2) 
entails a current increase of about one million extra 
people per yearl This increase is even more dramatic 
when related to the 20% of land considered suitable for 
cropping (LRDC, 1986) which could mean a population 
increase as high as 10 extra people per square kilometer 
of arable land per year. 

Clearly, therefore, with population pressures on 
most of the fertile land in Africa, there is a significant 
increase in the: 
* 	 exploitation of agricultural resources, 

• 	migration of people to more marginal areas, and 

e 	 settlement of cultivators in drier regions which had 
previously supported less demanding and more sus
tainable needs of nomadic pastoralists. 

Because of these ever increasing population pres
sures and finite land resources, future agricultural
growth will have to come mainly from yield improve
ments per unit area of land. Our aim must be to work 
with indigenous farmers so that sustainable systems of 
agriculture can be developed from available resources 
within zones that were considered unsuitable for reliable 
crop production a few decades ago. 

In addition to this, there are vast areas of soil 
degradation (Reij et al., 1986) ,vhere overstocking of 
fragile regions has led to alarming levels of desertifica
tion. Drought leads to crop failure which has cata
strophic effects on the availability and cost of grains. 
Sorghum (Sorghumsp.)in East Sudan, for instance, was 
only I5 per 90 kg bag in 1986 whereas in 1987 it was 
75£. Public attention has also been focused on the 
extreme and seemingly irreversible problems of the 
Sahel. There is, however, considerable potential for the 

rehabilitation and improvement of land productivity in 
regions like the southern Sahel. 

Improved Systems of Soil
 
Management
 

Reasons for Failure 

Hindsight should allow more accurate targeting of 
future objectives. Development strategies for agriculture 
have often been very short sighted and perhaps this is 
because the apparent international wisdom of national, 
bilateral, and multilateral aid agencies is based upon a 
mere 30 years of active experience. 

The specialized training of western educated scien
tists, economists, engineers, etc. has rarely given suffi
cient cognizance to the relative importance or depend
ence of that discipline on other disciplines for effective 
development in agriculture. The adoption of improved 
systems tends to come about where the need for specific 
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inputs is identified on a multidisciplinary basis rather 
than through single discipline development of method-
ologies. 

The recognition of the need for multidisciplinary 
inputs led to the implementation of Regional Develop-
ment Projects (RDP's). Failure of many of these was 
mainly due to the following reasons: 
i) Most approaches to date have been of a 'top-down' 

nature where experts have tended to impose their 
technical packages on the beneficiaries. Lip service 
has frequently been paid to the need to involve end 
users in the decision making processes, but this has 
often merely involved getting the farmers to agree to 
the project rather than consulting them in the iden
tification of what is really needed in the first place. 

ii) Experts with limited experience in working with other 
disciplines in an agricultural development context 
"have tended to overvalue the relevance of their skills 
and knowledge in rural development" (Chambers, 
1983). 

iii)Too little time and attention was given to identifying 
the constraints and the relative importance of these 
constraints. 

iv) The targeting of objectives was too rigid and lacked 
the flexibility of updating as identified through fre-
quent monitoring. Short term project objectives need 
to be contributory steps towards (rather than com-
pete with resources for) longer term development 
programs. 

v) Insufficient attention was given to training and proj-
ect sustainability. 

The role of agricultural engineering in the develop-
ment context has suffered from the above problems. 
Historically, the temptation to rush into the develop-
ment or manufacture of -improved" equipment without 
adequate investigation into the real needs of farmers has 
often led to embarrassing mismanagement of resources 
and stockpiles of unwanted machinery, 

Reliable Resource Base Approach for 
Development 

Cultural practices need to be improved to increase 
the reliability of crop establishment and growth by 
conserving water and energy resources. The first step is 
to establish the need for each major input into the 
production process. This is particularly valid for high 
energy, high cost tillage practices where the purpose of 
plowing needs to Le questioned. This can only be carried 
out effectively by developing an awareness of the main 
constraints to crop growth through an increased under-
standing of the basic resources available for crop pro-
duction. These are: 
i) Climate: Rainfall and temperature data provide nec-

essary information on the seasonality ofcropping and 
thereby indicate possible management options that 
optimize the timeliness and scale of operations. 

ii) Soils: It is essential to know: 
- the physical characteristics of the soil and the 
effect that these have on water movement and crop 
and weed growth. 

- the purpose of any form of tillage, i.e., whether to 
loosen soil to enhance water infiltration and elonga
tion of crop roots or merely to control weeds. 

iii) Management Levels/Farming Systems: Farmer re
sources (physical, technical, and financial), con
straints, motivation, and ability to improve through 
training. 

iv)Power/Energy Forms: Availability and type of re
sources (manual, animal, and tractor). 

More information on this can be found by a diagnostic 
approach to mechanization (Willcocks, 1986). 

Improved Tillage Systems 

Water Conservation and Water Harvesting 
on Hard Dense Soils 

Sustainability of rainfed agriculture in semi-arid 
regions is directly dependent upon the availability of 
sufficient soil water to the crops. With sporadic rainfall, 
research and development into soil management and 
crop husbandry have a major role to play in meeting the 
demand for water to increase the reliability of cropping. 
I spent nearly 5 years leading a multi-disciplinary team 
in the arid and semiarid climate of Botswana (0.60 
Mkm) quantifying the technical constraints to reliable 
crop production. The agronomic, economic, crop aerial 
and edaphic environment, and soil tillage and water 
factors were studied. The mean rainfall (520 mm) is 
generally adequate, but its sporadic nature is a major 
limiting factor to reliable crop growth. This climatic 
problem is made more severe by the dense (1.8 Mg/m 3), 
hot (up to 70, C, sandy loam soils (Cambisols and 
Luvisols) which encourage wasteful runoff and evapora
tion of scarce water resources. Loosening of these soils 
enhanced infiltration, water storage, and crop root growth, 
and the use of crop residue mulches at 5 Mg/ha dry 
matter significantly reduced surface crusting and soil 
temperatures (Willcocks, 1981). 

This research investigated five tillage types as listed 
in Figure 1 at four depths using tractor and ox power.
Shallow sweep weeding cultivation was inadequate for 
these conditions and high draught soil inversion mold
board tillage was wasteful of draught power and water 
resources. Strip catchment tillage (SCT), whereby only 
the crop rows were cultivated with the inter-row area 
providing water runoff, proved to be the most reliable. 
Draught power requirements were moderate since only 
part of the field was cultivated and controlled traffic 
reduced soil compaction. SCT will not, however, be 
adopted until further land pressure makes further 
conservation and related training more obviously essen
tial. In the meantime, dense soils as found in parts of 
Bolivia. Botswana, India, Sudan. Yemen, and Zimbabwe 
need loosening to allow infiltration of scarce rainwater, 
emergence of crop seedlings, and development of the 
crop root system. This is best done by tractor tine tillage 
or with available and improved animal drawn plows. (For 
more information on DLF tillage, see Willcocks, 1981 
and 1984: for AD power, Le Thlec and Bordet, 1988 and 
O'Neill and Kemp, 1988). 
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Figure 1. Tillage inputs--Net energy inputs (top) per hectare: and (bottom) per tonne of crop yield for the 
various tillage treatments on (left) dense Lubisols (Botswana) and (right)Vertisols (Sudan). 

Decisions on the need to loosen soil at root depth 
should be based on in situ inspection of developed crop 
root systems so that porosity limitations to growth can 
be diagnostically assessed. Figure 2 shows the value of 
digging soil pits for this purpose. Where inherent soil 
density does not limit root growth, the need for tillage 
must be actively questioned, 

Sudan (2.5 Mkm 2)has some reasonably fertile though 
hard Naga'a (= difficult) soils in the semiarid western 
Savannah region. 

The power limitations of manual cultivations has 
meant that cropping was confined to the poorer'Goos' (= 
sandy) soils. Introduction of tractor hire facilities during 
the 1980s enabled farmers to condLt overall chisel 
plowing of Naga'a and achieve good yields with average 
rainfall, but costly crop failure has resulted in more 
recent dry years. Field trials are now in progress to 
assess the value of various ratios of runoff: run-on (viz: 
catchment cultivated) areas. Expensive tractor inputs 
can be significantly reduced when chisel tillage is con-
fined to strips across the field slope at two to four 
implement width intervals. Sowing and weeding inputs 
are also reduced with the intensification of reliable 
cropping on the cultivated strips. 

Water harvesting techniques have been practiced 
for centuries in countries like Yemen, and there is much 
we can learn from the proven systems. Earth bunding 

systems designed to conserve soil through trapping and 
controlling runoff in wetter zones can be modified to 
catch and conserve scarce rainwater in semi-arid zones. 
Countries such as Kenya and Somalia (0.64 Mkm2 ) have 
large semiarid regions where the only hope for increas
ing reliability of cropping must be through water har
vesting techniques (e.g., Critchley, 1987; Proud, 1987). 

Reducing Tillage Inputs on Vertisol Clays 

Dark cracking Vertisol clays occupy about 2% of the 
world's land area, but they are largely underutilized 
because they are difficult to manage, because they are 
hard and cloddy when dry and very sticky when wet. 
With the introduction of tractor power, farmers have 
tended to plow deeper than was possible with manual or 
animal power and this is causing unnecessary expense 
and problems for many farmers in developing countries. 
This is demonstrated in Figure I where the use ofa chisel 
plow in Sudan Vertisols brought large clods to the 
surface which required costly secondary cultivations to 
produce a seedbed. 

The need for soil loosening must, therefore, be 
questioned since tillage constitutes the greatest labor or 
energy input in most cultural practices. Tillage require
ments must be looked at from a basic resources stand
point to establish the purpose of cultivation and how 
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Figure 2. Crop root growth-Sorghum root systems
of plants grown in shallow (<0.1 m) tilled plots 
(decimetrerange pole). (Left) Luvisol in Botswana: 
ferruginous sandy loam soil, roots confined to 
depth of tillage. (Right) Vertisol in Sudan: 
montmorillonitic clay, root system has penetrated 
much deeper than tillage depth. 

optimum plant growth can be best achieved with avail-
able resources as listed previously. Time and financial 
constraints in most developing countries make it diffi-
cult to implement long tern tillage experiments to pro-
vide answers to these questions. What is needed, there-
fore. is a sound scientilic base on which to make valid 
judgments. The results of tillage trials like those in 
Figure 1 and the work of Curfs (1976) have provided 
such a base to develop a reliable diagnostic approach to 
efficiently assess the need for cultivations. In the case of 
Vertisols, where vigorous root development continues 
below the depth of tillage (Fig. 2), one can safely assume 
that the inherent strength or density of the soil is not 
limiting to root growth and the need for deep cultivations 
is unnecessary. 

Development work needs to give emphasis to energy 
conserving techniques that can be adopted readily by 
local farmers so that timeliness of planting can be 
achieved, which can easily double crop yields or permi 
the cropping of land that was not possible with slower 
and more expensive traditional techniques. 

Agricultural Engineers of the Overseas Division 
have researchcd and developed various systems of 
improved Vertisol management using manual, animal, 
and tractor power for African and Indian conditions 
(Figs. I and 31. The studies have concentrated on sus-
tainable reduced input technology for rainfed agricul-
ture. Investigations in East Sudan are looking at the sus-
tainability of manual no-till (Saluka) and low input
shallow tractor cultivation systems, using wide one-way 
disks (Fig. 3). 

The overall conclusions thus far with the Vertisol 
work are: 
I) Ifyou try to 'fight' a Vertisol with deep tillage, you will 

"lose." Therefore, every effort must be made to reduce 
inputs and harness the unique nature of these dy-
namic (swelling) self-loosening soils, 

it) The primary objective of seedbed preparation for Ver-

tisols is the control of weeds. This can be effectively 
achieved with a low input shallow weeding operation 
using a hand hoe, animal drawn weeder, or high 

wide one-way disk operation cultivating about 
2 ha/h with a 45 kW (60 hp) tractor. The use of safer 
herbicides like glyphosate, which is systemic in ac
tion. shows great promise for traditional smaliholders 
using manually operated equipment Willlcocks. 1987). 
The importance of weed control in no-till manual 

* systems or the value of seedbed weed control with 
tractor drawn wide one-way disks (WOWD) is clearly 
demonstrated in Figures 3B and 3C. The gross mar
gin estimates in Figures 3D and 3E stress the need for 
one weeding with no-till seedbeds. 

Subsistence and "Opportunity" Cropping 
on Sands 

Soils that are predominantly sandy are found in 
most semiarid regions. These soils, though easil" culti
vated, are generally low in fertility and water holding 
capacity. Farmers, therefore, usually wait until tile 
onset of major rains before planting although dry plant
ing before rains is traditional where rainfall is more 
predictable. Short sporadic seasons mean that this is 
risky husbandr , and inputs must be kept to an absolute 
minimum Trials in Kalahari sands and observations on 
Tilhamah sands in Yemen Arab Republic showed that 
cultivation sufficient to sow seed is all that is necessary. 
In western Savannah (east Sahara), donkey plow/seed
ers have been developed to enhance the all important 
timeliness of planting and allow farmers to plant larger 
areas than possible by hand methods. Many grain crops 
do not reach physiological maturity tinder these harsh 
conditions. but the fodder value of crops can be greater 
than that of grain. 

Recommendations 

Improved cultural practices for dryland farming 
need to: 
I) conserve scarce resources of water and energy, and it 

is usually necessary to increase the availability of 
water: 

i) increase the farmers' ability to achieve timely sowing 
and thereby maximize crop yields: 

i1i)
facilitate effective control of weeds: and 
iv)be sustainable within available or potential techno

logical and financial resources. 
An understanding of constraints within existing 

fanning systems is essential so that R and 1) programs 
can be aimed at the real needs of farmers. In addition to 
understanding the relevant experience of farmers, it is 
strongly recommended that careful inspection be made 
of crop root systems so that any requirements for tillage 
can be accurately prescribed. 

In general, some soil Iooseningwill be needed insoils 
with porosities below 40% as bulk densities above 1.6 
Mg/m:'are considered limiting to crop root growth. Some 
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Figure 3. Sorghum husbandry on Vertisols in E. Sudan-Sustainablity comparison of manual no-till and 
tractor cultivation systems. (Preliminary results of ongoing investigations, Wilicocks, T.J., and G.A. 
Cornish, AFRC Eng., 1988). 

form of chisel has proven to be the most appropriate 
implement for semi-arid rainfed crop production. Soil 
loosening need not always be by machine as shown by 
experiments in dense Lu'isols (Willcocks, 198 1) where 
the planting of cowpea In the crop rotation enhanced 

subsequent sorghum yields. This was due to the resid
ual effect of soil loosening by the legume's strong and 
deep root system. In less dense clays, like Vertisols, the 
control of weeds must be the primary objective for 
improved cultural practices. 
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Any tillage improvement program needs, therefore, 
to be designed and monitored on a multidisciplinary 
basis. Once the primary purpose of any cultivation has 
been established, careful consideration must be given to 
the appropriateness of manual, animal, and tractor 
power systems; e.g., can the system be sustained andpowther sems; .g,lcanhst b ua n 
further dewtk" ed locally. 

In essence, conservation is the main goal of most 
dryland farmers. 
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Introduction 

In the Sahel, the adoption of animal traction (AT) for 
farming operations has been limited. Its use has been 
recommended as a labor saving practice and a means to 
increase productivity by expanding the area under cul-
tivation. Pingali et al. (1987) have examined the condi-
tions that are present when animal traction has been 
successfully introduced in sub-Saharan Africa. These 
include an intensification of the farming system, an 
appropriate soil type, an ability to make use of AT, and 
good access to markets, 

N'Dounga, the region where the study was con-
ducted, borders the Niger River and is within 30 km of 
Niamey and Kolo, both major market centers. The area 
receives 450 to 550 mm of rainfall during the cropping 
season that lasts less than 120 days. This places 
N'Dounga in the semiarid zone that is marginal for 
cropping (Sivakumar et al., 1979). Rice (Oryza sativa L.) 
paddies occupy the heavy soils along the river. This 
situation appears to be appropriate for the use of AT. 
Traditional crops, millet [Pennisetumglaucum(L.)R. Br.J 
and cowpeas [Vigna unguiculata (L.) Walp.), predomi-
nate on the sandy upland soils. 

Udic Paleustalfs and Psammentic Paleustalfs are 
the principal soils of the region (Brown, 1986). The soils 
are very sandy (around 930 g/kg)and have a volumetric 
water holding capacity that approaches 0.08 cm:lcm 1. 
Cation exchange capacity is very low, 0.24 moles/kg. 
They are moderately acidic with a water extract pH of 5.5 
and have an organic matter concentration of only 1.9 g/ 
kg. 

There has been some adoption of AT in the irrigated 
paddies for land preparation. It is used more widely for 
transport related to both irrigated and rainfed agricul-
tural activities. The use of AT for rainfed cropping 
operations is almost nonexistent. Equipment is avail-
able for purchase if farmers are shown that theiruse will 
be profitable (Panin, 1987). The operations for which 
animal traction might be used include land preparation, 
planting, and weeding. 

For AT to be used profitably for rainfed crops grown 
on sandy soils in this region, it would have to result in 
labor savings and/or Improved yields. Already severe 

land scarcities preclude production increases by ex
panding the area under cultivation. Labor savings and 
higher yields are related under these conditions. Timely 
execution of critical operations should result in higher 
yields. Competition for labor exists between critical 
cropping activities on irrigated and rainfed crops. For 
example, transplanting rice, weeding the millet, and 
planting cowpea all take place during the same period of 
the rainy season. The use of Nr without complementary 
agronomic inputs, especially fertilizer, has a limited 
effect on yield (Fussell et al., 1986). 

It was hypothesized that the conditions in the 
N'Dounga region were present for farmers to adopt the 
use of AT for rainfed crops grown on sandy soils. On
farm trials were undertaken to test the profitability and 
productivity of cropping practices based on the use of 
prototype implements and provide feedback to agricul
tural engineers who had designed the equipment. Objec
tives of the trials were to determine: 1)ifAT systems are 
more productive and profitable than traditional manual 
methods when modest levels of inputs are used: 2) ifAT 
decreases the labor requirements for weeding, the prin
cipal labor constraint; 3) if the use of a single ox (SO) is 
more profitable and attractive than the traditional paired 
oxen system (PO) because of reduced capital and oper
ating costs; and 4) if ridging is more profitable than field 
cultivation as a soil preparation technique. 

Materials and Methods 

During the 1986 rainy season, an experiment using 
millet was planted with three collaborating farmers. Two 
animal traction tillage treatments, ridging and field 
cultivation using oxen, and traditional hand cultivation 
were compared. There were two replicates within each 
field. The tillage treatments were used for both primary 
tillage and weeding. Millet was sown at a density of 
approximately 10.000 hills ha '. Single superphosphate, 
7.4 kg/ha P, was broadcast and incorporated with the 
primary tillage operation. Urea, 45 kg/ha N, was applied 
as a split dose approximately 3 and 6 weeks after 
planting. The animal traction equipment consisted of a 
spring tined cultivator with five shanks for the field 
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cultivation and a furrower for ridging. The traditional 
sweep hoe and planting hoe were used for manual 
treatment. 

In 1987, the AT treatments wre also carried out 
using the SO system. It was felt that the high investment 
and maintenance costs associated with the use of two 
oxen could be a significant obstacle to the adoption of the 
use of AT for rainfed cropping operations on sandy soils 
in the N'Dounga region. This led to the development of a 
harness system for SO traction. It was thought that the 
reduced capital and maintenance of a single animal 
system would make its use attractive. The three treat
ments were carried out In eight replicates with the SO 
and PO systems in different fields of II participating 
farmers. Analysis of variance was calculated individu
ally for the SO and PO systems. 

Partial budget analysis was used to evaluate the 
economic implications of the 1987 data. Economic, or 
unsubsidized price of the crop, was used to calculate the 
profitability and potential for adoption of the cropping 
practices. The analysis did not consider the cost and 
benefits of other additional uses of AT such as cropping 
irrigated rice and transport. Additional analyses to 
address how these technologies might fit into the farm 
system as a whole will be forthcoming when the results 
from the subsequent years trials and morc descriptive 
data of the economic farm units will be available, 

Results and Discussion 

AT improved millet plant densities in both years 
(Table 1). Higher densities resulted in higher yields for 
the AT treatments. Yield differences were much smaller 
between the tillage treatments. Nonetheless, with the PO 
system, field cultivation significantly outylelded ridging 
in 1986. This was also the case in 1987, but the 
differences were not significant due to generally greater 
variability in the results. Using the SO system, ridging 
yielded slightly more than field cultivation. While statis-
tical comparisons were not possible, yields with paired 
bullocks were higher than those with a single oxen. 

The use of the PO system for field cultivation re
sulted in an increase in net revenue of 74% while ridging 
increased net returns 43% (Table 2). These results are 
particularly noteworthy because planting was late clue 
to a late onset oftherainyseason. A]though therewasno 

net revenue increase using SO for field cultivation, there 
was a 30% increase when this system was used for 
ridging. The farmers In this experiment had limited 
experience with SO traction prior to this exercise. It may 
well be that this lack of experience biased the results in 
favor of the paired oxen system. 

Labor times were similar for the two AT systems in 
1987 (Table 3). Both AT systems reduced weeding time 
compared to manual methods. Labor input with AT was 
reduced by 56% and 68% for the first and second 
weeding, respectively. 

Conclusions 

When fertilizer is used, there appears to be more 
potential for improving yields and revenue with the use 
of paired oxen AT for primary tillage and weeding than 
with traditional manual practices. The results were less 
conclusive for single oxen use. As farmers gain experi
ence with this system. advantages may become more 
apparent. The single oxen continues to offer a less 
expensive entry into the use of AT. 

Early season drought, such as that which occurred 
in 1987. is a common occurrence in the Sahel. The yield 
advantages that were observed with the use of AT under 
these difficult conditions are particularly important. 

Reducing labor constraints to timely land preparation 

will contribute to higher yields, especially in years when 
the season is shorter than usual. Labor savings in 

weeding operations will allow labor availability for other 
activities. 

It is necessary that these results be placed in the 
context of the farming system. It is not possible to 
address several of the important issues, including risk 
relationships, that may contribute to adoption or lack 
thereof in and analysis of this type. Data are being 
gathered that will permit a broader understanding of the 
potential of these AT practices 
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Table 1. Millet population and grain yield ft)r single ox and paired oxen traction systems. 1986 and 1987, N'Dounga. 

Hills Grain yield 

1936 1987 1986 - _1987-
Treatment Paired Single Paired Paired Single Paired 

no./ha kg/ha 

Manual 3375 7784 7709 312 395 387 
Field Cult. 9300 8878 8652 703 512 747 
Ridging 9000 8695 9085 688 582 672 

S.E. + 12.5 226.2 240.5 13.0 59.2 111.1 
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Table 2. Economic returns of millet yields for single ox and paired oxen traction systems, 1987, N Dounga. 

Revenues Manual Single ox - Paired oxen -

and costs Cult Ridging Cult Ridging 

FCFA/ha 

Gross revenueb 31,280 40,960 46,560 59,680 53,760 
Input costs
 

SS phosphate 
 5,000 5.000 5,000 5.000 5,000 
Urea 6,500 6,500 6.500 6,500 6.500 
Seed 650 650 650
650 650
 

Capital costs' 
Animals 1.310 1,310 2,460 2,460 
Material 3,675 3,675 3,540 3,540 

Recurrent costs 
Feedd 2,500 2,500 5,000 5.000 
Veterinarian 300 300 600 600 
Animal loss (5%) 1,000 1,000 1,875 1,875 
Equipment Repair (5%) 855 855 820 820 

Net revenue 19,130 19.170 27,770 33,235 27.315 
% increase of manual trt. 0 30 74 43 

"$1.00 (US) = 280 FCFA (December 1987).
Millet price in Kolo = 80 FCFA. 

ICapital costs discounted at 20%. equipment life 10 years, and resale of animals after 5 years at twice the purchase price.
'Average dryland farm size in region = 4 ha. 

Table 3. Mean work times for single ox and paired oxen traction systems, 1987, N'Dounga. 

Manual Single ox - Paired oxen -
Operation Cult Ridging Cult Ridging 

man-hours/haa 

Cultivationb 15.9 21.1 15.8 16.6 
Fertilizer application, 2.2 2.0 2.0 2.0 2.0 
Planting 38.3 32.0 32.0 36.5 36.5 
Replanting, 2.5 1.9 1.9 1.8 1.8 
First weeding 27.6 11.5 12.3 12.4 12.2 
Second weeding 30.4 11.2 9.9 8.0 9.0 
Harvest' 9.5 15.0 15.0 13.1 13.1 

Total man-hours/ha 110.5 89.5 94.2 89.6 91.2 

'Man-hour calculations: 1 male-adult-hour - 2 male-child-hour (for children under 16 years). Females did not participate in this
 
trial.
 
bCultivation not performed on traditional manual plots.
 
'No time difference between plowing and ridging because these operations were done by hand.
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Introduction 

The macro-role 	of surface plant residue has long 
been recognized in no-tillage (direct drilling). In a micro
sense, however, it is common to see this residue swept 
aside, chopped up. or pushed into the slot in order that 
openers can nroceed without blockage. 

This papec summarizes work at Massey University. 
New Zealand, which sought to define the micro-role of 
residue and its influence on the slot formation process 
and its subsequent micro-environment, and, thence, to 
develop hardware to utilize this valuable resource dur-
ing drilling and 	clup establishment, 

No-Till Slot Characteristics 

No-till openers tend to produce eitherV or U shaped 
slots. Baker (1976) introduced a variation on these 
shapes which showed immediate advantages in promot-
ing seedling emergence from dry soils, This was an 
inverted T shaped slot which in effect was an inversion 
of the V shaped slot. confining the surface disturbance 
to a narrow slit at the top, while creating a relatively wide 
disturbed zone at the base. 

Slot Cover 

Slot covers can be classed into four categories 
(Baker, 1976): 

Grade 1. Negligible loose soil cover 
2. Complete loose soil cover 
3. Intermittent soil and residue cover 

A strong positive correlation (r = 0.95) was estab-
lished between grades of cover and wheat seedling 
emergence in dry soils; and consistent improvements to 
seedling emergence are common where at least Grade 3 
cover is generated. 

The formation of U shaped slots generally results in 
rupture of the soil upwards and sideways which itself 
results in spillage of soil alongside the slot and which is 
useful as a covering medium where a scuffing harrow is 
used (Grade 2). In contrast. V shaped slots are usually 
formed by neatly cutting disks resulting in less surface 
spoil (Grade 1). With inverted Tshaped slots, soil sites on 
either side of the slot are tipped up vertically and then 

pressed back from whence they came with minimal soil 
Inversion to provide a cover of soil topped with a mulch 
of residue (Grade 4). 

Slot Microenvironment 

The grade of cover has a major effect on the micro
environment within the slot which itself affects both 
germination and sub-surface seedling survival (Baker, 
1976). 

Choudhary and Baker(1980: 1981 a, 1); 1982) showed 
that with V shaped slots, seeds germinate even in dry 
soils because the seed becomes wedged into the base of 
the V and receives a supply of liquid phase water from 
the undisturbed soil alongside (albeit slowly in dry
conditions). However, the radicle. in order to penetrate 

into the undisturbed soil has to negotiate the interface 
between this zone and the slot itself' (the slot wall). 
Premature transpirational demand on the seedling, 
because of its relatively exposed position in the slot, soon 
results in desiccation. 

With U shaped slots, the seed is less in contact with 
water-bearing soil since it usually rests on a relatively 
broad base which may be broken in nature depending on 
the opener used to create it (Dixon. 1972; Baker and Mai, 
1982). It is unlikely, therefore, to receive much liquid
phase water, especially when the water tension is high. 
Accordingly, most seeds fail to germinate in the first
place, even when Grade 3 cover is generated. Of those 
seeds which do germinate, a greater proportion survive 
than with V shaped slots but the contrast between the 
failure-nechanisms of these two slots in dry soils is both 
interesting and repeatable. 

In inverted T shaped slots, Choudhary and Baker 

(1981b) measured a very slow declinc in vapor-phase 
water once the residue-covered flaps were repositioned 
over the slot (Grade 4 cover). This rate of loss of vapor
phase water is lower than in loose soil (Grades 2 and 3) 
which Itself is lower than with no cover. Because equilib
rium relative humidity in soil between field capacity and 
wilting point is between IOC ,-.1 99.8% (Scotter, 1976), 
it appears that seed sown in inverted T shaped slots 
germinates largely as a result of the high humidity 
within the slot environment since the supply of liquid 
phase water to the seed is probably little better than that 
for U shaped slots described above. Also, gravimetric 
measurements of liquid-phase soil water content from 



soil within and close to a range of slots has consistently 
shown no significant differences between openers or slot 
shapes. 

What is important about Inver ted T shaped slots, 
however, is that the important sub-surface development 
phase of the seedlings seems to be maintained un-
stressed in an atmosphere of high humidity. Thus, 
under dry conditions, it is rare for seeds in inverted T 
shaped slots to either fail to germinate or for the sub-
surface seedlings to fail to emerge. 

Pressing on the Slot 

Choudhary and Baker (1980: 1981a, b: 1982) also 
showed that pressing on the covering medium of the slot 
had no effect on seedling emergence with any of the three 
slot shapes (despite this being a common practice in the 
field). They did show, however, that pressing directly on 
the seeds prior to covering had a marked effect with both 
V and U shaped slots. Pressing, even on the seed, had a 
negligible effect on invertedTshaped slots since seedling 
emergence was usually already high in the absence of 
pressing of any type. 

With V shaped slots, pressing on the seed appears to 
push tile seed through the compacted base of the slot 
(Dixon. 1972: Baker and Mal. 1982) so that the radicle 
emerges directly into tile undisturbed soil and does not 
have to negotiate the slot wall in order to obtain the little 
liquid phase water that is available. Seedlings still suffer 
from premature exposure to light, but pressing before 
covering greatly increases final emergence counts, 

With U shaped slots, pressing on the seed appears 
to improve seed-soil contact in the first instance so that 
germination occurs where it had i.ot occurred in the 
absence of pressing. Since Grade 3 cover protects seed-
lings from desiccation more effectively than Grades 1 or 
2 cover, final emergence from pressed U shaped slots can 
be quite satisfactory (though sadly, this is seldom prac-
ticed in the field). 

Wet Soils 

Although detailed consideration of wet soils is be-
yond the scope of this paper, It is interesting to note that 
a similar study of the interactions between slot shape. 
micro-management of the surface residue, infiltration, 
and earthworms (Baker et al., 1988) showed that in the 
presence ofearthworms, the inverted T, U, and V shaped 
slots ranked in the same order as for dry soils but for 
entirely different reasons. 

No..Till Opener Characteristics 

Residue Handling 

The main reason why V shaped slots have persisted 
in practice is that they are typically created by double (or 
Iriole) disk openers which handle surface residue rea-
sonably well without substantial blockage. This me-
chanical expediency has so far outweighed shortcom-

Seed Placement in No-Ti 545 

ings In biological performance typical of these slots. 
U shaped slots are typically created with rigid hoe 

openers (often preceded by a vertical disk), although 
they can also be created by powered rotary heads or 
angled concave or flat disks. The latter two options have 
trash-handling advantages over other U shaped open
ers, but they produce wide slots which are even more 
difficult to manage than narrower slots typical of pointed 
hoes. Inverted T shaped slots result only from rigid 
openers with short angled lateral wings. 

Opener Development 

In order to retain the biological advantages of in
verted T shaped slots, but to give winged openers the 
capability of handling surface residue in a controlled 
manner without blockage, a development program was 
undertaken at Massey University (Baker et al.. 1979). 

A central tine with symmetrical wings on either side 
was split in the vertical plane and the leading edges of 
each winged shank were arranged so that they rubbed 
continuously on either side of a central notched disk. 
The anterior edges of these winged shanks are held 12 
mm from the disk. Seed travels down the annular gap be
tw-en the disk and the rear section of one of these 
shanks and fertilizer down a similar gap on the other 
side. Seed and fertilizer come to rest on separate soil 
shelves at the same sowing depths. These shelves, on 
either side of the slot, effectively separate the seed and 
fertilizer horizontally by 20 mm in the slot. No seed 
damage has yet been recorded in laboratory or field 
experiments (Baker aad Afzal. 1986) nor In several 
thousand hectares of field experience (prototypes of this 
opener have been extensively field tested in New Zeal
and. Australia. and U.S.A. over at least 5 years)(baker 
and Desborough, 1985: Ritchie and Baker, 1987: K.E. 
Saxton. unpublished data, 1987: 1988). 

Use is made of angled press wheels to closely control 
the r,.sidue-covered flaps for slot closure and to ensure 
that depth of seeding varies by less than 10% (C.J. 
Baker, unpublished data, 1985). 

Conclusions 

1. 	 Surface plant residues are important in both the 
micro- (slot cover) and macro- (field cover) senses. 

2. 	 In the micro-sense, management of the residue is 
largely a function of the drill openers. 

3. 	 Micro-management of residue should be aimed at 
producing Grade 4 slot cover in the form of inverted 
T shaped slots. 

4. 	 Slot cover Influences slot microenvironment. 
5. 	 A slot microenvironment high in vapor phase water 

is capable of both germinating seeds and sustaining 
sub-surface seedlings for several weeks. 

6. 	Pressing on slots which are already covered is likely 
to be largely ineffective in increasing seedling emer
gence. 

7. 	 Pressing on seeds prior to covering is likely to 
increase seedling emergence from V or U shaped 
slots. 
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8. 	 Inverted T shaped slots have a wider biological 
tolerar:ce ofsub-optimal soil conditions than either 
U or V shaped slots. 

9. 	Where a number of design characteristics fo, no-till 
openers become competitive, residue handling

hopeners
characteristics of the openers should not take de-
sign priority over the biological tolerance of such 
openers. 

10. 	At least one opener has now been designed which 
handles residue, separates seed and fertilizer, cre-
ates an inverted T shaped slot, self-closes the slot, 
and accurately controls depth of seeding. 
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Introduction 

Major subsistence crops in Kenya include maize 
(Zeamays L.) field or dry beans (Phaseolusvulgaris L.). 
potatoes (Solanum tuberosum L.), and various types ofvegetables. In terms of area, maize is the most widely 

grown cereal in Kenya. Production estimates indicate 
that about 4.8 million ha of maize and 1.5 million ha of 
maize/bean intercrop are grown annually. Among other 
cereals. sorghum [Sorghumbicolor(L.) Moenchi. which is 
adapted to more dryland areas of Kenya. occupies about 
0.12 million ha. The area planted to sorghum is less than 
that planted to maize, and maize is still gaining popular-
ity in many parts of the country. Farmers in semiarid 
areas of Kenya are attempting to cultivate the crop 
despite the low, bimodal, and unevenly distributed 
precipitation (500 - 800 mm/yr). 

The National Dryland Farming Station in Machakos 
District in the Eastern part of Kenya receives an annual 
rainfall of about 800 mm. The semiarid regions of Kenya 
cover almost two-thirds of the country, and farmers in 
these areas ha' e a 50% chance of getting about 350 mm 
of rainfall during the long rains and about 300 mm 
during the short rains. Attempts are made to grow maize 
in these areas. 

The purpose of this study was to compare the effects 
of minimum and conventional tillage systems for maize 
production in Kenya. 

Research Methodology 

Two tillage methods were evaluated in Machakos 
District, which is about 120 km Southeast of Nairobi. 
Comparative trials were also conducted on the Univer-
sity of Nairobi farm at Kabete. The trials were conducted 

Table Ia. Effect of tillage system on maize emergence 

(dryland. Machakos). 

Treatment Year 

1984 1985 1986 Mean, 

Conventional tillage 76 91 89 85.3 

Minimum tillage 71 90 92 84.3 

*Non-significant at P > 0.05 (paired t-test). 

for a period of 3 years, and treatments included were: 
(a) Conventional tillage, which involves a thorough 

manual land preparation prior to maize planting, and 
(b) Minimum tillage. which involves planting in 

furrows approximately 20 cm wide (hoe width) without 
further elaborate tillage between the rows. 

Similar treatments were repeated in a high potential 
area of Kenya. At this site, foliar contact herbicides 
(glyphosate or paraquat) were used to kill existing weeds. 
No herbicide was used in Machakos. Each treatment 
was replicated four times in each site and plots meas
ured 10 by 20 m. 

In both cases, weeding was manually done soon 
after maize emergence. Data on seed emergence, weed 
incidence, time used for tillage operations, and final crop 
yields were taken. Data analyses were perforn ed using 
the paired t-test and level of significance was tested at P 
= 0.05. 

Results and Discussion 

Tables 1a and Ib show the effect of tillage on maize 
emergence in the dry areas of Machakos and the high 
rainfall areas of Kabete. In 1984, both systems were 
affected by the prolonged drought throughout the coun
try. Many researchers have shown that there is no 
difference iri bced emergence as long as the seeds get 
adequate moisture and proper soil coverage (Hayes, 
1982: Lal, 1979; Brown. 1979). Where there is thick 
dead plant residue or mulch, water is conserved, which 
supports the plant for a longer period of time. 

The same conditions were noticed in the high rain
fall areas of Kenya. In all 3 years, germination percent 
was high for both tillage systems. Work in Trinidad by 
Lindsay et al. (1983) concurs with these data. 

Table lb. Effect of tillage system on maize emergence (high 

rainfall. Kabete). 

Treatment Year 

1984 1985 1986 Mean, 

Conventional tillage 98 93 93 94.6 

Minimum tillage 99 95 95 95.3 

INon-significant at P > 0.05 (paired i-test). 



548 Residue Management 

Maize yield comparisons for 3 years in Machakos did 
not show any significant differences (t-test. P = 0.05). It 
is clear from Table 2 that yields with conventional tillage 
compared favorably with those from minimum tillage. 
This find!ng is in agreement with several workers (Ste-
wart and Hash, 1982: Lal. 1979; Lindsay et al.. 1983) 
who have strongly advocated use of minimum tillage in 
the tropics. In the dry areas of Kenya, It is possible to 
harvest a crop and get a reasonable yield once there is a 
system which encourages water 'nfiltratlon and pre-
vents evaporation. The difference in yield gives an indi-
cation of the benefits or loss a farmer can get in using a 
particular tillage system. 

The yield results were slightly different in the high 
rainfall area of Kenya (Kabete)(Table 3). Rainfall was 
adequate and maize yields with both tillage systems over 
the years were high and comparable each year. Again, 
the overall mean yield was slightly higher with minimum 
tillage, but the paired t-test showed a non-significant 
difference (P = 0.05). 

The advantages and disadvantages ofminimum and 

conventional tillage systems are summarized in Table 4. 
Manualland cultivation by hoe in Kenya consumes more 
time than any tillage operation. A thorough and uniform 
seed preparation by a hoe is nowhere comparable with 
a seedbed prepared under minimum tillage where only 
furrows are made with a hoe. The latter system requires 
less input of time, labor, and energy. Other than the need 
for herbicide use in certain cases, the advantages of 
minimum tillage outweigh those summarized under 
conventional tillage. This has been highlighted by many 
researchers (Michieka, 1985: Monsanto, 1985; Unger, 
1984; Hayes, 1982). 
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Table 2. Tillage system effects on maize yields in a low rainfall area, Machakos, Kenya. 

Tillage 
Year Season- Conventional Minimum Difference 

kg/ha -0/-

1984 LR 2500 2250 -250 -10.0 
SR 2000 2670 670 33.5 

1985 LR 2500 2420 -80 -3.2 
SR 2330 2530 200 8.6 

1986 LR 2670 2620 -50 -1.9 
SR 2700 2330 -370 -13.7 

Mean' 2450 2470 20 0.8 

1LR = long rains. SR = short rains. 
'Non-significant at P > 0.05 (paired t-test). 

Table 3. Tillage system effects on maize yields in a high rainfall area. Kabete. 

Tillage 
Year Season- Conventional Minimum Difference 

kg/ha 

1984 LR' 4710 5000 290 6.2 
SR 5740 5540 -200 -3.5 

1985 LR 6300 6830 530 8.4 
SR 6140 6550 410 6.7 

1986 LR 5460 5730 270 4.9 
SR 4710 5290 580 12.3 

Meanh 5510 5820 310 5.6 

LR = long rains. SR = short rains. 
hNon-signiflcant for paired t-test at P = 0.05. 



Table 4. Pros and cons of tillage systems in dryland areas of Kenya. 

Tillage Method Advantages 

Hand cultivation by Fast, timely planting. 
hoe. spot tillage. no erosion, high water 
(minimum) infiltration, vigorous 

crop growth. less time 
required. less 
laborious. 

Hand cultivation by Fast, timely planting, 
hoe, furrows no erosion, high water 
Minimum-tillage. infiltration, uniform 

seed germination, 
vigorous crop, less 
time required. 1/4 
less laborious. 

Hand cultivation by Good, uniform seedbed 
hoe, thorough and seed germination, 
seedbed vigorous crop, less 
preparation. dependence on 
Conventional. herbicides, 
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Disadvantages 

Poor crop stand, 
vermin and insect 
damage, immediate 
weeding may require 
herbicides. 

Dependent on 
herbicides, immediate 
weeding. 

Time, labor and 
energy consuming. 
soil erosion 
encouraged. several tillage 
operations to effect 
desirable seedbed. 
soil moisture loss. 
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Introduction 	 c) Raised wide beds, to provide well drained cropping 
zones which will not be disturbed or compacted by 

High-clay soils are a valuable resource for produc-
tive cropping. These soils occur in major portions of 
many row and grain crop areas of the world. Soils which 
have a high content of expansive montmorillonitic clay. 
such as Vertisols, present unique problems associated 
with soil and crop management. Water erosion is a 
serious problem as seen on eroded hilltops and moder-
ate to steep side slopes of the Texas Blackland Prairie. 
Drainage is a problem because of low infiltration rates, 
low saturated conductivities, and high water holding 
capacities. Friable tilth is exhibited for a very narrow 
range of water content and may exist in only a few 
centimeters of surface depth for extended periods after 
rainfall. Primary tillage at such unfavorable water con-

tent conditions produces large clods which require 
subsequent tillage operations and extended weathering 
to be reduced to a finer soil structure for adequate crop 
seedbeds and rooting. 

New technology is needed to encourage the use of 
erosion controlling crop production practices on farms 
that include high-clay soils in their resource base. In the 

U.S.A., farming systems are needed to p.rmit compli-
ance with current erosion control legislation and to 
maintain profitable production on high-clay soils. The 
experimental system technology described in this paper 
answers some of these needs and approaches the goal of 
allowing profitable cropping with benefits of erosion 
control. 

System Technology for 

High-Clay Soils 


An experimental system has been developed for 
long-term conservation crop production on high-clay 
soils. This system incorporates management practices 
and production procedures with unique combinations of 
technologies to provide the needed performance for 
high-clay soils. System components are: 
a) No-tillage, to eliminate multiple tillage practices that 

are energy intensive and costly; 
b) Crop residues, to control erosion and conserve water; 

wheel traffic (Morrison and Gerik, 1983) (Fig. 1); 
d) Controlled traffic, to isolate soil compaction and to 

enhance machinery mobility (Morrison. 1986); 
e) 	Crop sequencing, to manage crop residues for erosion 

control and to provide management flexibility to 
respond to changing resource costs, commodity market 
prices, crop disease epidemics, or other irregularities; 

t)	Fertilizer placement, to position concentrated bands 
of nutrients below soil surface layers, to optimize 
fertilizer use efficiency: and 

Conventional 
wide-spaced rows 
(80-10 cm) 

' " 

".. "".,s.... ' 
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Figure 1. Permanent wide beds with four crop row 
spacings (Morrison and Gerlk, 1983). 



g) 	Field machine adaptability, to align all wheel traffic at 
spacings selected for the specific system. ensure 
compatibility of machine working widths and crop 
row spacings with the selected system, and assure 
that all machine components are effective in adhesive 
soils with surface residues (Morrison. 1985). 

Review of System Performance 
Results 

Crop yields front a grain sorghum [Sorghumi bicolor 

(L.) Moench], cotton (Gossypiuni hirsutum L.). and wheat 
(Triticnum ae'stivum L.) rotation sequence study oni Austin 

silty clay soil (fine-silPv, carbonatic, thenic Entic Ilaplus

tolls)without raised wide beds, are given in Table 1.Grain 
sorghum yields did not differ significantly between no-
tillage and conventional chisel-tillage (Gerik and Morri
son. 1984). Seed-cotton yields were significantly greater 
in 2 out of 3 years for chisel-tillage than for no-tillage. 
possibly due to plant stand problems. Wheat yields were 
only different for the two tillage tratnients during a 
1982 drought which significantly reduced tiller num-
bers (Gerik an ' Morrison. 1985).'

b( rproti an d son. 19851.ty stsorghum. 
Crop rooting and soil property studies established 

that root length densities in the top 15 cm varied with 
respect to three crop L across 3 years, but were not 
different between tillage treatments in the uncompacted 
cropping zones (Gerik et al., 1987). Below the 15-cm 
depth, rooting density, soil strength, and bulk density 
were not affected by tillage. Therefore, the no-tillage 
system was not inhibiting root growth. 

Fertilizer application evaluations on Houston Black 
clay soil (fine, montmorillonitic. thermic Udic Pellustert) 
showed that applicator knife disturbance increased with 
soil penetration depth, travel speed. and soil water 
content (Chichester et al., 1985). Critical cutting depth 
control and minimum soil disturbance applicator fea
tures were included in the development of a subsurface 
fertilizer applicator (Morrison and Chichester, 1988). 
Such an applicator is a needed tool to conduct no-tillage 
fertilization in adhesive high-clay soils. 

Fertilizer placement did not significantly affect cot-
ton yield response when the same rate of 24-6-0 liquid 
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fertilizer injection was centered between rows at 8- and 
20-cm depths or when rows were spaced at either 40 or 
60 cm (Chichester et al., 1985). Grain sorghum yield did 
not differ in response to 10-cm deep knifing of liquid 
fertilizer on both sides ofthe rows as compared to knifing 
on only one side (Table 2) (Morrison et al., 1985). 
Centered shallow injection Is now used in our system. 

Soil water content was not different between the no
tillage system and conventional chisel-tillage for grain 
sorghum following wheat on Austin silty clay soil during 
the cropping season (Fig.2)(Gerikand Morrison. 1985). 

Because this soil tends to be self-mulching, there is not 

a positive water-conservation plant response to residue 
cover as forfor erosionmany othercontrol on allThesoils.surfaceresidue isreportedvaluable 	 soils. 

Economic Analysis 

No-tillage production costs were developed for each 
crop and compared to state-of-the-art (hisel-type con
ventional tillage systems (chisel-tillage systems) for the 
high-clay soils of the Texas lilackland Prairie. The eco

oic aaysis ossues he- su e oa rop
nomic analysis assunies it threc-crop sequenc of grain 

winter wheat, and corn (7,a mnayis L.) and 
utilized 1987 input cost levels alld expected yields froim 
unpublished studies by the authors in order to compute 

Table 2. Grain sorghum (issue niUtrient iptake and grain yields 
from two subsurface banding patterns on Ilouston clay soil 
(Morrison et at.. 1985). 

Nutrient 
Iocation of 
irilliizer bands N P) Yield 

kg/ha 

Both sides of each row 3.49 a' 0.314 a 7360 a 
Between rows 3.39 b 0.301 b 7140 a 

.'Means assigned the sane letter ar, not different by the 
Duncan imultiple range test at 5% (Iland Yield) and 1% (NJ levels 
of significance. 

Table 1. No-till and conventional system crop yield for high-clay soils atTelie.)I,'X (Morrison eIal.. 1985). 

Yield 

Grain sorghum Seed cooto Wheat 

Year No-tillage Chisel No-tillage Chisel No-tillage Chisel 

(kg/ha) 

1982 
1983 
1984 

5770 
3530 
3600 

5870 
3840 
4590" 

1390 
1670 
930 

1640" 
1700 
1270-, 

1250 
3280 
1110 

1950" 
3410 
920 

LSD .05 400 140 530 

,Yields are significantly greater for conventional tillage than for no-tillage. 

http:19851.ty
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Table 3. Economic costs and returns for no-tillage compared with conventional chisel-tillage for three crops In a rotation on 
high-clay soils at Temple. TX. 

- Grain sorghum 
No-

Item tillage Chisel 

Yieldb (kg/ha) 6940 6500 

Variable Costs: 
Seed 20.63 20.63 
Fertilizer 71.29 71.29 
Herbicides 80.78 19.47 
Insecticides 42.53 42.53 
Applications 7.41 7.41 
Machinery 6.42 17.92 
Labor 9.22 17.00 
Interest 21.15 20.93 
Harvest & haul 107.24 100.32 

Fixed Costs: 
Machinery 18.46 58.04 
Land 98.84 98.84 

Total Costs 483.97 474.38 

$/kg 
Necessary market 

price to break 
even 0.0697 0.0730 

-Winter 
No-

tillage 

wheat 

Chisel 
No

tillage 

Corn 

Chisel 

2420 2420 7210 6590 

$/ha 

47.44 
54.14 
25.75 
19.03 
7.41 
4.10 
5.49 

20.48 
40.33 

47.44 
54.14 
13.25 
19.03 
7.41 
6.82 
7.14 

17.72 
40.33 

65.24 
78.55 

100.23 
23.50 

-
6.45 
9.22 

24.41 
76.85 

65.24 
78.55 
25.77 
23.50 

-
17.00 
15.32 
23.55 
73.39 

25.25 
98.84 

30.67 
98.84 

18.46 
98.84 

52.83 
98.84 

348.26 350.20 501.75 473.99 

0.1440 0.1460 0.0697 0.0720 

Acomplete listing of the field procedures, tractors, and implements used, and off-farm inputs are available from the authors upon 
request.
bYields are from recent unpublished studies in 1985-87 by the authors and should not be compared with Table 1. 

break even (crop sales minus total production costs 
equal zero). Each crop with the lowest break even price 
identifies the most economical tillage system which is a 
function of both production costs and yield level (Table 
3). Total costs were higher for both no-tillage grain 
sorghum and corn. Slightly increased yields for those 
two crops and lower total costs for wheat made the no-
tillage system more economical for all three crops in the 
analysis. 

It is important to note that the chisel-tillage sys-
tems, like many conventional crop production systems, 
are subject to erosion problems. A more comprehensive 
economic analysis for a specific commercial farm opera-
tion should include additional production costs for 
conservation practices in connection with the chisel
tillage production systems. Additional production costs 
incurred for erosion control practices in connection with 
the chisel-tillage systems would enhance the relative 
profitability of the no-tillage systems. 

Summary and Conclusions 

A management system has been developed that 
meets the goals of profitable crop production with ero-
sion control on high clay soils. This system combines 
established practices and experimental technologies 
into a structure which may also be applicable to other 

crop, soil, and environmental situations. 
To date, our use of this system has resulted in crop 

yields, crop rooting, soil strengths, soil bulk densities, 
and economic returns similar or better than those for 
state-of-the-art conventional chisel-tillage on the Verti
sols in the Central Texas Blackland Prairie. In addition, 
this new system provides erosion control, machine 
mobility, high populations on narrow rows, and other 
management options which cannot be achieved with 
conventional tillage. Contrary to some claims, no-tillage 
can be used as a conservation tillage system on these 
soils if appropriate technologies are employed in a 
systematic manner. 
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Figure 2. Effect of conventional (CT) and no-tillage 
(NT) on the soil water content (cm 3/cm 3 ). at plant
ing date (PD), panicle initiation (PI), anthesis (A), 
and physiological maturity (PM) in 1981 and 1982 
grain sorghum (Gerik and Morrison, 1984). 
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Introduction 

Two types of deep tillage are most commonly used 
to reclairm Solonetzic (mainly Natriboroll) soils - deep 
plowing and deep ripping. Deep plowing, first used in the 
U.S.S.R. to Improve Solonetzic soils, mixes the A, B, and 
C horizons, incorporating salts from the sub-,3i1 Into the 
soil surface (Antipov-Karatayev, 1965). Calcium, mainly 
from gypsum, replaces sodium on the exchange com-
plex. with sodium leached into the subsoil by infiltrating 
water. 

The deep ripper has long shanks that lift and shatter 
the B horizon, but causes little mixing of the horizons 
The permeability of the B horizon and depth cf rooting 
tend to Increase after deep ripping, but little chemical 
amelioration occurs at the surface, 

Researchers in North America (Bowser and Cairns, 
1967. Lavada and Cairns, 19801 have reported varying 
degrees of success using deep tillage to ameliorate 
Solonetzic soils. This paper reviews the deep tillage work 
being done In Saskatchewan, Canada. 

Solonetzic Soils 

Solonetzic soils occur extensively in grassland areas 
of the world, including the semiarid and subhuntid 

Table 1. Yield results of productivity studies on solonetzic soils. 

Area Year Series 

portions of the Interior Plains of North America. The B 
horizons of Solonetzic soils are dense and clayey with 

highly soluble and exchangeable sodium contents. The 
high sodium concentrations result in dispersed soil 
colloids, making the B horizon dense and slowly perme
able to water and air (Anderson, 1987). Root growth is 
generally limited to the A horizon, making the soils more 
susceptible to moisture and nutrient stress. The growth 
of crops under stress varies considerably, with poorest 
stands where A horizons are thinnest and B horizons 
most strongly developed. 

As a consequence of low plant productivity, the A 
horizonofSolonetzic soilsis relatively shallowand lowin 
organic matter. The A horizons are often underlain by an 
eluvial (e) horizon, from which clay and organic matter 
have been leached Into the B horizon. Cultivation often 
mixes the shallow A and Ae horizons with the B horizon, 
resulting in a surface that is prone to crusting or to the 
formation of large clods that Inhibit seedling emergence. 

Productivity 

Crops grown on Solonetzic soils are less productive 
than those grown on Chernozemic (Haploboroll) soils in 
the same area. The yield of wheat (Triticumaestivum L.) 
on different kiids ofSolonetzic, Solonetzic-Chernozemic 
intergrade, and normal Chemozemic soils was studied 

Yield 

Grain Total biomass 

kg ha 

Weyburn 1975 Orthlc Dark Brown Chemozem 2370±200 3720 
Solonetzic Dark Brown Chemozem 2270±140 3400 
Solodic Dark Brown Chernozem 2320±140 4330 
Dark Brown Solod 1980±150 3090 
Dark Brown Solonetz 1750±160 2710 
Dark Brown Solodized Solonetz 1300+160 2320 

Kerrobert 1986 Solonetzlc Brown Chernozern 2910+150 6120+150 
Brown Solodized Solonetz 2760+150 6530+130 
Brown Solonety 2530+150 4250+ 110 

Kerrobert 1987 Solonetzic Brown Chemozem 2680+160 6120+360 
Brown Solodized Solonetz 1310+120 2700+200 
Brown Solonetz 1900+140 3720+510 

OStandard error values, 



in the Dark Brown soil zone near Weyburn in 1975(Table 
1). The highest yields occurred on the normal Chernoz-
emic and the Solonetzic-Chernozemic intergrade soils, 
Lowest yields occurred on the Solodized Solonetz soil 
series. 

Similar studies were conducted near Kerrobert in 
the Brown soil zone in 1986 and 1987. Growing season 
precipitation was above average in 1986, and no signifi-
cant wheat yield differences were observed among soil 
types (Table 1). However, in 1987. growing season pre-
cipitation was average and wheat yields were signifl-
cantly higher on Chemozemic than on Solonetzic soils. 

Genesis 

Solonetzic soils develop where high levels of sodium 

are maintained within the solum. A tenuous balance 
between downward leaching of soluble sodium due to 

gravitational water and upward flux from artesian pres-

sure or capillary rise in fine soil pores must be main-

tained to preserve the natric B horizon (Anderson, 1987). 
Slight changes in climate, hydrogeological properties or 

B horizon structure which enhance downward leaching 
result in removal of sodium from the B horizon. 

Reclamation of Solonetzic soils in which sodium is 

actively maintained in the B horizon is more difficult 
than In soils where the conditions which contributed to 

Table 2. Soil data by soil series for selected years from 1976 to 

E.C. Ca 
(Depthl Year SS, S. SC, SS S 

(cm) 	 - dS/m i _ 

0- 15 	 1976 2 Ia' 1 8a 6a 
1977 3 3b 2 24b 28b 
1980 3 3b 2 24b 20b 
1985 1 1 a 2 20b 6a 

15-30 	 1976 1 2 1 a 8a 12a 
1977 3 4 3b 28b 30b 
1980 2 4 2ab 20b 22b 
1985 2 2 3 b 22 b 8 a 

30-60 	 1976 3 5 2 a 18 32 

1977 2 4 3 ab 18 24 

1980 3 5 4 b 24 26 

1985 3 5 4 b 18 12 


60-90 	 1976 7 7 6 32 a 40 
1977 6 8 5 50 b 44 
1980 7 9 7 46 b 36 
1985 4 9 5 30 a 30 

90- 120 	 1976 6 7 6 30 a 48 
1977 7 8 6 46 b 56 
1980 8 9 7 40 ab 38 
1985 5 10 6 32 ab 40 
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their development no longer exist (Anderson, 1987). 
Deep tillage of such *relict'solonetzic soils is assumed to 
accelerate the natural ameliorative processes which 
occur when percolation of soil water through the profile 
is no longer inhibited by the slowly permeable B horizon. 

Deep Plowing Research 

Deep plowing trials were initiated on three fields of 
dominantly Solonetzic soils near Weyburn in 1976. 
Changes in soil properties and crop yield due to the 

treatment were monitored until 1981. Deep plowing to a 

depth of 60 cm, or about 30 cm below the B horizon, 
Increased the average yield of wheat by 0.3 to 0.4 Mg/ha 

(Ballantyne, 1983). Yield increases were highest in dry 

years during which the yields on unplowed plots were 
relatively low, indicating that increased moisture stor

age and more efficient water use accounts for the greater 
yields on deep plowed soils. 

Soils within the deep plowed plots were sampled 
again in 1985, and results compared with data from 
1976. 1977. and 1980 (Table 2). Because the effects of 

deep plowing vary with soil type, the data are presented 
by soil series. 

Electrical conductivity (E.C.) and soluble cations 
increased In the 0- to 15-cm and 15- to 30-cm sampling 

1985. 

Soluble Cations 
Mg Na 

SC SS S SC SS S SC 

mmol/L. I 

8a 4 4a 6a 3a 8a 4a 
36b 14 20b 181, 10b 17b 8b 
28b 12 14ab 14b 8b 17b 6ab 
40b 8 6a 16b 3a 6a 7ab 

12a 6 12a 8a 6 23 6a 
36b 18 26b 22b 15 31 13b 
22ab 12 20b 14ab 13 26 9ab 
30 ab 14 8 a 20 ab 11 16 12 b 

16 14 36 18 14 40 22
 
34 12 24 20 11 32 13
 
38 16 32 20 19 36 17
 
38 14 26 28 19 41 24
 

38 38 48 40 61 76 50 
36 38 60 32 44 83 40 
38 40 52 38 43 72 46 
38 28 74 36 29 73 38 

36 a 36 48 38 54 56 69 
50 b 40 58 44 57 99 44 
38 a 44 56 40 54 79 54
 
38 a 38 76 36 42 86 42
 

ISS - Solodized Solonetz: S - Solonetz; SC - Solonetzic Chernozem. 
IColumn values for a given depth followed by different letters are significantly diflerent (P 0.05). 
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Table 3. Crop yields on ripped and control plots. 1987. 

Site Soil Crop 

Moose Jaw Chernozem Wheat 
Chamberlain Chernozem Wheat 
Lucky Lake Chernozem Wheat 
Tisdale I Solonetz Wheat 
Arborfleld 1 Solonetz Wheat 
Tisdale 2 Solonetz Flax 
Tisdale 3 Solonetz Flax 
Cut Knife Chernozem Lentils 
Arborfield 2 Solonetz Peas 

depths of all soil series after plowing (1977 data) com-
pared to the 1976 pre-plow data. The E.C. and soluble 
cations had decreased in the Solodized Solonetz and 
Solonetz soils by 1985 and were not significantly differ-
ent than in 1976. In 'he Solonetzic Chernozem soils, 
little change in soil properties has occirred since 1977. 

It appears that breaking up the hard B horizon 
increased soil permeability allowing significant leaching 
ofsoluble sodium from the soil surface since 1977. In the 
Solodized Solonetz soils, the soluble sodium appears to 
be accumulating in the 30- to 60-cm zone. In the 
Solonetz soils, soluble sodium had increased in the 90-
to 120-cm zone by 1985. Much less leaching of soluble 
cations from the soil surface seems to have occurred in 
the Solonetzic Cherozems. This may be because they 
tend to occur on slightly higher and generally convex 
positions in the landscape. Some precipitation runs off 
of these soils onto the Solonetz and Solodized Solonetz 
soils where, after deep plowing, it can infiltrate, carrying 
soluble salts into the subsoil. The depth of leaching 
appears to be greatest for the Solonetz soils which 
usually occur in the lowest slope position. 

Deep Ripping Research 

In 1985 and 1986, nine deep ripping trials on 
Solonetzic and Chemozemic soils were established in 
Saskatchewan to morit~or the effects of the treatment on 
crop yield and soil characteristics. Yield increase sdue to 
deep ripping occurred mainly on the Solonetzic soils; 
crop production on Cherimozemic soils was largely unaf-
fected by deep ripping (Table 3). A significant decrease 
in wheat yield due to tillage occurn ed at the Arborfield 1 
site. Poor seedbed conditions and relatively dry spr-ing 
conditions resulted In sporadic crop emergence on the 
deep ripped strips. This problem was reported at other 

Grain Yield LSD 
Control Ripped (.05) 

kg/ha'1 

2710 3160 N.S. 
1260 1510 N.S. 
2960 2980 N.S. 
1240 2340 356 
2810 2350 403 
1320 1510 188 
1440 1700 200 
2720 2760 N.S. 
2100 1920 N.S. 

sites in the spring of 1985. but timely spring rainfall 
allowed the ripped plot crop to eventually catch up and 
out yield control crops in that year. Crop establishment 
was not affected by treatment for the remaining sites. 

Bulk density at the time of harvest was less for the 
25-cm and 40-cm depths for the ripped strips than the 
control strips, although the differences were not signifl
cant. The average bulk density values for the 25-cm 
depth were 1.5 Mg/n :' for the ripped strips and 1.6 Mg/ 
m 3on the control strips. At the 40-cm depth, these 
values were 1.4 Mg/m: 'for the ripped strips and 1.5 Mg/ 
m 'for the control strips. 

Water use efficiency was increased by an average of 
11% on deep ripping compared to control strips. This 
increase could be due to improved soil physical and 
chemical (fertility) conditions. Soil nitrate-nitrogen lev
els in the spring were an average of 5.6 kg/haI greater 
in the ripped strips than in the control strips. 
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Introduction 

Conservation farming practices are gaining in popu-
larity and are becoming a necessity. Minilum-tillage 
research is needed to develop iMnaximm economical soil 
fertility techniques, proper crop rotations Ior regional 
areas, arid develop farnming systens for effective pest 
management. 

The objective of this project is to build a research no-
till drill and planter to meet these research needs. The 
planter must be used to evaluate fertility placement and 
rates along with the use of different fertilizer materials. 
Furthermore, the planter must have the ability to work 
at different row spacings, plant populations. and be used 
in wheat (TriticumaesinmL.),sorghum [Sorghunibicolor 
(L.) Moenchl, and cotton (Gossyipium Iirsutiam LI. 

Design 

The planter is a category II three point hit'rh design. 
4.45 m in length (Fig. 1). The planter frame is a Haniby 
(The Hamby Co.. PlainviewTexas)" tool bar made of three 
10.16-cm square tool bars 61 cm apart. The three )oint 
hitch design permits easy turning in plot work and 
allows various row spacirg; to be evaluated using differ-
ent types of openers. However, due to its weight and 

When tradle names are uisedio eiidlorsenieni of' thcm or 
criticism of similar products not mentioned is intended, 

design. a large tractor must be used. Nevertheless. the 
weight of the planter enables planting in compacted and 

T trnsoils. 
The planter consists offour primary components 

(Fig. 1): (A) air seeder and seed metering system, (B) 
vacuun for cleaning out seed and dry fertilizer, (C) 
fertilizer tanks and squeeze pump, and (D) seed openers. 

An air system is used for seed and dry fertilizer 
deliver\ (13eline Manufacturing Co. Ltd. Kindersley, 
Saskatchewan, Canada). The fan is powered by the 
tractor's remote hydraulic system andI the dual metering 
system is ground driven. The metering system inde
pendently meters seed and dry fertilizer and mixes them 
together in the air chamber and supply lines. Seed 
metering cups from a Great Plains Drill (Great Plains 
Drill, Salina, Kansas) meter both the dry fertilizer and 
seed. 

To clean out seed or dry fertilizer from the holding 
bins, a vacuum system was built. This system was 
constructed by connecting an industrial vacuum canis
ter to the air intake screen on the fan. When the vacuum 
is in use. a rubber innertube is pulled over the intake 
screen initiating a vacuui. Al'er cleaning out the hold
ing bins, the innertube piece is pulled off the screen and 
the fan functions normally. 

Liquid fertilizer is delivered by a ground di .en EL-
CO squeeze pumep (CDS Ag Industries. Inc., Chino, 
California). Four 45-liter (12 gallon) fiberglas tanks are 

used to hold four different treatment solutions or formu
lations. These tanks are all plumbed into a PVC manifold 

, 

Senabling (quick and easy fertilizer changes. Also, a water 
reseivoir (located in front of air system) Is used to flush 
out the manifold, pump, and supply lines between 
treatments. Aportable 12-volt pump (not shown) is used 
to fill the fertilizer tanks, permitting safe handling of 
acid-based fertilizers. The squeeze pump. manifold, and 
all supply lines are made of non-corrosive material. 

The no-till planter uses shank openers (Dutch In
(Iudustries, Regina, Saskatchewan, Canada) for flat planted 
crops (Fig. 1)and V-shaped double disk openers (Acura 
Plant, Inc.. Garden City. Kansas) for furrow Irrigated 

".-WOWsorghum and cotton (Fig. 2). Figure 3 shows the various 
seed and fertilizer placements, and the different row 

Figure 1. Experimental plot no-till drill; (A) air Spacings used With the planter. 
Wheat is planted with the shank openers alternatelyReeder and seed metering system, (B) vacuum for laedoO.-tt'nrsuigthfotadbckol 

cleaingoutryeedandertlize, () fetilzer spaced on 30.5-cni centers, using the front and back tool 
cleaning out seed and dry fertilizer, (C)fertilizer bars. Furthermore, this spacing can be changed to any
tanks and squeeze pump, and (D) seed openers. 
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SEA 


Figure 2. V-shaped double disk openers for 

planting on top of irrigated beds. 

desired spacing. Using the 30.5-cm configuration, there 
are 61 cmn between shank openers oil each tool bar and 
121 cnl between the front and back tool bars. 

When planting, the seed and dry fertilizer are placed 
directly above (6.35cmr) the liquid fertilizer (Fig. 3). There 
is a flat plate above the liquid fertilizer sealing the soil 
between the seed and dceep fertilizer. Deep banded(dry 
fertilizer can also be evaluated bN using a seCd and dry 
fertilizer knife. Furl herinMre, cultivator sweeps can be 
bolted to the openers flor weed control at )lanting. 
Shank-nounted packer wheels arc used to contour and 
pack the seed bed. These packer wheels have adjustable 
spring tension using either one or tWO enii-pietuinatic 
rubber wheels. 

Paired seed row splitting chanibers (Dutch ldus-
tries, Regina, Saskatchewan. Canada) can be attached 
to fertilizer knives to plant wheat in either 7.6-cm or 
15.2-cm paired rows (Fig. 3). When shanks are placed on 
30.5-cm centers, row spacings are arranged in 7.6 - 22.9 
- 7.6 cn or 15.2 - 15.2 cEm spacings, resl)eclively. Dry 
fertilizer can be placed with the seed and liquid fertilizer 
placed below and between the seed. 

Sorghum and cotton can either be planted on flat 
ground or on top ofirrigated beds. Flat plantecd sorghun 
or cotton is planted at desired row widths as shown in A 
of Figure 3. To place dr fertilizer and seed on beds,a V-
shaped double disk opener is used. A coulter fertilizer 
knife can be used in front of the double disk seed opener 
with fertilizer applications maide either below the seed or 
below and to one side of the seed (Fig. 3). The V-shaped 
double disk openers use a 5. 1-cm x 30.5-cmIpacker 
wheel directly behind the double disk openers and plant 
at desired depths with little disturbance to tile beds. 

Applications 

The drill has been used in dryland and sprinkler 
irrigated wheat using the single row configuration and 

35a. A A A 

A B 

. AA
 

C) SEED 

'""= DRYFERTILIZER 
A LIOUID FERTILIZER 

Figure 3. Seed and fertilizer placement; (A) single 
30.5-cm rows, (B) paired rows 7.6 - 22.9 - 7.6 cm 
spacings, (C) paired rows 15.2 - 15.2 cm spacings, 
(D) bed planted seed with liquid fertilizer directly
 
below seed, and (E) bed planted seed with liquid
 
fertilizer below and to one side of seed.
 

the paired row configuration. Various fertility rates with 
the seed and below tile seed were evalUated. Under 
mininnm tillage conditions, the planter was able to 
penetrate dl-y soil and did not accumulate crop residues. 
The vacuun and liqluid fertilizer system made treatment 
changes easy and reduced the time reluired for plant
ing. 

The squeeze pump system was also used to dribble 
liquid fertilizer on top of the ground for spring side-dress 
applications of nitrogen in wheat and winter rape (Bras
sica n plts). The fertilizcr knives were used for deep 
banding of' phosphate and nitrogen prior to planting 
corn (Zx'a rnays L.), sorghum, cotton, and cole (Brassica 
sp.) crops. 

No-till sorghum and cotton management systems 
Will be evaluated using both the shank openers and the 
V-shaped double disk openers. Fertilizer applications 
will be made with the seed, below tile seed, and dribbled 
over the top of the seed at planting. 

The size ofthe planter has made it possible to change 
our farming system at the research station to a mini
mum tillage and no-till systen. This provides us all 
opportunity to demonst rate these conservation manage
nient systems on a larger than plot size scale. 
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Introductiou 

'illage can have a major influence on the infiltration, 
runoff, soil erosion, and crop production from soils 
having den-se layers in their profiles. Depending on the 
position of the dense layer, these soils can be improved 
by plowing, ripping, or mixing of the profile layers. 
Althoogh there have been significant gains in the knowl-
edge of how conservation tillage functions, only limited 
information is available to identify the soil response and 
the selective relationships which exist between soils and 
tillage systems. Conservation of soil water *s one the 
major benefits of conservaticai tillage crop production 
systems, and no deterioration of soil physical properties 
has been observed. This study compared the response of 

maize (Zea mays L.). grown on a soil known to be com-
pacted to about a 40-cm depth, to different tillage 
systems. 

Materials and Methods 

The experimental site, situated 151, 22'S Lat. and 
20 027'E Long., has mean monthly temperatures ranging 
from 1511C in July to 240C in October. The soil, with its 
te.:'iure ranging from sandy clay loam in the surface layer 
to clay in the subsoil and characterized by a medium and 
coarse subangular or blocky structure, has been classi-
fled as a fine, mixed isohyperthermic Oxic Paleustalf. 
Some of its properties are given in Table 1. The com
pacted nature of the soil is shown by the high bulk 
density at 10- and 30-cm depths. 

At the beginning of each season, the following tillage 
treatments were imposed using a complete randomized 
block design with four replications: 

Treatment name for 
tillage of 

Tillage operations Whole plot Seedbed 
strip only 

Plowing (20 cm) + Harrowing TI T4 

Ripping (20 cm) + T2 T5 

Rotovation (5 cm) + T3 T6 

In addition, control (T7: no-tillage with crop residue 

retained on the surface) and mulch (T8: no-tillage with 
crop residue from the previous crop plus 5 Mg/ha crop 
residue added from outside, retained on the surface) 
treatments were also studied. In the "seedbed strip only" 
tillage treatments, approximately one-third (25 cm) of 
the row width was tilled. 

In the 1984-85 season, a uniform level of 120 kg N/ 
ha was applied to all the treatments. In the 1985-86 
season, each one of the tillage treatment plots was split 
into two halves. Only one of the halves received 120 kg 
N/ha, whereas, the other half received no nitrogen 
fertilizer. However, this report deals only with the effects 
of tillage. Fertilizer levels of P, K, and S were the same in 
all the plots. 

After the imposition of tillage treatments, maize was 
hand planted at 75-cm x 20-cm spacing. Preplant fertil
izer was applied by making small furrows along the plant 
rows whereas the top dressing of N fertilizer was spread 
on the soil surface. 

In both seasons, weed population was measured 
before the first weeding, which was done 6 weeks after 
planting. Thereafter, all plots were kept weed free by light 
cultivation using hand hoes ensuring minimum possible 
soil disturbance. 

At the end of the 1985-86 season, soil bulk density 
measurements were taken using a double hole gamma 
densitometer. The two holes for these measurements 
were made across the direction of plant rows. 

Results and Discussion 

Crop Performance 

The lowest mean grain and total dry matter (TDM) 

yields were obtained from the control (T7), thereby.
showing a beneficial effect of tillage as well as residue 
mulch (Table2). This was expected due to the compacted 
surface soil (Table 1). However, only the TI and T2 
treatments resulted in significantly bigher mean grain 
yield than the control (T7). On the other hand, the mean 
TDM yields from most of the treatments (TI, T2, T3, T5, 
and T6) were significantly higher than the control. 

Grain and TDM yields with the mulch (T8)treatment 
always were higher than with the control (T7). It also 
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Table 1. Some soll properties at the experimental site (Lenvain et al., 1987: Lenvaln and Pauwelyn, 1986). 

Depth 
Bulk 

density 

Volumetric water 
content at 

-0.01 MPa - 1.5 MPa pH 
Organic 
carbon 

Soil 
CEC 

cm Mg/m 3 g/kg (H20) g/kg C mole/kg 

10 1.71 290 
30 1.76 290 
50 1.57 300 
80 1.54 310 

145 1.46 330 

Kvs. 0 relationship 

0-50 In K = 69.0 0 - 23.3 
50-150 In K = 71.5 0 - 24.8 

150 6.5 9.0 6.16 
180 6.9 6.4 7.12 
190 7.1 3.6 7.60 
210 7.4 2.4 8.56 
220 

r 

0.84 
0.90 

'K = Hydraulic conductivity (mm/hr): 0 =Volumetric soil water (cm 3/cm 3). 

resulted in higher yields than some of the tillage treat-
ments, although these differences were generally non-
significant. On the other hand, crop yields from the 
mulch treatment were not statistically lower than the 
highest seasonal or mean yield, except the TDM yield of 
the TI and T2 treatments in the 1985-86 season. Mulch 
treatment (T8), ranked 6th for grain and 7th for TDM 
from the top in 1984-85 and ir roved its position to 3rd 
torgrain and 4th forTDM in 1985-86. This indicates that 
this treatment improved its performance during the 
second cropping season. 

In general, tillage of .i:e whole plots resulted in 
higher yields than tillage of the seedbed strip only. 
Loosening three times more area In the whole plot than 
in the seedbed strip only treatments probably resulted in 
better plant root proliferation and soil water infiltration, 
Plowing proved to be best of the three tillage types and 
was followed by ripping. The inverting and mixing action 
of plowing seems to have resulted in better loosening of 
the soil than ripping. Poor yield with rotovation (5-cm 
deep) showed that deeper tillage (20-cm) through plow-

Table 2. Maize Yields under the various tillage treatments. 

Grain Yield 

Treat 1984/85 1985/86- Mean 

TI 7.16bb 4.08c 5.62b 
T2 7.23b 3.77bc 5.50b 
T3 6.53ab 3.58ab 5.05ab 
T4 6.9:3b 3.31ab 5.12ab 
T5 ;.44b 3.70abc z,.07ab 
T6 7.06b 3.28a 5.17ab 
T7 5.63a 3.40ab 4.52a 
T8 6 49ab 3.72abc 5. I0ab 
P <0.01 <0.01 <0.01 

ing or ripping was more useful on this soil which is 
compacted down to about 40 cm. 

Soil Water Storage 

As differences in the 0- to 90-cm soil water storage 
among the varlous treatments were not clear, onlytheTl 
(highest yielder) and T8 (normally showing maximum 
storage among the treatments) data along with the 
cumulative rainfall are depicted in Figure 1. Lack of 
differences between the tillage treatments could be 
attributed to the distribution of rains which occurred 
quite regularly during both the growing seasons. In both 
seasons, the profile was recharged to its field capacity 
during the first few weeks. Any further changes in the 
soil water storage were closely linked to the occurrence 
of rains. More rain during the 1985-86 season resulted 
in higher soil water contents for a longer time than in the 
1984-85 season. 

At the time of many of the observations, soil water 
storage under the mulch treatment was greater than 

Total dry matter 

1984/85 1986/87- Mean 

Mg/ha 

18.12cd 10.33d 14.23c 
18.19d 9.74d 13.96c 
16.68bcd 9.83.d 13.26bc 
16.2 Ibcd 8.39abc 12.30ab 
16.19abc 9.27bcd 12.73bc 
17.47bcd 7.99ab 12.73bc 
14.68a 7.61a I1. 14a 
15.68ab 9.55cd 12.62abc 
<0.r" <0.01 <0.01 

:The yield data for the 1985/86 season is average of both the subplots.
Column values followed by the same letter or letters are not significantly different, based on the Duncan Multiple Range Test. 
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Table 3. Weed population and soil bulk density. 

Weeds Db (Mg/m3) Bulk density (layer depth in cm) 

Treat 1984/85 1985/86 Mean 0-5 5-10 10-15 15-20 Mean 

2No./m Mg/rn 3 

TI 22.6 82.9cd, 52.8b 1.24a 1.38a 1.57a 1.58a 1.44a 
T2 20.4 96.7d 58.6b 1.57b 1.65bc 1.73ab 1.75b 1.68b 
T3 23.5 54. Iab 38.8ab 1.59b 1.67bc 1.73ab 1.73b 1.68b 
T4 20.8 93.8d 57.3b 1.48b 1.50ab 1.63a 1.58a 1.55ab 
T"I" 18.7 61.4abc 40.Oab 1.54b 1.74c 1.82b 1.74b 1.71b 
T6 20.4 78.2bed 49.3b 1.66b 1.64bc 1.61a 1.68ab 1.65ab 
17 23.6 63.8 c 43.7ab 1.59b 1.53ab 1.68ab 1.68ab 1.62ab 
T8 18.8 36.4a 27.6a 1.50b 1.5lab 1.64a 1.63ab 1.57ab 
P NS <0.01 <0.01 <0.01 <0.01 <0.05 <0.05 <0.01 

'Column values followed by the same letter or letters are not significantly different, based on the Duncan Multiple Range Test. 

ber of weeds in the mulch treatment in relation to all the 
0 . Af 1984 185 1985186 -0 other treatments indicated a better ability to suppress 

0 .95 weeds than tillage. As weeds were controlled, except 

- "during the first 6 weeks of the crop growth period, no 
35 ... 0effect 

3 2 0 
-30. 

. 
,/ 

0 

25 
," " 

.40 

0 202 20 I 

'5 . . . ; . . . . . . . . . . . . 0 

0 40 80 120 160 

DAYS AFTER PLANTING 

Figure 1. Water storage in the 0- to 90-cm soil 
layer and cumulative rainfall during the two 
seasons.(Note: pF 2.0 = -0.01 MPa; pF 4.2 = -1.5 

Mas). 

that under the TI treatment. These results support the 

earlier findings of a number of reports that the mainte
nance ofcrop residue/mulch on the soil surface reduces 
evaporation from soil. Generally, differences between 
theTI and T8 treatments tended to be more pronounced 
during the early parts of the growing seasons and under 
the drier situations, e.g., later part of the 1984-85 sea-
son. Probably better soil water conditions under the 
mulch treatment was responsible for its good crop 

performance, despite no soil loosening. 

Weed Population 

The weed population data of the 1985-86 and the 
mean over the two seasons showed statistical differ-
ences due to the treatments (Table 3). The lowest num

on crop performance was expected. However, 

better weed control with mulch than with tillage can be 
Important when it is considered as one of the crop 

management factors. 

Bulk Density 

The layer-wise bulk density (Db) results were signifi
cantly influenced by the tillage treatments (Table 3). 
When averaged over the 0- to 20-cm surface soil, plow

ing seemed to have resulted in lower mean Db until the 
end of 1985-86 cropping season, as compared to all the 
other treatments. Higher Db with the ripping and rotova
tion than with both the control and mulch treatments 
were not explicable. In general, it can be said that 

plowing, which causes soil inversion and mixing, can be 
most useful for this soil. 
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Introduction 

The Sahelian zone is characterized by harsh condi-tions for crop growth: chemically and physically poor 

soils, low and uncertain rainfall, and high temperatures 
Crops are particularly sensitive to the physical environ-
ment during the germination and seedling stages of crop 
establishment. Appropriate soil management techniques 
reduce the risk for crop failure and help to ensure good 
crop stands. 

The effects of improved cultural practices on soil 
physical characteristics as well as the time that is 
required and av;ailable to accomplish land preparation 
and planting operations are discussed in this paper. 

The Physical Environment 

The Sudano-Sahelian zone of West Africa is charac-
terized by a steep gradient in annual rainfall from 400 
mm in the north to 1000 mm in the south. The rainy 
season is mono-modal with rains beginning In May-
June, the highest rainfall In July-August, and ending in 
September-October. Rainfall is the most variable envi-
ronmental parameter. Rain intensities are high, often 
exceeding 100 mm/h. 

In the beginning of the season, rainfall generally 
occurs in fairly isolated convective storms. They are 
often followed by clear hot days with a high evaporative 
demand. From 1983 to 1987, the daily pan evaporation 
following a rainfall event before July 15 ranged between 
9 and I I mm. This results in a very rapid desiccation of 
the soil surface, 

Pearl millet [Pennisetum glaucum (L.) R. Br.] is the 
major staple crop in the region. It is grown on ai. 
estimated 14 million ha in the Sahellan and Sudanian 
ecological zones. Although the area on which millet is 
cultivated has grown over the last 25 years, average 
yields have dropped from 0.5 Mg/ha to 0.3 Mg/ha. The 
expansion of the cultivated area into more marginal 
lands with lower inherent fertility and a reduction of the 

untimely cultural practices, and the occurrence ofdrought 
periods (Fussell et al., 1987). 

The dryland agricultural soils in the study region are
Alfisols: sandy soils, classified as Psammentic Paleu

stalls (U.S. taxonomy). They contain approximately 90 
g/kg sand. 5 g/kg silt, and 5 g/kg clay in the A-horizon 
(top 30 cm). They are chemically very poor. with a cation 
exchange capacity of 0.013 mol/kg. and a base satura
tion of 42%. The pH] (1120) is low, 4.9. The water holding 
capacity of the soil is very low (approximately 0.11 cm '/ 
cm:1at field capacity and 0.02 cm:'/cm:l at permanent 
wilting point). Sustained infiltration rates on undis
turbed soils exceed 100 mm/h. The hydraulic conduc
tivity near saturation is also very high, 150-200 cm/day 
at saturation. The top 10 cm of the soil profile reaches 
field capacity within a few hours after a rainfall event. 

The sandy soil is poorly structured with little cohe
sion. Tillage operations when the soil is dry do not leave 
clods, but rather tend to destroy what structure there is
and result in a loose powdery soil that is susceptible to 
wind erosion. Unlike sandy soils elsewhere in the Sahel, 
consolidation of the soil as a result of natural forces 
(rainfall, wind, and radiation) is limited. As the soil dries, 
there is no strong soil hardening. Field experience 
indicates that tillage is most effective when the soil is 
moist. Ridging or plowing moist soil leaves larger aggre
gates that are stable after drying, due to a combined 
smearing and compaction effect. There is no maximum 
water cortent limiting the workability of the soil. 

A stable surface layer is important after planting, 
when blowing sand may cause considerable damage to 
seedlings. Laboratory experiments (Hoogmoed, 1986b) 
showed that the higher the water content associated 
with soil compression, the greater the resulting soil 
strength. Tillage operations for seedbed preparation and 
surface stabilization are less effective when the soil 
water content drops below 0.08 cm3 /cm3 . 

The Time Factor in Tillage 

and Planting 
area under and duration of fallow periods have contrib
uted to this decline. Timely planting of millet at the onset of the rainy

The principal factors limiting increased yields are, in season is critical to good crop establishment and has a 
order of priority: inherently low soil fertility, limited and major influence on final yields. 



It is well know"n that yields are reduced as plantings 
are delayed after the first rains. Although the reasons for 
this are not well understood, it is thought that higher 
levels of available nitrogen associated with the onset of 
biological activity and mineralization after a dry period 
is one of the principal causes. Higher yields associated 
with early planting motivate farmers to plant early 
despite risks of failing to establish a stand. Farm labor 
is not needed for other activities at this time of the year 
aid, should the planting fail, the loss of the seed is small 
(5-12 kg/ha). The above situation applies for the tradi-
tional "no-tillage" crop production system, where there 
is no seedbed preparation, bt t just opening holes with a 
hoe and planting seeds in these holes. There is, on the 
other hand, a great deal of evidence that soil tillage 
improves the emergence, crop establishment, water use 
efficiency, and yield of millet (KlaiJ and Hoogmoed. 1987: 
ICRISAT. 1986: ICRISAT, 1987). These effects are en-
hanced by the use of fertilizers, 

There are often only limited periods available for soil 
preparation and planting in the Semi-Arid Tropics (SAT) 
because of the erratic rainfall patterns associated with 
the onset of the rainy season. The first rains that fall on 
a dry soil wet the profile 10 to 12 mm for every mm of 
precipitation. fillage operations are possible when the 
top 10 cm of the soil is moist. 

Experience and observations in the region indicate 
that 13 to 20 mm of rainfall on I or over 2 consecutive 
days isthe minimum necessary to ensure good germina-
tion and seedling survival for 10 to 14 days. In general, 
tillage operations can be carried out after less rain than 
that required for planting. Thus it is possible to define 
three types of rainfall situations that may occur at the 
beginning of the season:beinn ftesao:in 

" rainfall that is insufficient for either tillage or plant
ing, 

" rainfall that Is sufficient for tillage but insufficient 
for planting, and 

* 	 rainfall that is sufficient for both tillage and plant-
ing. 
To consider the introduction of Improved soil man-

agement practices it will be necessary to know: 
a. 	How many days are available for the tillage and 

planting? 
b. 	How many planting days will be "lost" to tillage 

operations? 
An analysis of the rainfall data for three representa-

tive locations in Niger (Tahoua, Niamey. and Gaya) with 
average annual rainfall ranging from 300 to 825 mm was 
made (Hoogmoed, 1988a) to enumerate the occurrence 
of early season rainfall events that would permit tillage 
and/or planting and the planting delays that would 
result from the introduction of pre-plant tillage. 

The assumptions that were used to determine when 
days were acceptable for tillage operations or planting 
are presented in Table 1. Both for tillage and planting, 
three rainfall size classes are distinguished, assi,ming 2 
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soil preparation and planting period that is typical of the 
season. The period began May 1 for all locations and 
ended June 28 forTahoua, July 18 for Niamey, and July 
28 for Gaya. Planting after this period was assumed not 
to have left enough rainy season to expect any harvest. 

The probabilities of rainfall events that will permit 
tillage and planting within these periods at these sites is 
presented in Table 2. Extra clays are available for tillage 
in only 22% of the years at Tahoua and 39% of the years 
at Gaya: that is. in these years the first planting rain will 
be preceded by rain events allowing for tillage. The first 
rains permit both tillage and planting more frequently. 
41% and 81% at Tahoua and Gaya. respectively. In 28% 
of the years, there are no rainfall events large enough to 
satisfy the threshold limit for planting in Tahoua. In the 
wetter locations, there are always 2 or more days avail
able for planting. 

The number of days when tillage and planting is 
possible is given inTable 3. The colunn "extra" indicates 
the number of days available for tillage before the first 
day when it is possible to plant. This is an average 

Table 1.Assumed rainfall thresholds and resulting numbers of 
workable and plantable days. 

Tillage rainfall threshold Workable clays 1,"'D)" 

in 1 day in 2 consec. days pessimistic optimistic 

mm no. 
8 10 2 2 

16 18 2 3 
23 25 3 4 

Planting rainfall threshold 
I day In 2 consec, days Plantable days [PD)b 

mm no. 

13 18 1 
21 26 2 
28 33 3 

'Workable day (WD)= a (full) clay during which the soil water 
content allows tillage operations. 
'Plantable day (PD) =a (full) day diuring which planting of millet 
isfeasible, andthesoilwatercontentandthetimeelapsedsince 
the rainfall event are favorable. 

Table 2. Probabilities (%)of availability of workable and plant
able clays. 

Situation" 
Location 1 2 3 4 5 
Tahoua 8 20 9 22 41 
Niamey 0 0 0 41 59 
Gaya 0 0 0 39 61 

-1The situations are: 
1 = There are no workable or planiable days. 
2 = There are only workable clays. no plantahle clays. 
3 =The first workable day coincides with first plantable day. butto 	3 workable days in a "pessimistic" scenario and 2 tothraenomepatbldasy there are no more plantable days. 

4 days in an "optimistic" scenario. Only one scenario was 4 = Extra workable clays occur before the first plantable day. 
used for the calculation of plantable days, assuming I to 5 = The first workable day coincides with first plantable day, 
3 days available. The analysis was carried out over the more workable and plantable (lays follow in this period. 
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Table 3. Number of workable (WD) and plantable days (PD). calculated for three locations, based on the assumptions given in Table 
1. 

Situation 

Optimistic 	 Pessimistic 
Annual Years 

Location rainfall analyzed WD PD WD-PD Extra" WD PD WD-PD Extra 

mm no. 
Tahoua 384 64 7.2 2.7 4.5 3.0 6.3 2.7 4.4 2.9 
Niamey 559 79 19.6 9.4 10.2 2.8 16.7 9.4 7.3 2.8 
Gaya 825 54 35.1 19.1 16.0 2.8 30.2 19.1 11.1 2.8 

aApplicable for Tahoua. Niamey. and Gaya in 22. 4 1,and 39% of the years. respectively. 

number based only on those years when this situation 
occurs. In all other years, no extra days are available, 

These analyses indicate that the number of days 
that are available for essential farm operations are often 
particularly limited in dry years where timely planting. 
if it is possible at all, may be of crucial importance. It was 
found that in approximately 40% of the years at Tahoua. 
5 days or less are available for tillage. In another 40%. 8 
to 10 days are available. At Niamey. more than 10 days 
are available for tillage in 90% of the years and, in 
another7%oftheyears, 6 to 10 days are available. There 
are always more than 10 days available for the tillage 
operations in Gaya. Labor availability and the time 
requirements of the various operations will determine 
the areas that may be cultivated and cropped using a 
given set of techniques. 

Time Requirements 

The following time requirements have been found for 
tillage ani planting operations on sandy soils in the 
Sahelian region: 

* 	 tillage (i.e., ridging with an animal-drawn ridger or 
moldboard plow): 15 to 20 person-hours per ha (one 
person with a team of animals). 

* 	 hill planting (opening "pockets" spaced 1.5 m x 1.5 
m with a hoe, planting some seeds by hand, and 
closing the seed pocket with the foot): 8 person-
hours per ha (usually a 2-person task). 
This indicates that ridging would take at least 2 

days/ha. The time required for seedbed preparation is 

not necessarily lost if there is sufficient labor to plant 
while using a pair of animals and a tillage implement for 
pre-plant tillage. In this case. the time between tillage 
and planting should be as short as possible, a matter of 
hours in sunny conditions, because the topsoil that has 
been disturbed will dry out very quickly. 
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Introduction 

Crop production in the Northwestern Corn Belt 
(U.S.A.) is often limited by length of the growing season, 
e.g., only a 135-day frost-free period at Morris, Minne-
sota. Therefore, production systems must Insure rapid 
crop establishment in the spring. Primary tillage with a 
moldboard plow in the fall after harvest has evolved as 
the most common system that facilitates early planting 
and establishment. However, this type of management 
leaves soils subject to both wind and water erosion, 

Conservation tillage systems or tillage systems that 
leave surface residue have been shown to be effective 
erosion control techniques. Acceptance of these residue 
management systems in the Northwestern Corn Belt has 
been slower than In the rest of the Corn Belt region 
(CTIC, 1988). A lower rate of acceptance is primarily 
related to concerns with delayed crop establishment in 
the spring. Allmaras et al. (1964) showed that surface 
residue decreases soil temperature and slows crop de-

velopment. More recently, Gupta (1985) correlated soil 
temperature reduction with delay in effective planting 
dates. 

Other less well defined production problems related 
to surface residue may also concern farmers. Our objec-
tive is to report observations in crop development and 
yield resulting from surface residue management by 
tillage and associated management problems related to 
surface residue. 

Methods and Materials 

Three tillage systems were established in the fall of 
1978 on a Hamerly clay loam (fine-loamy, mixed, frigid 
Aeric Calclaquoll) and in the fall of 1980 on a Barnes 
loam (fine-loamy. mixed Udic Haploboroll) on experi-
ment stations near Morris. Minnesota. The Hamerly 
series is a somewhat poorly to moderately well-drained 
soil located on a nearly level site with poor surface 
drainage. The Barnes series is a well-drained soil located 
on an upland 2% slope with good surface drainage, 
Tillage systems established were (a) fall moldboard plow, 
spring disk; (b) fall chisel plow, spring disk: and (c) no-
till plant. These treatments will be designated as conven-

tional tillage (CONV), reduced tillage (RED), and no-till 

plant (NTP). respectively. Tillage treatments ,:ere repli
cated four times in a randomized complete block design 
for both soil series. Continuous corn (7&a mays L.) and 
corn-soybean (Glycine max [L. Merr.) rotations were 
established as split plots within a tillage variable. 

Primary fall tillage was done in October after har
vest; spring tillage was done I or 2 days before planting. 
Corn and soybeans were planted with a commercial 4
row planter on the same date in 76-cm spaced rows. A 
fluted coulter was mounted directly ahead of the seed 
openers for the NTP. Individual plots were 12 rows wide 
by 20 m long. All treaiments were cultivated twice during 
the growing season. The NTP plots were ridged over the 
row at the time of second cultivation: subsequent plant
ing was into this ridge which remained overwinter. Ridge 
height at planting was approximately 10 cm. Standard 
herbicide and insecticide applications were made as 
conditions dictated. Soil fertility was maintained at a 
high soil test level. 

Data presented will be limited to corn production by 
tillage system and the two-crop rotation variables, con
tinuous coin (CC), and corn-soybean (CSB). Results are 
reported for the first 4 years for each soil series. In later 
years, eitheir some problems occurred or experimental 
designs were changed. 

Results and Discussion 

Surface residue measurements after corn planting 
for the treatment variables are presented in Table I. 
Conservation tillage is defined by the CTIC (1988) as any 
tillage and planting system that maintains at least 300/b 
of the soil surface covered by residue after planting to 
reduce soil erosion by water. Previous year's corn resi
due provided adequate surface coverage to meet the 
requirements for conservation tillage with the RED and 
NTP tillage systems. Previous year's soybean residue 
was only sufficient with the NTP tillage system. 

With CC. the average delay to 80% corn emergence 
was 3 and 4 days for the RED and NTP tillage systems, 
respectively, on the Hamerly series and 2 to 3 days, 
respectively, on the Barnes series. Soybean residue only 
delayed corn emergence I day with the NTP tillage 
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Table 1. Four-year average percent surface residue coverage 
after planting for the three tillage systems by crop rotation and 
soil series. 

- Hamerly - - Barnes 

Tillage 
Crop Rotation 

System CC CSB CC CSB 

CONV 1 5 9 4 
RED 44 13 39 16 
NTP 74 63 62 48
 

system for both soil series. Year-to-year variation in days 
to emergence ranged from 10 to 22 days for the CONV 
tillage system. which in effect gave a greater variation 
between years than between tillage systems. Although
surface residues generally are perceived to delay corn 
emergence during cool, wet springs this did not occur. 
During such springs, corn emergence was fairly uniform 
across tillage systems, although time to emergence was 
increased generally. The major differences in time to 
emergence occurred during warm, sunny springs. In 
these cases, the insulating effects of surface residue 
reduced the rate of soil warming and resulted in delayed 
emergence for the RED and NTP tillage systems, despite 
relatively rapid emergence rates for all tillage systems. 

The most pronounced effect of surface residue was 
observed in corn height and biomass measurements 
taken at approximately the six-leaf growth stage. Rela-
tive to the CONV, CC rotation, plant height was reduced 
in the RED and NTP, CC rotations, by 7 and 15%. 
respectively, with a 22 and 40% reduction in biomass. A 
16 and 13% increase in height and a 53 and 33% 
increase in biomass was observed with the CONV and 
RED, CSB rotations as compared to the CONV. CC 
rotation. The NTP, CSB rotation had a 2 and 6% reduc-
tion in height and biomass, respectively. The cumulative 
effect of corn residue with time early in the season 
reduced growth rate. 

At about the six-leaf stage of development, approxi-
mately mid-June, the interrow areas were cultivated for 
weed control and surface residue levels declined due to 
decomposition and burial. The effect of reduced early 
season growth rate could still be observed at silking. 
Date of 50% silk was delayed 3 to 4 days for the RED and 
NTP, CC rotations and 1 day for the NTP, CSB rotation 
for both soil series. 

Plant populations were reduced 5% for the RED and 
NTP, CC rotation as compared to the CONV, CC rotation, 
No reduction in plant populations was observed in any 
tillage system after soybeans. 

Average corn yields showed no significant differ-
ences among tillage systems within asoll series and crop 
rotation (Table 2). However, RED and NTP tillage sys-
tems did result in loweryelds on both soil series than the 
CONV system in the CC rotation. These lower yields were 
observed each year (data not shown), but the yield 
reduction was not significant at the 5% level. Corn yields 

Table 2. Four-year average corn yields for the three tillage 
systems by crop rotation and soil series. 

Hamerly -- Barnes 
Crop Rotation 

Tillage
System CC CSB CC CSB 

Mg/ha 

CONV 8.3 8.8 7.8 8.1 
RED 7.8 8.9 7.3 8.1 
NTP 7.5 8.8 7.3 8.1 

in the CSB rotation were essentially identical and yearly 
examination showed no variation within years. Corn 
yields were significantly higher in the CSB than CC 
rotation. 

The results from these trials suggest that mainte
nance of surface residue for soil erosion control is a 
viable management technique in the Northwestern Corn 
Belt. However, problems may exist with surface residue 
or with reduced tillage systems that maintain surface 
residue. Griffith et al. (1973) reported a negative yield 
response to surface residue for poorly drained, fine
textured soils Jn Indiana. Significant corn yield reduc
tions were observed with the NTP, CC rotation on the 
Hamerly series in unusually wet years during and after 
the reporting period of this study (data not shown). 
Similar sigificant yield reductions were not observed on 
the Barnes series. Differences in internal and surface 
drainage probably account for this difference in reaction 
to wet conditions. The location of the Hamerly series on 
the landscape results in a low water erosion potential. 
and surface residue for water erosion control may not be 
needed. Tillage management based on soil series or 
landscape location would easily solve this problem asso
ciated with surface residue and allow adequate water 
erosion protection where needed. 

Soil structural properties can be influenced by till
age. Lindstrom and Sommer (1988) measured soil struc
tural properties of the Barnes series for the three tillage 
systems and two crop rotations and concluded that the 
CONV tillage system resulted in the most desirable 
structural properties in the tilled zone as related to 
aggregate size distribution, soil strength, infiltration, 
and aeration. An improvement in soil structural proper
ties also was observed in the CSB rotation for the RED 
and NTP tillage systems as compared to the CC rotation. 

Another problem observed with surface residue and 
associated tillage systems was related to weed control. 
Casual observations on both soil series suggested that 
herbicide effectiveness was reduced with surface resi
due. This observation substantiated the results of Wil
liams and Wicks (1978). All plots were cultivated twice 
during the growing season for weed control. RED and 
NTP required these cultivations for satisfactory weed 
control, whereas both cultivations were not always 
necessary with CONV. This was particularly true for the 
CC rotation. Forcella and Llndstrom (1988) measured at 



least twice as many buried weed seeds iii 6ie CC rotation 
as compared to the CSB rotation on the Hamerly series. 
Ridging over the row during the second cultivation for 
the NTP tillage system also stimulated germination of 
numerous weed secds. While not resulting in vigorous 
growth, these weeds did produce seed, thus thoroughly 
replenishing the soil reserve in both rotational systems. 

Conclusions 

On fine-textured glacial till soils in the Northwestern 
Corn Belt, the influence of surface residue in combina-
tion with soil structural properties resulting from re-
duced tillage systems create soil properties that are less 
conducive to rapid crop establishment and develop-
ment. However, the influence of these properties over the 

growing season has not significantly affected corn yields 

except in unusually wet situations on soil with poor 
internal and surface drainage. Weed pressure is also 
more intense with a higher weed seed population with 
surface residue, particularly In the CC rotation. How-
ever, these problems appear manageable. Therefore, we 
conclude that surface residue management systems and 
reduced tillage for soil erosion control are viable man-
agement systems in the Northwestern Corn Belt. 
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Introduction 

One of the main limiting factors in dryland agricul-
ture is water availability. From the 11.5 million ha 
devoted to rainfed agriculture in Mexico, 63% receive 
less than 500 m,n annual rainfall and with an irregular 
distribution during the rainy season; therefore, agricul-
ture in such conditions confronts serious risks which 
most farmers are not willing to take (Anaya, 1977). 
Because fertilizers are expensive inputs, their use is 
limited for that reason. On the other hand, since those 
soils are usually shallow and poorly supplied with plant 
nutrients, crop yields in non-fertilized soils are very low 
and crop response to fertilization is high on years ofgood 
rainfall. Therefore. those agricultural practices that 
improve water efficiency will increase yield response to 
fertilizers and will reduce the risk of not recovering the 
expenses involved in fertilizer use. 

The purpose of this study was to evaluate the effect 
of row spacing, plant population. subsoiling, organic
manuring, and mineral fertilization on stover and grain 
yields of maize (Zea mays L.) under dryland. 

Materials and Methods 

The variables mentioned above were tested in a field 
experiment during I years, from 1975 to 1985. The 
experimental site was located in Hueypoxtla, Mexico, 
1905 I'north latitude and 9904 I' west longitude. Altitude 
is 2250 m above sea level. Annual rainfall in a 25-year 
period (1961-1985) ranged from 372 to 859 mm, with a 
mean of 602 mm, 80% of it concentrated from May to 
September. 

The soil is a Lithic Ustorthent with a depth ranging
from 30 to 50 cm, overlying a hard and impermeable 
subsoil of volcanic toba with some free calcium carbon-
ate. Soil texture is a sandy loam with pH 8.3, low in 
organic matter (8 g/kg) and total nitrogen (0.6 g/kg; 
medium in phosphorus (25 mg/kg Bray PI); and rich in 
available potassium (260 mg/kg). calcium (5800 mg/kg) 
and magnesium (680 mg/kg) concentrations. 

In the period from 1975 to 1978, row widths tested 
were 80. 160, and 240 cm with populations from 20 to 
50 thousand plants/ha in a split-split plot design with 
eight subplots for testing subsoiling, organic manuring, 

the 240-cm wide rows were transformed to half that 
spacing, but conUnuing with the same three variables in 
the subplots. Finally, in the period 1983 to 1985, only 
two spacings (80and 120 cm) and two plant populations 
(30 and 40 thousand plants/ha) were studied, with 
subplots containing organic manure and fertilizer rates. 
Subsoiling was done in 1975 and 1977. Cattle manure 
(about 20% moisture) at a rate of ICMg/ha was applied 
on 1975, 1977, 1980. 1983. and 1985. Two rates of 
mineral fertilizer (80-60 or 40-20 kg/ha of N-P205 ) were 
band applied annually. Three replicates of 72 treatment 
combinations were tested annually during I I years. 

Results 

Major effects of the variables studied on stover and 
grain yields will be presented here. Both products are 
important in the economy uf dryland farmers. 

Effect of Subsoiling 

Subsoiling may improve water efficiency by in
creasing water holding capacity in the soil. However, 

Table 1. Effect of subsoiling made in 1975 and 1977 on grain 
and stover yields of maize grown in Hucypoxtla, Mexico, 
during 8 years. 

Stover yields Grain yields 
Year with without with without 

subsoiling subsoiling subsoiling subsoiling 

kg/hal 

1975 2350 a 2320 a 280 b 330 a 
1976 2250 a 2130 b 1330 a 1280 a 
1977 2350 a 2140 a 660 a 680 a 
1978 2780 a 2780 a 1720 a 1550 a 
1979 2620 a 2570 a 230 a 220 a 
19801981 1950 b 1160 a 2140 a1170 a 700 a1530 a 730a1510 a 
1982 1270 a 1202 a 0 0 

means 2090 2060 810 790 

Each pair of values followed by a different letter are 
and mineral fertilizer rates. In the period 1979 to 1982, statistically different (Tukey test P<0.05). 
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subsolling effects are not invariably beneficial. The izer is observed, since yield increments with manure 
highest benefits from subsoiling have been found where application are higher at the highest fertilizer rate and 
it is applied to deep soils with a compact plow layer. vice versa. However, no grain was produced in 1982 and 
below which a subsoil with good physical properties is 1985 due to insufficient water. Mean yield Increments 
found (Malagon, 1974). Subsoiling may adversely affect with the highest fertilizer rate are so low even in the 
plant growth and yields when such practice brings low presence of organic manure, that at present fertilizer 
fertility materials (Malagon. 1974) or caliche, rocks, or prices it would not be advisable to apply more than 40 
volcanic tobas which obstruct plant emergence to the kg/ha of N and 20 kg/ha of P2 05 under conditions 
soil surface. similar to those of the experiment. However, application 

Table 1 shows that subsoiling had no beneficial of organic manure produced on the farm or acquired at 
effect on yields in this study, except for stover yield in low prices will be convenient, since it will improve 
1976. Contrarily, this practice adversely affected stover fertilizer efficiency and crop yields. 
yield in 1980 and grain yield in 1975. Overall mean 
stover and grain yields during 8 years were practically Effect of Row Spacing and Plant Population 
the same with or without subsoiling. In fact, subsoiled 
plots showed pieces of hardpan in the surface, which A common practice to improve water efficiency in 
somewhat interfered with plant emergence. dryland agriculture is the use of microwatersheds in row 

crops, made by widening the spacing between rows and 

Effect of Manure and Fertilizer Application devoting a fraction of such surface for collecting rain 
which is driven toward the root area. Several field 

Organic manuring is a common practice in dryland experiments have been carried out in the Valley of 
agriculture. It improves soil water retention; however, a Mexico, testing different row spacings with several crops. 
complement of mineral fertilizer is usually required for a When rainfall during the growing season exceeds 450 
good nutrient balance (Martinez and Fernandez, 1974). mm and it is uniformly distributed, the highest yields are 
The most widely recommended fer ilizer treatment for obtained with the traditional row spar ings of 80 or 90 cm 
dryland maize in Mexico is 80-40-0 (kg/ha of N-P.2 0 5 - (Ortiz, 1975): yields decrease with wider rows. On the 
K20), but it is a suboptimal rate in good seasons and, on other hand, in drier years and with irregular rain distri
the other hand, no return from its use Is obtained in drier bution, the highest yields were obtained with 110-cm 
years. wide rows (Fernandez, 1977). 

For the present study, Tables 2 and 3 contain stover Recommended maize population densities for the 
and grain yields obtained during 11 years under four Valley of Mexico range from 24.JOO to 40,000 plants/ha 
manure and fertilizer treatment combinations. For both (Miller et al., 1950), depending on water availability. 
yields, a positive interaction between manure and fertil- Within certain limits, optimal plant populations In-

Table 2. Effect of manure and fertilizer application on stover Table 3. Effect of manure and fertilizer application on grain 

yields of maize grown in Hueypoxtla, Mexico. during II years. yields of maize grown in Hueypoxtla, Mexico. during I I years. 

10 Mg/ha manure No manure 10 Mg/ha manure No manure 

N-P20 5 (kg/ha) N-P2.0 kg/ha) N-P20 (kg/ha) N-P20, (kg/ha 

Year 80-60 40-20, 80-60 40-20b Year 80-60 40-20, 80-60 40-20b 

kg/hal (kg/ha),
 

1975 3440 a 1940 c 2830 b 1130 d 1975 730 a 80 c 390 b 20 c 
1976 2980 a 1500 c 2610 b 1670 c 1976 2150 a 680 c 1660 b 750 c
 
1977 2250 a 2400 a 2230 a 2090 a 1977 700 a 640 a 690 a 660 a
 
1978 3010 a 3060 a 2640 b 2440 b 1978 1960 a 1610 b 1600 b 1380 c
 
1979 3990 a 1770 b 3390 a 1220 b 1979 470 a 80 c 330 b 30 c
 
1980 2230 a 2280 a 1980 b 1690 c 1980 750 ab 800 a 720 ab 580 b
 
1981 1350 a 1150 b 1180 b 890 c 1981 1670 a 1570 a 1540 a 1300 b
 
1982 1380 a 1320 ab 1170 bc 1080 c 1982 0 0 0 0
 
1983 4590 a 4400 a 4130 a 4600 a 1983 2160 a 2160 a 1950 a 1920 a
 
1984 2290 a 1790 a 24 10 a 1880 a 1984 1050 a 540 a 790 a 530 a
 
1985 1140 a 970 a 1180 a 1170 a 1985 0 0 0 0
 

Means 2600 2050 2340 1810 Means 1058 740 878 651 

00-0 in 1975 and 1976; 40-0 in1983, 1984, and 1985. 10-0 in1975 and 1976: 40-0 in1983. 1984 and 1985. 
b0_0 in 1975: 40-0 in 1983, 1984, and 1985. b0_0 in 1975; 40-0 in 1t 83, 1984 and 1985. 
eValues followed by different letters in each line (year) are 'Values followed by different letters in each line (year)are 

statistically different (Tukey test P < 0.05). statistically different (Tukey test P < 0.05). 
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Figure 1. Relative stover and grain yields (% of 
those obtained with 80-cm rows and 40,000 
plants/ha) of maize grown at different row widths 
and plant populations (numbers in curves are 
thousmand plants/ha) in Hueypoxtla,Mexico,during
to years (1975-I985t. 

crease with increasing the fertility level (Ramirez and 
Laird. 1960). 

Although for the same plant population, surface 
area per plantisthe same re-,ardless of row width.Figure
La pMiller, 
1 shows the influence of row width on and grain yields 
at different plant populations, demonstrating the impor-
tance ofplant distribution in the field. The highest stover 
and grain yields were obtained with 40,000 plants/ha In 
rows 120 cm wide. Such yields were 18 anci 8% higher 
than those obtained for stovcr and grain, respectively, 
with the same plant population but in the traditional 80-
cm wide rows. From a practical point of view, 120-cm 
wide rows offer the additional advantage of reducingplowing and fertilization labors by 30%, since only the 

root zone is worked every year, keeping the remainder 
area free of weeds and in the appropriate slope to lead 
rain water toward the root zone of maize plants. 

Conclusion 

A tentative management recommendation for dry
land maize in shallow, slopy, low fertility soils in the 

semiarid areas of Central Mexico includes 40,000 plants 
per hectare grown in 120-cm wide rows, fertilized with 
40 kg of N and 20kg P2 0,/ha, plus the organic manure 

available on the farm. Subsoiling had no beneficial effect 
on crop yields. 
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Introduction 

With Malawi's population of 6.5 million increasing 
at the rate of 2.9% annually, the top priority of the 
Government's policy of self-sufficiency in domestic food 
production and export of some selected crops is very vital 
for the nation's development. On the average, the cur-
rent agricultural growth rate of 2.6% has to be raised to 
about 3.6%, tihe growth rate of demand Ifthe increasing
number of people is to be satisfactorily fed. 

Like other third world countries, one of the factors 
that contributes to poor production and economic per-
formance is that levels of land and labor productivity do 
not meet the economic and fcod requirements. Improve-
ment of agricultural technology, therefore, is vital, and 
suitable mechanization should be as highly employed as 
is appropriate. 

It is important to note here that suitability of the 
level of mechanization is in reference to the target user 
of that technology. Once the appropriate piece of tech-

nology is developed, it is beneficial only when the farmer 
implements it in his farming system. Bridging of the gap 

(with practical bridges and not "rainbow" ones) between 
technological findings and implementation is the core of 
the problem for raising each farm's productivity, 

Appropriate Level of Farm 

Mechanization 

Hand tool farming is usually at the subsistence level 
and there is rarely enough surplus for sale. It is esti-
mated that one adult in Africa using hand tools can only 
manage 0.50 to 0.75 ha, but the average holding for 
Malawi is 1.5 ha (Singa, 1982). Unfortunately, small 
farmers make up the bulk offarm production. Therefore, 
a mechanization strategy fully involving the majority of 
these farmers will have more desirable and far-reaching 
effects than increases of output by a few bigger farmers. 
Hence, hand tool technology needs to be supplemented 
with a higher level of technology to remove drudgery. 

It is a mistake to associate motorized mechanization 
with progress in agriculture just because heavy and 
time-consuming agricultural tasks can be done quickly. 
The fast-rising oil prices that must be paid in hard 
currency, frequent oil shortages, and the initial cost of 

tractors that are beyond their purchasing power limit 

mechanization by the majority of farmers in Malawi. For 
example, a tractor such as an MF 165 costs K30,000, 
($1=2.4 Malawi kwacha, K) plus maintenance. Thus, a 

farmer needs at least 100 ha of land and 300 hours of 
operation per growing season to make motorized mecha
nization satisfactory. Low technical skills further limit 
mechanized agriculture in Malawi. 

Faced with the need to increase both labor and landproductivity while conserving the countries' reserves by 

minimizing importations, emphasis on animal-drawn 
equipment seems to be an attractive alternative for 
smallholder agriculture. This is especially true for a 
country with unimodal rainfall such as Malawi where 
smallholder farmers have little control over growing 
environment and input costs. Introduction of different 
types of animal-drawn mechanical innovations is of 
great need. Cultivation and weeding trials have shown 
reduction of labor demand (man-hours) and hence higher 
returns through use of oxen (Report 26). 

Malawi has 2.4 million ha under cultivation, 0.6 
million ha of the cultivatable land remains uncultivateda eet bu 0 sae oe ny5 fcliae 

at present. About 400 estates cover only 5% ofcultivated 
land. The government considers that the use of ox
drawn equipment is only viable on holdings of at least 
4.8 ha. These make up about 120,000 of the 1 million 
smallholdings in the country. Although average holding 
is about 1.5 ha per household (National Sample Survey, 
1968). land on a national basis is not the main limiting 

factor in absolute terms (cultivated land being only 26% 

of the 56% cultivatable land), but it is limiting in relative 
regional or district bases. Favorable man/land ratio 
studies have identified that what is inhibiting agricul
tural production most is the timeliness of tillage opera
tions, and that animal draft employment is of great 
importance (Nakumba, 1982). The more efficiently the 
animal power is utilized, the greater the impact on 
production. Cattle (including bulls) are largely owned by 
farmers in the country and all that is required is the 
intensification of converting the bulls to work oxen. 

Agricultural Development Policy 

The general strategic policy of raising production per 
unit area can be achieved only by increasing the effi
ciency of inputs. Efficient use of draft-power, especially 
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ox-drawn implements, can greatly increase the produc-
tion. The policy of the Malawi Government states: 

(1) that labor in rural areas should be utilized where 
available and not replaced by mechanical means 
except where economical: 

(2) 	that capital intensive technology farming should 
only take place in areas where there is inadequate 
labor to perform farming operations efficiently and 
within the time available: 

(3) these conditions prevail because there is not enough 
industrial mechanization to take up the surplus 
laborwhich would be liberated by large-scale mecha-
nization: and 

(4) wherever possible, ownership ofmeans of mcchani
zation should be personal and not ip a pool because 
of the difficulty of satisfying all clients with timely 
operations. 

Mechanization is encouraged: 
(1) in support ofimproved technolog', e.g., cotton spray-

ing and tobacco nursery spraying: 
(2) for land preparation (implements to enable farmers 

to prepare land early); and 
(3)for alleviation of labor bottlenecks without loss of 

efficiency, e.g., searching for efficient crop process-
ing equipment such as groundnut and maize shell-
ers. 

Utilization of Farm Machinery 

Technologies 


At present, Malawi has adequate appropriate farm 
mechanization technologies which, if properly applied 
by the end-users, can raise land and labor productivity 
to the research-achieved levels. However, most of these 
technologies (e.g., use of oxen for cultivation and weed-
ing) are not being fully implemented. This is a complex 
and sensitive problem without a straightforward, single 
explanation. It involves all aspects of production. namely, 
technical, economical, and social situations. 

Most farmers' literacy level is low (though currently 
improving), and comprehension of machinery technolo-
gies is low. 

Repeated and intensified advice is required for them 
to follow recommendations such as the use of animal 
drawn implements in their cultivation and weeding 
systems. 

Economically, a farmer is a person who has for a 
long time been managing on very limiting resources: 
finance, water, soil, and climatic conditions. It is not 
easy for him to take risks in investment of machinery 
unless he is convinced ofthe likelihood ofhigher returns. 
He may not invest in the new dehullers costing about 
K9,000 as readily as he will invest in a maize mill of the 
same cost unless the returns from the dehuller are well 
explained and demonstrated to him. 

Credit facilities are now arranged ln relation with the 
farmer's financial and technical capabilities. Ways are 
being sought to lower the discouragingly high interest 
rates on a medium-term loan for an expensive ox-ce:1. 

Sociological conditions play a great role in the 

farmer's ability to adopt pieces of technology. For ex
ample. he wants the machine to belong "to him" and not 
"to them." The tractor-hire society collapsed in the 
Zomba District because of the misappropriation of funds 
by members and lack of experience. The new farm 
machinery/extension approach is taking this into con
sideratIon. 

The above problems are being solved by the intro
duction of Farm Machinery Extension Services in all 
eight Agricultural Development Divisions (A. D.D.s). These 
are replacing the farm machinery extension matters that 
were handled by the general agricultural extension staff 
in the past. 

Concluding Remarks 

In the field oi agricultural mechanization, high 
emphasis is placed on animal sources of power and 
implements that convert that power to production. Faced 
with the need to increase both labor and land productiv
ity while conserving the country's foreign reserves by 
minimizing highly motorized machinery and oil importa
tions, the use of animal power has been found to be 
appropriate. 

The three aspects ofappropriateagricultural tech

nology development emphasized in Malawi are:
 
a) Simplicity of design,
 
b) Simplicity of operation, and
 
c) 	 Simplicity in maintenance. 

But the word "simplicity" here does not mean "infe
riority."Any piece of technology transferred to our people 
must be durable and efficient in use. 

Concentration of the extension effort on farm ma
chinery matters by specialized personnel can yield hif'her 
benefits. A very aggressive farm machinery technology 
transfer to end-users is now being followed to bridge the 
gap between technology development and implementa
tion. 

It is the aim of Farm Machinery Commodity Team 
members that the results of their work do not just end at 
the meetings, conferences, training courses, workshops, 
publications, etc., but are utilized by the farmers. There
fore, researchers must also perform a bit of extension 
just as extension personnel must perform a bit of 
research work. There must be overlap, e.g., researchers: 
85% research and 15% extension work: extension staff, 
85% extension work and 15% research work. 

It is hoped that the establishment of the Farm 
Machinery Extension Services in all A.D.D.s will solve 
the adoption problem. However, it has been found that 
this can have a far-reaching effect on the farmer only if 
it is scaled down to the Extension Project Area level. 

Acknowledging that effective development and utili
zation of appropriate farm mechanization facilities re
quires infrastructure, insurance, credit, research, health 
services, extension, training, and genetic and nutri
tional imp, ovement ofpower-providing animals, we have 
to seriously promote the role that all these disciplines, at 
all levels, play in this field (namely, scientists, econo
mists, sociologists, administrators, etc.). This should at 
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the same time encourage and support the mechaniza-
tion programs. 

List of Areas Covered In, and Reports On, 
Small Holder Farm Machhiery Research 

and Extension 

(Contact the ChiefAgricultural Research Officer. directly 
or through the author, Box 30134. Lilongwe 3, Malawi,
for details and/ ort on each of the following:

for~eortonetals nd/oech f te folowng:of 
I. 	 An evaluation of two single methods of stripping 

groundnuts. 
2. 	 Performance test-modem engineer's limited hand-

operated groundnut shelter. 
3. 	 A comparison of the performance of types of ox-

drawn planter. 
4. 	 Performance test of Decker hand maize sheller. 
5. 	 Observations on the use ofthe Hand Mas*er model159 rotary cultivator under rice conditions. 

159 
6. 	 A comparison of three differeiit types of hand oper-

ated groundnut shellers. 
7. 	 Design for a seed dressing drum for village use. 
8. 	 Acomparisonofthreemethodsofstrppingground-

nuts. 
Performance of test T. P. A. Feed Control device for 
hand-operated groundnut cracker. 

10. 	The developmnt and evaluation of hand-operated 
groundnut cracker. 

11. 	 Design of a single purpose ox-drawn groundnut 
lifter.12. 	 Further evaluation of hand-operated groundnut 

cracker. 
13. 	Acomparisonoftheperformanceoffivemethodsof 

hand-shelling maize. 
14. 	 Performance test: N.I.A.E. prototype cereal mower. 
15. 	A comparison of weeding methods in cotton an,, 

maize. 
16. 	Design of a simple milk cooler for village use. 
17. 	 Design ofthe Chitedze hand-operated maize sheller. 
18. 	 Evaluation of the Eicher Goodearth tractor report. 
19. 	A comparative workshop test of hoe blades and 

necks, 
20. 	Sources of potential animal power for Malawi's 

agricultural sector -facts and figures, paper by D. 
D. Singa. 

21. 	 Evaluation of hand-held planter. 
22. 	Results of the Performance Trials carried out on 

the Hand-Operated Rice Thresher at lifuwu. 
23. 	Problems and Solutions in Power and Equipment 

in Malawi (paper by D. D. Singa).
24. 	Alternative Smallholder Maize Shelling Methods in 

MUawi. 
25. 	OLservation into Cultivation Techniques and Cul-

tural Methods of Weed Control-Chitala Research 
Station. 
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26. 	Investigation into Cultivation Techniques and Cul
tural Methods of Weed Control on Maize and 
Groundnuts (Chitedze). 

27. Sources and Utilization of Power and Equipment 
for Malawi's Agricultural Sector-paper presented 
at CIMMYT Workshop Swaziland by D.D. Singa 4
6th October, 1984. 

28. 	Farm Machinery Extension in KRADD-Report 
after visit to KRADD by Farm Machinery Officer. 

29. 	Chitedze Hand-Operaten Maize Sheller - Ministry
Agriculture Extension Aids Circular No. 6/ 32. 

30 Ar che Extension it. Anual Rort, 
30. 	Farm Machiner Extension Unit. Annual Report, 

1983-84. 
31. Farm Machinery Extension Guide-Extension Aids 
3 rsteia 
32. 	Reports of (1) First Regional and National Appro

priate Technology Seminar and Workshop held in 
Lusaka, 20 to 24 June 1983, and (2) Workshop of
Nationial Appropriate TechnolGgy Centres in Africa 
held in Lusaka, 1985. 

3 epr n uthern A R n iW 
33. 	Report on SouthernAfrca Regional Training Work

shop on Technology Development and Transfer, 
Lusaka. 21 March to 2 April 1983. 

34. 	Report from Farm Machinery and Structures sub
committee to National Appropriate Technology 
Committee. 10th June 1983. 

35. 	Farm Machinery Unit, 1984 Engagements. 
36. 	Tinkabi Tractor Test Rel grt (aesigned and manu

factured in Swaziland for African smallholder 
farmer). 

37. 	Eicher Goodearth Tractor Test Report (manufac
tured in India). 

38. 	Handhoes Test Report--Agrimal (Malawi). Elwell 
(Britain). and Rhoplow (Zimbabwe) makers. 

39. 	Pedestrian Controlled Tractor Test Report. 
40. 	Dry and Wet Rice Field Tractor Cultivation. 
41. 	 Development of Hand Operated Seed Dressing 

Drum Report. 
42. 	Redesign and Improvements on Ox-cart Versions 

Including Single Animal Drawn cart. 
43. 	Macadamia Nut Cracker and Dehusker (manually 

operated). 
44. 	Portable Foot-operated Grain Thresher. 
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Introduction 

Dryland crop peformance In the Indian arid zone is 
greatly influenced by crop stand establishment. Driven 
by a high evaporative demand, sandy soils which domi-
nate the arid environment dry out fast after summer 
(monsoon)planting. This results in a loss of initial plant 
vigor, leading togreatersusceptibilitytodrought and low 
yields (Singh, 1986). 

The ridge-furrow system of planting, also called 
inter-row water harvesting, was studied at several re
search centers of the Coordi:,ated Dryland project in 
India during the past decade. The basic objective of this 
approach was to increase soil water availability by con-
centrating water in the planting furrows (Singh et al., 
1973). We later feV that certain specific ridge-furrow 
configurations ma- further improve the technique by 
controlling incident radiation and wind action in the 
furrows. A field study was initiated in 1986, the results 
of which are reported here. 

Methods 

The experiment was conducted on a loamy sand soil 
(Typic Camborthid) at the Research Farm of Central Arid 
Zone Research Institute, Jodhpur. The bulk density of 
the surface soil was 1.55 Mg/m 3 . Soil water retention at 
0.01 MPa and 1.5 MPa was 0.102 and 0.028 m3/m , 
respectively. The experimental laycut was a completely 
randomized bl9ck design ,,ith six replications. The plot 
size was 60 M 2.The treatments included four aspects (E-
W, N-S. NE SW. NW-SE) of ridge-furrow configurations 

aid regular planting by M.F. seed drill (control). A ridger 

was used to construct 35-cm wide and 15-cm deep 
furrows along with 65-cm wide ridges. rhe crops were 
pearl millet [Pennisetumtypholdes (Burm.f.) SLH](cv BJ 
104) planted on 1August 1986 and cluster bean ICyam-
opsistetragonohoba(Linn.) Taub)(cv Maru Guar)planted 
on 27 August 1987 in furrows in a compressed row 
system. The normal cr ipping season in this region 
extends from the last . ek of June to the middle of 
September b'A sowings were delayed in both the year,,_ 
more so "n1987, an unprecedented drought year. A top 
dressing of 20 kg N/ha was applied to pearl millet. No 
fertilizer was appliej to cluster bean. Soil temperature 
was recorded with a Telethermometer, rel ative humidity 

with an Osmarin Psychrometer, and wind speed with a 

Hastings Airmeter. Soil water content was determined 
gravimetrically. Compared to normal rainfall (yearly: 
365 mm, monisoon season: 290 mm), these figures for 
1986 and 19137 were 249 mm, 178mm and 110 mm, 35 
mm, respectively. DailyPET(Modified Penranmethod)in 
cropping season was 6 to 8 mm. Observadons on shad
ing were recorded manually witn a scale. 

Results and Discussion 

Shading and Soil Temperature 

Shading could be a means of controlling incident 
radiation in crop fields. Mechanical devices such as 
wood and metal strips for producing shade have a 
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Figure 1. Effect of aspect on shauLtug of furrows at 
different day hours. 
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limited practcal utility (Robins, 1967). It was, therefore, a net reduction in wiad flow and a consequent increase 
thought appropriate to utilize the aspect effect of soil in relative huyidit, in the NW-SE furrows was obtained 
surface geometry to produce shading and partition (Table 1). 
radiation. The observations are depicted in Figure 1. 
Furrows laid oLt in the N-S, NW-SE, and NE-SW direc- Soil Water 
tions were shaded by the adjoining ridges to the extent 
of50 to 70% of their widths in the morning (8 to 10 a.m.) The highest water storage was in the NW-SE fur
and the afternoon (2 p.m. and later). Shading in the E- rows, this was nearly 25 to 40% higher than in the 
W aspect was practically nil. The soil surface tem.-zra- regular planting both in 1986 and 1987 (Table 2). This 
ture under the shade was reduced by 3 to 40C (Thble 1). resulted from the lowering of soil surface temperature 

and a net reduction in wind flow resulting in an increase 

Wind Action smd Relative Humidity in the relative humidity of the lower atmosphere in 
furrows as explained in the preceding sections. Concen-

Geometric changes in the soil surface are believed to tration of water in furrows by runoff from ridges was the 
influence the nature and degree of turbulence in the other reason. 
lower atmosphere due to their effect on the wind flow Othe: aspect treatments, viz.. N-S. NE-SW, and E
(Robins, 1967). Data on wind speed and relatiue humid- W. also showed higher water regime than regular plant
ity recorded about 5 cm above the base cf the furrows ing. Particularly in the E-W and NE-SW treatments, the 
,'al-!z 1) bear out this fact. The normal wind direction higher water regime was probably more due to concen
iroin July to September in this region is southwest. tration of water than the aspect factor for one of the 
Accordingly, only the NW-SE aspect of the ridge-furrow advantages, I e.. shading or reduced wind flow was 
configuration was at right angle to the wind flow. In the missing from either of these treatments. Singh et al. 
E-W and N-S aspects, the angle of contact of wind flow (1973) repz rted 20 to 30% runoff from ridges to furrows 
to the ridges was 45 . l'he NE-SW aspect on the other from medium volume (10 to 20 mm) showe's. 
hand, was along the course ofthe wind flow. Accordingly, Tanner et al. (1960) in a study o. aspect planting of 

Table 1. Soil surface temperature, wind speed, and relative humidity in furrows a. 

1986 1987 
Treatments Temperatureb Wind speed Relative Temperature Wind speed Relative 

humidity humidity 

OC ms ' % C Ms' % 

E-W 41 3.0 63 43 2.6 50
 
N-S 38 3.2 65 41 2.9 46
 
NE - SW 38 3.7 62 41 3.2 48
 
NW -SE 37 2.6 75 40 2.4 56
 
Regular planting
 
on flat 40 3.6 60 44 3.1 44
 

a Averages of 6 days observations following planting.
 
bTemperature was recorded on shaded fraction when 50% or more area of the furrow was shaded.
 

Table 2. Water storage in surface soil and grain yield of pearl millet and cluster bean.
 

Soil water storage Yield 

Treatments 1986 1987 Pearl Cluster 
millet bean 

I August 3 August 27 Auguzt 30 August 1986 1987 

0-10cm 10-20 cm 0-10 cm 10-20cm 0-10cm 10-20cm 0-10cm 10-20 cm 

m 3 m 3 Mg ha' 

E-W 0.07 0.09 0.06 0.07 0.12 0.13 0.,10 0.11 0.31 0.01 
N-S 0.08 0.10 0.08 0.07 0.11 0.12 0.12 0.13 0.25 0.07 
NE-SW 0.08 0.08 0.06 0.08 0.13 0.10 0.09 0.12 0.31 0.11 
NW-SE 0.10 0.12 0.10 0.10 0.13 0.11 0.13 0.14 0.32 0.16 
Regular 0.07 0.04 0.06 0.02 0.10 0.12 0.10 0.09 0.22 0.008 
SEm+ 0.006 0.023 
CD 5% 0.017 0.071 
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corn (Zeamays L.) did not find any difference between E-
W and N-S drilled rows with respect to evaporation and 
soil water. Since this was a case of opening shallow 
furrows, presumably the aspect did not affect either the 
soil temperature or the wind regime. The furrows have to 
be at least 15 cm deep to have the aspect driven 
advantages (Singh, 1984). 

Gr'In Yield 
Due to very low rainfall and long spells of drought,cueyt very l1157. 

particularly in 1987, the yields were very low (Table 2). 
Yet the effect of ridge-furrow treatment and its aspect 
was reflected in the yield in both the years, especially in 
cluster bean. 

The results of this study demonstrate that ridge-
furrow planting with appropriate aspect is beneficial for 
soil water conservation in the drylands of the Indian arid 
zone. Reduction in the rate of soil drying after planting 
can also reduce the problem of surface crusting (Hanks 
and Thorp, 1957). It may be further useful to superim-
pose fixed row tillage on this system. Yearly tillage of the 

furrows only and maintenance of the ridges as perma-
nent structures in subsequent years may reduce the 
wind erosion hazard and result in better efficiency of 
utilization of manures and fertilizers, their application 
being restricted to the furrow area. Development of a 

suitable furrow tiller with planter may also reduce the 
energy input in the fixed or set-till system. 
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Abstract 

The bulk ofMalawi's annual food output is produced 
by traditional smalholder farmers who till an average of 
0.4 hectares each. Agricultural hand tools predominate, 
thus placing an effective limit on the amount of land 
which can be utilized in a giver, time. Standing agricul-
tural recommendations advocate the use ofridges across 
slope for water and soil conservation. Ridging is labor 
and energy intensive and time consuming, especially 
where the ridges are formed each year by altemating the 
ridges and furrow position. The objective of this experi-

ment was to determine the effect of permanent ridges on 
crop growth, timeliness, and soil/water conservation. 
This paper presents results in figures and tables of 
information from an experiment underway on the re
search station and presents results collected through 
observation and survey of the use of a permanent ridge 
crop production system by smallholder farmers. No 
conclusion can be reached now as the experiment is still 
in progress, but results show no significant differences 
at the 5% and 1% levels. 

(Note: The full text of thispaper was not available 
for publication.) 
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Introduction 

Interest in conservation tillage has grown substan-
tially in the nation, but with somewhat less enthusiasm 
in the South and Southwest. Historically, reduced or 
minimum tillage has been effective in reducing soil 
erosion and conserving soil water for increased crop 
production. The recent economic squeeze on producers 
through lowered farm product prices has renewed inter-
est in reducing fuel and labor input costs. 

The soil-plant ecosystem for minimum and no-till 
farming can vary greatly from that for conventional 
tillage or the tillage system using the moldboard plow. 
Several researchers (Halliday, 1975; Hadas, 1987; Power 
and Legg, 1978: Matocha et al., 1980; Silinas, 1981; 
Salinas et al., 1983; Cripps and Matocha, 1987) have 
described details of the physical and certain chemical 
changes associated with conservation tillage. The extent 
of the changes appears to be related to the geographic 
location and climatic environment. Studies of changes 
in microbiological properties associated with residue 
management and conservation tillage are relatively 
scarce. McCalla et al. (1962) reported that microbes in-
creased in surface soils where crop residues were main-
tained on the surface. Phytotoxic substances produced 
by microorganisms can have deleterious effects on crop 
yields when surface residues are increased (Elliott et al.. 
1978). Doran (1980) found that aerobic microbial activ-
ity decreased rapidly with increasing soil depth in no-till 
soils in the Midwest. In later work, Linn and Doran 
(1984) showed that conventionally tilled soil had greater 
numbers of aerobes than no-till soils at deeper soil 
depths (75-300 mm) while populations of anaerobes 
differed little between tillage treatments at these depths. 

The current trend toward consecvation tillage and 
increased surface crop residues can cause shifts in soil 
micro-)iological processes which can have agricultural 
and environmental impact. Very little information is 
available on the influence of these alternative tillage 
systems on the soil ecosystem and associated microbio-
logical properties in the semitropical environment of the 
Southwest. The purpose of this study was to gather
preiminary Information on soil microbiological changespeiiaySand 
occurring in soils under long-term conservation tillage 
practices. 

Mnaterials nd Methods 

For the purpose of this paper, conventional tillage, 
the system most commonly used in the region involved 

middlebusting the previous crop stalks and then rebed. 
ding with the same middlebusters. Following thest 
primary tillage operations, secondary tillage was per
formed using bedder sweeps and a disc harrow. Mini
mum tillage refers to a reducIon in plowing depth frorr 
the conventional 150-mm to a 50-mm depth and reduc
tion in tillage operations from approximately ' 0 to 5. The 
intent ofthis treatment was to maintain crop residues or 
the soil surface. Moldboard plowing was performed aE 
the primary Ullage to a depth of 300 mm. Secondary 
tillage included disking and listing rows to prepare a 
seedbed. No-till involved use of chemicals rather than 
plowing for controlling weeds. The soil was disturbed 
only as needed to place fertilizer and seed in the soil. 

A long-term tillage experiment located at the Texas 
A&M University Agricultural Research and Extension 
Center located at Corpus Christi on an Orella sandy clay 
loam (Hyperthermic Typic Ochraqualfs), a major soil 
used in crop production in the region, was used in the 
study (Table 1). 

Two forns of conservation tillage (no-till and mini
mum tillage) were compared with the conventional sys
tem common to the area and a moldboard plow system 
(300-mm depth). The tillage treatments were arranged in 
a randomized complete block design and replicated four 
times. Three major crops, grain sorghum [Sorg.hum 
bicolor (L.) Moench], corn (Zea mays L.), and cotton 
(Gossypium hirsutum L.) grown in monoculture ir. a 
split-plot arrangement, were studied for yield response. 
Conventional, minimum, and moldboard treatments 
had continued on the same plots for the past 9 years 
while the no-till treatment was continued for 7 years. 

In this preliminary experiment to characterize the 
microbiological properties, only the grain sorghum plots 
were studied. Soil was sampled at depths of 0 to 25, 25 

Table 1. Some characteristics of the surface horizon of the 
Orella sandy clay loam fron the experimental site. 

Soil pH (: 1 ratio) 8.1
 
Organic carbon content 8.0 g kg'
 
CEC 14.3 cmol kg'
 
Inorganic carbon content 10.0 g kg'
content 632 g kg-'
SIt content 151 g kg' 

Clay content 217 g kg' 
Exchangeable Na 1.0 cmol kg' 
Water retention 

-10 kPa 247 g kg'1 
-33 KPa 182 g kg' 
-1500 kPa 84 g kg' 
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to 50, 50 to 75, 75 to 150. and 150 to 300 mm in 
November 1987. Samples were thoroughly mixed and 0.N 
subsamples removed for gravimetric water content de- -

cr
termination prior to evaluation of microbial populations. -J B 
The soil was sieved through a stainless 20 mesh sieve. a. 
Platings for microbial counts were started immediately 

C 
a

after sieving using the dilution pour-plate and spread- C, 6 
plate techniques (Zuberer, 1983). The dominant species Lu 

of soil bacteria enumerated included Pseudomonas, W a a ,a a 
Arthrobacter, Clostridium. Achromobacter.Bacillus, 

X 4.
Mi- >- (30 a
 

crococcus, and Flavobacterium. 0
 
z 

I-

Results and Discussion 	
U 
r 2 
t.l
 
C3 

Differences in heterotrophic bacterial populations _i 
among tillage treatments are shown in Figure 1. The 
values presented in this graph are decimal dilutions and 0-25 25-50 50-75 75- 150 150-300 
plotted as logarithms of ti populations. The authors SOIL DEPTH (MM) 
realize that the technique used measur.s tnhv a small Figure 2. Influence of tillage system on actinomy
portion of the total population of microbes. Nonetheless. cetous populations for five soil depths. (Values 
it is useful for studying population changes. within a depth with the same letter are not 

Bacterial populations varied with soil depth and 
with tillage practices within specific soil depths. No-till significantly different according to Duncan's test). 
soil had significantly higher numbers than soil subjectd t rnodbordrimailyin he srfae ~ and soil depth are presented in Figure 2. In contrast toiltae,jected to maoldb oard tliage, prim arily in th e surface 50 tl a e ef c s o a t r a u b r , a t n m c t umm. Linn and Doran (1984) reported similar resu'.t- tillage effects on bacterial numbers, actinomycetous
aerobin and n aobic8microrn imir thesue , colonies increased due toaerobic an d anaerobic microorgan ism s in the surface 75 	 all three forms of tillage asc m a e o n -il s i h n s i e s r m n s w r 
mm of soils from six U.S. locations. At the same time, compared to no-till soil when soil measurements were 
conventionally tilled soil had bacterial numbers equai; ig made in the surface four depths (0-25,25-50, 50-75. and 
those of no-till soils at all sampling depths. Soil 75-150 mm). At the deepest sampling depth (150-300 
minimum tillage treatments had greater numbers o m 
heterotrophs than moldboarded soil at the 25- to 50- and tional and minimum till treatments, but in the range of 

75- to 150-mm depths. Microbial differences due to the 300-mm moldboard depth no difference in actino

treatment were relatively small at the 150- to 300-mm mycetous numbers was measured. At depths where 

soil depth. tillage treatments had a positive influence on actinomy-

Populations of actinomycetes as affected by tillage cetous counts, no differences due to type of tillage were 
recorded.
 

Actinomyc.tous populations were not linearly re
lated to soil depth. However, at the 75- to 150-mm and 

0 CONV 0 MIN. TILL IM MLOBRO 3 NO-TILL 150- to 300-mm depths, significantly lower numbers of 
z actinomycetes were counted than in the surface 25 mm. 

Ratios ofactinomycetes to heterotrophic bacteria for 

_J a 	 all sampling depths are plotted in Figure 3. This is simply 
- ab G b a another method of describing the microbial data in 
o a 	 relative terms. The actinomycetes are a transitional 
C. 	 group between the true bacteria and the higher fungi. 

Biochemical evidence indicates that these members of 

Lu 4 the microbial families are closely allied with the bacteria. 
They appear to be significantly functional in organic 

a: 	 matter decomposition processes and in formation of m
 

0a 2 	 In the surface two sampling depths (0-25 and 25-50 
mm), the moldboard treatmceit had a substantially 
higher actinomycetes/bacteiia! ratio than all other till
age systems. This was largely a result of reduced bacte

0-25 25-50 50-75 75-150 150-300 rial numbers associated with the moldboard system of 

SOIL 0EPTH (MM) 	 tillage. Higher ratios for moldboard treatment were also 
computed for the 75- to 150- and 150- to 300-mmFigure 1. Influence of tillage system on bacterial depths. Differences in ratios due to tillage narrowed at 

th Deepereespopulations for five soil depths. (Values within a 
depth with the same letter are not significantly the deeper depths.
 
diffrept accordinhs nare ntsign y Soil water contents determined at the time of microt te 
different according to Duncan's test). 
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Figure 3. Ratio of actinomycetes to total bacterial 
colonies as affected by soil depth for no-till, mold-
boarded, conventional and minimum tilled soil. 

bial enumeraion for ,all four tillage treatments and five 
sampling depths generally ranged from 65 to 83% offield 
capacity. These data show no relationship between 
bacterial populations and soil water contents either 
within tillage systems or when both were averaged over 
Ullage systems. 

Similar data for actinomycetes numbers corre!ated 
negatively and linearly with soil water contents averaged 
over tillage systems (Table 2). However, no relationship 
between actinomycetous numbers and soil water was 

evident within "ndivldual tillage systems. Doran (1980) 
associated increased bacterial populations with higher 
soil water contents of the within-row-area for surface 
residue treatments, but he reported no such relation-
ship with actinomycetous numbers. No significant rela-
tonship between actinomycetous numbers and soil 
water content was evident within individual tillage sys 
tems in this study. 

Results of this preliminary study indicate the bio-
logical environment under tillage and no-till manage-

ment systems can be quite variable. Furthcr research is 

needed to characterize the tillage effects on microbial 
types and their associated effects on the N cycle. 
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Introduction 

Crop rotation and liming are agricultural practices 
able to Imprcve chemical and physical soil characteris-
tics, as well as crop production. In tropical lands, soil 
acidity and erosion have been limiting crop productivity. 
Therefore, a simultaneous study of agricultural prac-
tices with soil acidity correction and erosion control 
became necessary. Studies with crop rotation and liming 
showed increases in crop productivity. However, changes 
in soil physical and chemical properties could be respon-
sible for the yield increases observed. This study was 
conducted to determine the effects of crop rotation and 
liming on the soil physical and chemical properties. and 
how they affect the crop yields. 

Materials and Methods 

The experiment was carried out in a Dark-Red 
Latosol with pH =4.8 and 400 g/kg clay. 30 g/kg silt. 210 
g/kg fine sand. and 360 g/kg coarse sand in a random-
ized complete block (split plot) design. In the main plots 
(24 x 5 m). the following crop rotation treatments were 
established: A - peanut (Arachis hypogaeaL. continu
ously in the wet and dry seasons: B - peanut in the wet 
season and green-manure (Stizolobium atterrimumPip. 
et Tracy) in the dry season, planted continuously: C 
maize (Zeamays L.) continuously (Mz): D - maize planted 
in the wet season, with green-manure inter-row, con-
tinuously: E or F - maize in rotation with peanut planted 
in the wet and dry seasons (Mz-Pw/Pd): and G or [- 
maize in rotation with peanut in the wet season and 
green-manure in the dry season (Mz-Pw/Gm). In the 
sub-plots (6 x 5 m). limestone was applied at the rates of 
0. 3. and 6 Mg/ha in 1982 and reapplied in 1984. For the 
purposes of this study, only Mz, Mz- ft/Pd. and Mz-Pw/ 
Gin treatments were sampled. In 1985. the following 
samples for soil physical analysis (Black et al.. 1973) 
were taken: undisturbed volumetric samples (100 cm3) 
in three depths (0- to 10-. 20- to 30-, and 30 to 50-cm) 
in each liming plot. to evaluate soil bulk density, air-

lied porosity at 0.03 M.a (using the Air Picnometer as 
Langer. Model 76). and water retention curve. The 
equation ofvan Genuchten and Nielsen (19851 was used 

to calculate alpha. a parameter correlated with the pore 
size. Disturbed soil samples were taken for determining 

the water aggregate stability (van Bavel. 1950) at the 
same depths. using sieves with screen openings of 9520, 
7630, 6350, 4000. 2000. 1000. and 500 pm. Water 
Infiltration in the soil was measured by the double ring 
method (Kostiakov. 1932: Horton, 1933: Philip, 1957: 
tHagan et al.. 1967). 

Results 

Crop Production 

There were significant differences in grain yield 
among the treatments during the 5 years of the experi
ment. The highest average production (5.8 Mg/ha) was 
for maize grown in rotation with peanut in the wet season 
and green-manure in the dry season (Mz-Pw/Gm). Maize 
planted continuously (Mz) and maize in rotation with 
peanut in the wet and dry seasons (Mz-Pw/Pd) produced 
sirailar yields (5.2 Mg/ha). 

.Soil Bulk Density 

Both crop rotation and liming treatments did not 
influence soil bulk density 4 years after the beginning of 
the experiment (Table 1). Similar results were observed 
for the other depths studied. There was slight compac
tion beiow the plow layer (20-30 cm) as a consequence of 
soil tillage with plow and harrows. The correlation 
between soil bulk density and the wet saturation (0s) was 
significant (r = -0.97). 

Air-Filled Porosity 

No liming effect was observed on the air-filled poros
ity (at 0.03 MPa) in any of the depths studied (Table 2). 
Crop rotation showed a significant influence on this soil 
characteristic in all depths. At 0 to 10 cm, the Mz 
treatment resulted in lower values for air-filled porosity 
than those for maize in rotation. At the other depths, the 
data showed the green-manure effect on the air-filled 
porosity, which was possibly due to the deeper root 
system of this crop. The highest soil bulk density (1.43 
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Table I. Effects of crop rotation and liming on the soil bulk Table 2. Effects of crop rotation and liming on the air-filled 
density. porosity. 

Liming. Mg ha' Liming. Mg ha' 
Crop Crop 
Rotation Depth 0 3 6 Mean Rotation Depth 0 3 6 Mean 

cm Mg m cm 0 

Mz 0-10 1.11 1.03 '.19 1.11 a, Mz 0-10 47.0 50.7 42.3 46.7 b, 
Mz-Pw/Pd 1.16 1.16 1.13 1.15a Mz-Iv/Pd 52.0 48.7 51.7 50.8a 
Mz-Pw/Gm 1.14 1.10 1.10 1.12 a Mz-Pw/Gm 49.0 50.3 50.0 49.8 ab 

Mean 1.14 A, 1.10A 1.14A 1.13 Mean 49.3 A' 49.9A 48.0A 47.0 

Mz 20-30 1.40 1.45 1.42 1.42 a Mz 20-30 33.3 a 29.7 a 31.7 a 31.5 ab
 
Mz-Pw/Pd 1.42 1.42 1.47 1.43 a Mz-.P/Pd 26.0 h 30.5 a 31.0 a 29.2 b
 
Mz-Pw/Grn 1.43 1.43 1.45 1.43 a Mz-Pw/Gm 33.3 a 32.8 a 31.0 a 32.4 a
 

Mean 1.42A 1.43A 1.45A 1.43 Mean 30.9A 31.0A 31.2A 31.0
 

Mz 30-50 1.31 1.33 1.29 1.31 a Mz 30-50 36.7 35.7 38.0 36.8 ab
 
Mz-Pw/Pd 1.30 1.39 1.35 1.34 a Mz-Pw/Pd 35.0 32.6 33.3 33.6 b
 
Mz-Pw/Gm 1.35 1.38 1.37 1.36 a Mz-P /Grn 37.0 36.7 37.3 37.0 a
 

Mean 1.32A 1.37A 1.33A 1.34 Mean 36.2A 35.0A 36.2A 35.8
 

Same capital letters in the line and same small letters in 'Same capital le, rs in tihe line and same small letters in
 
the column are not significant by Tukey test (p < 0.051. the column ar tot significant by Tukey test (p < 0.05).
 

Mg/m") and the lowest air-filled porosity values (31%) Because maize production was higher for crops in rota
were found at the 20- to 30-cm depth and clearly indi- tion. it is interesting to observe that the aggregate size 
cated that densification occurred in this layer. These was not so important for this, that is, there were other 
results were expected, since air-filled porosity was sig- characteristics more Important, like water availability. 
nlficantly correlated with soilbulkdensity (r=-0.70) and The liming levels had a similar effect. Higher values of 
wet saturation. Os (r = 0.72). coarser size fractions were observed for the 6.0 Mg/ha 

lime level compared to the 3.0 and 0 Mg/ha levels. These 

Aggregate Size Distribution 1.0 
Crop Rotation 

The Mz treatment resulted in a higher percentage of 
MZwater stable aggregates and MWD than those in rota-

N Mz.Pw/Pdtions (Mz-Pw/Pd and Mz-Pw/Gm) for the coarser size 
&Mz-Pw/Gmfractions (Fig. 1). This was because the Mz treatment had 

only one soil plowing per year; the other ones had two. 

Crop Rotat,or, 0.2

3. 
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Figure 1. Effects of crop rotation and liming Figure 2. Effects of crop rotation treatments on 
treatments on aggregate size distribution, soil water retention. (Bar x 0. 1 = MPa). 



results pointed out the cementation effect promoted by 
calcium. There were no influences of crop rotation and 
liming treatments on the aggregate size distribution for 
the other depths. 

Soil Water Retention 

When the soil was water saturated and at -0.002 
MPa, there were significant differences among the treat-
ments (Fig. 2) at 0- to 10-cm depth. with the Mz-Pw/Pd 
treatment resulting in higher water percentage com
pared to the Mz-Pw/Gm and Mz treatments. By examin
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Figure 3. Effects of crop rotation treatments on 
soil infiltration rates. 

ing Figure 2, we can observe a factor which probably 
caused the high yields with the Mz-Pw/Gm treatment. At 
20% water, a critical value for soil water and frequent 
when a short period of drought occurs, maize in rotation 
with peanut and green-manure showed a higher water 
potential (0.02 MPa) than those for Mz (0.03 MPa) and 
Mz-Pw/Pd (-0.037 MPa). At the 20- to 30-cm depth, the 
results were similar to - ose obtained at the 0- to 10-cm 
depth. Liming did not affect soil water retention. The 
alpha parameter of the van Genuchten and Nielsen's 
equation was significantly larger in the Mz treatment {o 
= 1.93) than those in rotation (Mz- Pw/Pd. m= 1.27: Mz-
Pw/Gm. o = 1. 13). These results can explain the reason 
that the crops grown continuously show lower values for 
soil erosion. Continuous crops produce larger pores. 
which cause faster water infiltration and less runoff. 
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Water Infiltration Rates 

The data of water infiltration were fitted in the 
Philip's (1957) equation (Fig. 3). The results showed that, 
similarly to the water retention data (wet saturation), the 
basic infiltration was higher for the Mz-Pw/Pd treat
ment. followed by the Mz and Mz-Pw/Gm treatments. 

Higher initial infiltration rates were obtained for the Mz 
treatment and it is likely that the increase in aggregate 
diameter might have affected this soil property (Fig. 1). 

Conclusions 

The higher values for water retention, when the soil 
in a drying condition, seemed to be the responsible 

factor, among other soil physical characteristics, for the 
highest production showed by the maize grown in rota
tion with peanut and green-manure. The liming In
creased the size of aggregates and. as a consequence, the 

mean weight diameter. 
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Introduction 

The optimum water range for traffic and tillage on 
Vertisols is narrow. Tillage of dry soil requires high 
energy inputs, whereas tillage or traffic on wet soil leads 
to puddling and compaction. But farmers ofthesemiarid
tropics (SAT) particularly those practicing double crop 
trpics SaT), rtincuplaly etherandouecopc 
ping. are often compelled bY weather and socioeconomic 
factors to work on wet soils. This paper reports oil the 
effects of (i) compaction by human foot traffic on estab-
lishment and yield of two sequentially sown post rainy-
season crops: chickpea (Cicerarietinum L.) and safflower 
(Carthamus tinctorius L.), (ii) compaction on size of soil 
cracks. It also suggests some criteria for determining the 
need for zonal management of surface soil. 

Method 

The two experiments reported in this paper were 
conducted on a Vertisol (Typic Pellustert. Kasireddipalli 
Series [EI-Swaify et al. 19851) at ICRISAT Center, Patan-

Experiment I 

This experiment was conducted in 1981/82 and 
1983/84 on plots where maize (Zea mays L.) was grown 
during the rainy season. The experimental area had 
been under the broadbed-and-furrow (BBF) system (El-
Swaify et al.. 1985: Kampen. 1982) since 1976. During 
this time, all animals and equipment wheels followed the 
furrow (50-cm width), and the double-cropped bed zone 
(100-cm width) was generally free of traffic. In both 
years. the soil was wet (about 35-36% water by weight in 
the 0- to 10-cm layer) at the time of maize harvest. 
Treatments were imposed by having laborers harvesting 
and hauling maize either to walk in the furrow (normal 
beds) or to walk on the beds (trampled beds). When the 
surface soil (0- 10 cm) dried to 25-26% water content by 
weight, shallow blade harrowing (4-6 cm deep) was done 
by an animal-drawn, wheeled tool carrier with a blade 
attachment. Immediately after this cultivation, chickpea 
and safflower were planted by a planter attached to the 
wheeled tool carrier. In both of these operations, traffic 
was confined to the furrow. 

Experiment 2 

This experiment was conducted in summer in an 
uncropped field. Steel frames 150 cm square and 30 cm 
high were installed in the soil to a depth of 15 cm to 
create two miniplots. The soil in each miniplot was
wetted uniformly by quick flooding with 50 mm of wat _r. 
On the following day. wet soil in the middle strip (Fig. 1) 

was removed with a hand tool to a depth of 15 cm and 
subsequently compacted in 5-cmr layers by rolling with 
a pneumatic wheel. Bulk density of compacted soil was 
1.45 Mg/m at a gravimetric water content of 301 g/kg, 
compared with 1.33 Mg/m' for uncompacted soil (Sri
vastava et al., in press). Eight days after the second 
wetting, the cracking patterns were photographed, and 
the depth of major cracks (>5 mm width) was measured 
by probing with a 2-mm diameter wire. 

Results 

Table 1 shows that foot traffic on the bed during the 
maize harvest significantly (P < 0.05) reduced establish
ment and yield of sequentially sown chickpea and saf
flower. Also, draft requirement for the planting operation 
was higher on trampled beds than on normal beds (1240 
N versus 1005 N).

Figure 1 shows that compaction of wet soil led to 
formation of deepei and widei surface cracks. The mean 
depth of cracks was 5. 1 cm in the compacted zone, 
compared with 2 cm in the uncompacted zone. 

Discussion 

Trampling and Crop Growth (Table 1) 

In the improved technology developed at ICRISAT for 
management of Vertisols, one aim is to quickly establish 
sequential post rainy season crops. In order to minimize 
evaporation losses. it is usual to avoid intensive tillage 
between harvest of the rainy season crop.,1 (maize in this 
case) and planting of the post rainy crops (Kampen. 
1982). The seedbed preparation for post rainy crops 
usually consists of the blade-harrowing operation we 
used which controls weeds, but loosens only about 5 cm 
of soil. This operation clearly did not remedy the effects 
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intercepted by the gross cracks in the traffic zone and 
channeled into the subsoil. This hypothesis was con-
firmed by observations in two Vertisol watersheds at 
ICRISAT Center following high ii tensity storms in June 
1987 and April 1988. The cracks in the compacted 
furrows ofa BBF system intercepted runoff from the bed 
(cropping)zone (Fig. 2) and conducted it to the 30- to 70-
cm layer (Srivastava and Smith, unpublished data). 

Concluding Comments 

The importance of keeping compaction in a particu-
lar zone, in a given farming system, will depend on: (a) 
susceptibility of a soil to puddling and compaction, (b) 
Joint probability of a compacti:ng operation coincident 
with the periods of high soil water (above plastic limit), 
(c) scope for alleviating negative effects of soil trampling 
and compaction in the cropping zone by natural (e.g.. 
wetting and drying cycles) and artificial (e.g., tillage) 
processes before they impinge on crop productivity, (d) 
scope and value of water conservation and enerkr saving 

through zonal surface management. and (el negative 

effects (if any) of compacted zones on neighboring crop
ping zones (e.g.. limitations to root growth). 

Further research is needed to fully understand the 
processes associated with zonal management and to 
develop prediction models. The BBF system includes 
zonal surface management. But in this system, the effect 
ofzonal surface management is confounded with micro
topography effects created by the raised bed. We need to 
develop a better understanding of soil processes associ
ated with zonal surface management perse. 
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Farmers throughout the world increasingly are 
recognizing that leaving residues of the previous crop on 
the soil surface reduces soil loss, increases water con-
servation, allows more timely planting, and modifies soil 
surface temperature. However, these surface residues 
also have created some problems. One of these problems 
is that of reduced seedling emergence, often caused by 
reduced seed-soil contact. Baker and Chaudhary have 
described an inverted T-shaped opener that often in-
creases emergence substantially. Another problem has 
been encountered in applying fertilizer on no-till land. 
Christiansen and Morrow designed a no-till planter that 
will apply fertilizer below seedling depth in the same 
operation. Soils that contain high contents of montmo-
rillonitic clay are very sticky when wet and very hard 
when dry, thus creating tillage problems. Morrison and 
Gerik have developed a no-till soil management system 
for these solls. 

The increased amount of soil surface residues with 
no-till, when compared to moldboa-d plowing, reduces 
early season growth of crops in the northern Corn Belt 
of the U.S.A. However, Lindstrom and Forcella have 
shown that corn (Zea mays L.) yields are not reduced 

significantly except during the wet years on soils with 
poor internal drainage. 

Reduced or minimum tillage systems cause sub
stantial changes in the soil microbiological composition 
(Matocha et al.) and in the ability of farmers to conduct 
timely planting (Michiel-a). In some cases, planting must 
be accomplished in a 2- or 3-day period after a rain to 
have an acceptable chance of survival (Hoogmoed and 
KlaiJ). 

Sometimes, soil manipulation is necessary for rea
sons other than weed control, seed insertion, and fertili
zation. One such reason occurs during reclamation of 
Solonetzic soils (Boehm et al.). Another reason is to 
loosen compacted soil, caused either by human foot 
traffic (Srivastava et al.) or tractor traffic (Gill and 
Lungu). 

In addition to the articles on crop residue manage
ment, some authors have discussed the effects of soil 
surface ridging (Kumwenda; Singh and Bhati) and ap
propriate technologies for rainfed crop production in 
semiarid regions of developing countries (Willcocks; 
Singa; Nunez et al.; O'Neill et al.). 
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Introduction 

This paper considers some of the requirements !or 

increasing the probability of succesful technological 
change in dryland agriculture in the poor coi ,tries of 

the world. The first part examines the salient character-
istics of dryland agricu'ture, and the impact of techno-
logical change on invw ;'nent, contrasting the experi-

ence in irrigated agrO.,ulture with that of diland agricul-

ture. The seccnd parl ,onsiders some of the necestrary 
conditions for genciating irmproved agricultural tech-

nologies. This include- '.,crease'd investments in agri-

cultural research and the development of low cost, water 
conserving technologies. 'i e third part looks at eco-

nomic policies and their ercts in encouraging or dis-
couraging the adoption and dffusion of technology 
especially in tht high-risk situations that persist In 

dryland agriculture. Finall', th,.:e is a brief considera-
tion of the impo1 Lance of increasing efforts in this area to 

lessen the consequences of increasing population pres-
sure and to meet increased demand for agriculturalproductso 

Technological Change and 

Investment in Agriculture 


"Dyland a,,-lculture," as used here. is dedred as 
rainfed crop production in semiarid areas characteri.:ed 
by irregular rainfall usually below 750 mm that fails to 
meet 'he potential evaporation oeniand during part of 
the year. Th' focus is on the poor roi intries of the world, 
most of which are in the tropics, and includes areas as 
diverse as the seven small countries in the Sahelian zone 
of Africa, with a total population of 30 million, and the 
vast stretche of the Vertisol soils of India, which proba-
bly carry a population of more than 100 million people. 
Most of the producers in these areas are "small-scale" 
operators, who depend on their family production for 
much of their subsiste"e and a good part of their limited 
money income. Agriculture production consists primar-
ilyoflow-unitvalue, hardy grains like sorghums(Sorghum 
sp.) and millet (Pennisetumsp.). as well as legumes such 
as chickpeas (Cicerarietinum)and groundnuts (Arachis 

hypogaea). Non-food crops might well include cotton 

(Gossypiumhirsutum), usually planted in rotation with 

grains. Livestock - cattle and goats, as well as sheep in 

West Asia - are important assets in some areas. A 

widespread characteristi ofall dryland farming, though, 
is that output per area and output per person are low 

almost invariably lower than that attained in well wa
tered areas. 

Producers in the non-irrigated areas of the semiarid 
tropics have not participated in the great post-war 
advances that have taken place in tropie,-I agriculture. 
The most significant of these advances has been the 
introduct Ion and spread of high-yielolng modem varie
ties ofrice (Oryzasativa} and wheat (Triticumsp.).which, 
when supplied with adequate water (irrigation or high 
rainfall) and nitrogenous fertilizers, give much higher 
yields than traditional varieties. These changes have led 

to a veritable yield -evolution in many parts of the world, 
especially in Asia. For the first time !n modem bl"tory, 
the greater part of substar,!al incnases in the output of 
rice in the tropics bas come from increased yields, ratherthan from the expansion of t ' totai crop area. The 
extent of that revolution i,.evident from the rapid expan

sion of the fractional area planted to modem varieties. 

By 1986, more than half the area planted to rice in Asia 
was under modem varieties and so was more tian 40% 
of the area planted to wheat. The very rapid expansion of 

rice and wheat production has contributed to the surge 
in global food supplies Jr ',e last 30 years. 

The introduction of the modem varieties has had a 
significant impact on investment in irrigated agricul
ture; this contrasts sharply with investment in dryland 
agriculture. The availability of a tested and proven yield
incr.asing technology, that could be readily adopted by 
millions of producers, has increased the economic at
tractiveness of investments in irrigation and related 
activities. Investments which were uneconoml'al, or 
marginal, when based on the use of traditional varieties 
became economical when farmers could use their land 
more intensively, with modem varieties anu fertlizers. 
The generation of higher incomes also provided an 
economicjustification for higher cost irrigation than was 
formerly the ca-e. The most visible effect of the new 
technology on investment has been the vast increase in 
fundir.,g irrigation, and the subsequent expansion of 
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area under irrigation. Over the past 30 years, invest-
ments in irrigation have increased by more than $100 
billion, and area under irrigation has grown from around 
140 million ha to close to 300 million ha. An ex-post 
analysis of a sample of more than $1 billion of these 
investments In irrigation made in the 1960s and 1970s 
- mostly in the rice-producing areas of Asia - showed 
an average rate of return of 18%, which is very high by 
most international standards, 

There has also been investment in dryland agricul-
ture, albeit much less than in irrigated agriculture. 
During the 1970s, there were substantial investments, 
especially by external donors, in dryland agriculture as 
part of an overall strategy to raise the productivity of low 
income producers. Many of the rural poor were in the 
dryland areas whether in India, Africa, or in areas such 
as the northeast of Brazil. There was, for example, a very 
substantial increase in aid for the Sahelian region, 
where the level of aid - at $44 per capita - was the 
highest in the world. However, an exhaustive evaluation 
of these investments concluded that this aid had little 
Impact on raising productivity (except for some increase 
in yields of cotton). The World Bank also n.ade substan-
tial investments in livestock development in the semi-
arid areas of Central and East Africa and parts of West 
Africa. There were also loanc fnr projects in the drought-
prone areas of India and in the diyland areas of Mexico. 
All these projects, too, have given very disappointing 
rates of return - frequently close to zero or even 
negative. Evaluations have presented many reasons for 
these low returns. One of the rasons most frequently 
citcd is over-optimism about the availability oi 'lw cost 
technology that could generate increased benefits for 
producers: technologies that could help justify invest-
ments In earthworks, land clearance, road building, and 
the introduction of fertilizers and Implements. 

The low rates of return on dryland agi-icultural 
investments have led to a reassessment of investment 
policies. One consequence has been a focus on smaller 
pilot projects; another has been the intensification of 
efforts to generate agricultural technologies better suited 
for use in these areas. 

Generating Technology 

Agricultural Research 

There are two approaches to generating technology 
suited for farming in the semi-arid t,'opics. Both ap-
proaches recognize that the timely availability ofwater is 
a major limiting factor t,, increased production. T'.e first 
approach is through the modification of plants so that 
they can "out perform" traditional varieties that give low 
yields, while retaining or enhancing their tolerance of 
drought. The second approach is through the niodifica-
tion of the environment so as to conserve scarce water 
and lessen the ever-present risk of crop failure due to 
erratic rainfall. 

The deliberate modification of plants through breed-
ing for varietal improvement lies in the provirice of 

agricultural research. It is only recently, though, that 
any semblance of priority has been given to the alloca
tion of international or national resources for varietal 
improvement in the semiarid tropics. In the early post
war years, the research efforts in the tropics were 
confined largely to commodities such as rubber (various 
sp.). cotton, tea (Thea sp.), and coffee (Coffea sp.), and, 
in the case of India, to some food crops that grew in well 
watered areas. There was a widely held view that the 
essence of technological change lay in transferring re
search-generated knowledge from the temperate coun
tries to the poor countries, rather than generating knowl
edge and products specifically designed for the agrocli
matic and economic conditions in the poor countries. 
Thus, early aid programs -- such as the Alliance for 
Progress in Latin America - emphasized the promotion 
ofextension services, not research. In the ensuing years, 
though, it has become abundantly clear that the future 
prospects for technological change in the tropical coun
tries depends on the research undertaken to resolve the 
specific problems inherent in the conditions that prevail 
in the tropics. To be effective, research had to be done in 
situ. 

One of the most effective post-war investments and 
institutional arrangements for agricultural research in 
sittu in the tropics was initiated and developed by the 
Rockefeller and Ford Foundations. The Rockefeller 
Foundation established a joint research program with 
the Mexican government in 1949; then the Ford and 
Rockefeller Foundations established the International 
Rice Research Institute in the Philippines in 1952. These 
programs, which were the institutional progenitors of 
the International Agricultural Research Centers, were 
well-managed and well-funded, free from the excessive 
bureaucracy of public sector operations, and they pro
vided a base for internationally-recruited scientists to 
work on varietal improvements. (The shortage of avail
able skills for research programs is graphically illus
trated by the fact that there was only one university 
graduate working on agricultural research In Mexico 
when the Mexican program started.) These early founda
*on programs were emrinently successful in developing 
the varieties of rice and whteat that contributed to the 
"yield revolution" in irrigated areas of Asia. Their very 
success showed that there could be high returns to 
investment in research and encouraged the view that 
this institutional approach cou,, make an important, 
relatively low-cost contribution to a global effort to 
increase food production. Part of that effort would be to 
increase resources for international agricultural re
search in Improvements of crop varieties grown in the 
different agroclimatic zones of the tropic3. These would 
!nclude the semiarid tropics. 

The centers established by the Foundations were 
Incorporated into the Consultative Group for Interna
tional Agricultural Research (CGIAR) which was created 
in 1972 under the sponsorship of the World Bank. the 
United Nations Development Program (UNDP), and the 
Food and Agricultural Organization (FAO). The World 
Bank undertook the task of managing the CGIAR, and of 
overseeing the financing of an expanded international 
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system. During the process of expansion, there was an farmers within 5 years. More than 20 scientists were 

examination of the gaps in research capacity for dealing dispersed over five West African countries as part of this 

with the major food crops in the different agro-ecological program. However, this approach involving " direct 

and climatic zones in the tropics. As a consequence of transfer oftechnology using dispersed staff in the expec

this examination, two international centers were created tation of short-term breakthroughs produced disap

to undertake agricultural research in the dryland areas pointing results. Consequently, ICRISAr changed its 

- the International Center for Research in the Semi-Arid strategy, and is now concentrating a critical mass of 

Tropics (ICRISAT) was established in Hyderabad, India, researchers at three or four regional research centers. 

in 1972, and the International Center for Agricultural The strategy has a time horizon of 20 to 25 years, and 

Research in Dry Areas (ICARDA) was _stabllshed in involves the screening of local varieties and crossing 

Syria in 1977. them with imported varieties to produce superior culti-

In 1987. the budget for CGIAR as a whole was close vars. The agronomists collaborate with national re

to $200 million; the system employed over 700 senior search teams in farming systems research that will lead 

personnel, most of whom were expatriate scientists. to farm trials of promising varieties and technical pack-

Close to $45 million was allocated to ICRISAT and ages. 

ICARDA. There is now a critical mass of more than 140 This change in strategy rellects the hard !esson that 

qualified senior personnel working on problem-solving it is a long and difficult task to develop a research and 

in dryland agriculture. In addition, there are a number training program appropriate to the diverse agro-eco

of scientists in the other CGIAR centers working on logical environments in the region. This is even more 

developing drought-resistant varieties ol commodities difficult given the current stage of Africa's limited ab

such as wheat or rice. The system now includes two sorptive capacity. Needless to add - and as Borlaug has 

livestock centers, and one of these, the International frequently stressed - the experience of the Rockefeller 

Livestock Centre for Africa (ILCA), devotes a fair amount Foundation in Mexico in the 1950s confirms that the 

ofits resources to work on improving range management long-term commitment by a critical mass of dedicated 

for the drier areas ofAfrica. The other, the International scientists is an ( sential condition -or any successful 

Laboratory for Research on Animal Diseases (ILRAD) is agricultural research. This is now being done in the 

focussing its research on animal diseases in Africa. regional countries on the semiarid zones of Africa and 

These include sleeping sickness and tick-borne dis- offers promise for the future. 

eases. Asyet, the benefits ofthese efforts lie in the future. The work of the international centers is intended to 

The creation of these centers, with their substantial complement and be complemented by national research 

financial resources, has resulted in a quantum jump in centers. The CGIAR systems budget represe.ts between 

the number ofinternational scientists workingon"prob- 5 and 11% of the resources devoted to these national 

lem solving" for the major food crops grown in the programs, which have expanded considerably over the 

dryland areas. These crops include the important cere- !2st decade. Much of this expansion has been strongly 

als, such as sorghum and millet, grain legumes such as supported by external donors. Aid for national programs 

cowpeas (Vigna sinensis), pigeon peas (Cajunus cajan in Africa alone rose from around $60 million in 1976 to 

Mill sp.). common beans (Phaseolus sp.) and ground- $190 million in 1980. During these 5 years, the U.S. 

nuts, and some roots and (Jbers includiing cassava alone in'reased its program for national research pro

(Manihot sp.). Much of the effort has been centered grams from $5 million to $72 million, a substantial 

around developing cultivars that are tolerant of, or Increase indeed. As far as can be estimated, around 20% 

resistant to, various stresses that prevail in the dryland of these funds were committed for drylhnd agriculture. 

areas-drought, heat, cold, diseases, and pests. Some Perhaps the most effective national program for 

success has been achieved with finger millet that has generating technalogy for dryland fanning is in India. 

drought-tolerant characteristics and is now widely dis- India has a large supply of trained scientists and a well

tributed In India: ICRISAT is also working to develop established program, which provided a firm base for 

varieties of sorghum that can grow in poor so)ils and that much ofthe work currently being undertaken in India by 

are tolerant of plant parasites such as striga, found ICRISAT. The All-India Co-ordinated Research Project 

throughout the semiarid zone. There has also been for Dryland Agriculture (AICRPDA) was established as a 

improvement in methods of crop rotation and cultivating collaborative effort of the India Council of Agrultural 

techniques for conserving water in the predominantly Research (ICAR) and the Canadian International Devel-

Vertisol soils of India. opment Agency (CIDA), in the early 1970s. The mandate 

The work of the international centers has also been was to develop technologies to improve and sabilize 

expanded to include the undertaking of research in the production in rainfed areas. Technical packages have 

dryland areas of Sub-Saharan Africa. The experience been developed that are keyed to the use oi improved 

gained there is instructive, not only in terms of research, genetic materials, based on soil and water considera

but also in demonstrating the need for site-specific tions. Timely tillage, proper plant spacing, and other 

research and the time horizons needed to provide re- agronomic practices, alongwith improved crop varieties, 
suits. ICRISAT started a program of sorghum and millet have presented new possibilities. Early-maturing varie-

Improvement in West Africa; initially, ICRISAT imported ties of scrghum and millet originally bred by ICRISAT 

improved varieties as part of a direct transfer strategy scienusts have been developed to 1f1t" with the short 

that could develop high-yielding varieties for release to growing season characteristics of semiarid Indian agri

http:represe.ts
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cuiture. Gains have been made, too, with sorghum and 
millet that can thrive In the short season when water is 
available. 

In many national programs of research in dryland 
agriculture, there are problems of absorptive capacity. 
This helps explain the apparent paradox of the substan-
tial increase in resources going into research without 
any important results This applies pdinarly to coun-
tries in Sub-Saharan Africa, where there are 23 coun-
tries, more than half of which have populations of less 
than 5 million. Most of these countries depend alme ! 
entirely on external aid to finance and sustain their 
national research programs. Incrnasinig financial re-
sources is only one of the nece sary conditions for 
generating suitable technologies. Clearly, there is a z'ase 
for greater regional cooperation arnong these counti-es 
to obtain greater economies of scale and specialization. 
Also, there has to te sound direction, good management, 
and persistence- after 'all, it required close to 20 years to 
develop the modem varieties of wheat and rice. 

Low-Cost Water Conservaditn 

In recent years, increasing attention has been given 
to finding low-cost approaches co~iserving scarce water 
and reducin,! soil erosion in dry/!:nd farming. Experi-
ence in Indii and elsewhere has shown that construct-
ing earthworks and other physical structures are a 
relatively costly means of preventing losses; further-
more, the economic benefits arising from such invest-
ments make it difficult to justify the substantial outlays 
needed to improve large areas. Consequently, there has 
been increasing emphasis on improving techniques of 
production at the farm level that lead to a more effective 
use of soil and water than in the past. These techniques 
involve improved management of existing resources 
rather than any large scale introduction of additional 
inputs in the agricultural system. 

Efficient management of the soil water regime in 
rainfed fanning requires maximizing the reception of 
water into and minimizing losses from the soil root zone. 
Until recently, a commonly-accepted approach promot-
in- infiltration and reducing surface runoff was to plow 
the soil frequently and deeply. However, agricultural 
research and the experiences of farmers have conirib-
uted to the current view that this practice may do more 
harm than good as it bares ihe soil to both wind and 
water erosion and leads to crusting from the beating 
action of raindrops. The trend now is to take a longer 
view that Includes considering the economic gains from 
conselving physical resources as well as the financial 
advantages of reducing purchased inputs. This trend 
Includes mininitzing tillage in order to prevent undue 
soil compaction by machinery, saxe energy and labor 
costs, and maintain the soil's natural structure ofaggre-
gates and macropores. When coupled with mulching, 
i.e., leaving crop residues at the surface rather than 
plowing or burning them, minimal tillage can be even 
more cost-effective in protecting the soil suriace and 
enhancing Infiltration. In some cases, tillage has been 
reduced to necessary planting operations. In many 

others, though, some tillage has been required to pro
mote infiltration and to combat weeds, which often 
cannot be controlled by herbicides without undue ex
pense and the risk of environmental damage. 

Research and field operations also support the 
auxiliary and cost-effective practice of roughening or 
pitting the soil surface to increase the surface storage 
capacity of the soil for rainfail. By so doing, farmers can 
detain the surface water excess in puddles over the soil 
surface and thus prolong the opportunity time for that 
water to infiltrate eventually, instead of running off. A 
number of techniques or implements have been devel
oped for this purpose, including chisels. listers, and 
eccentric disk plows. On a small-scale, the same effect 
can be achi ved by hand, using a simple hoe-a low-cost 
implement if ever there was one. 

The techniques described above are low-cost ways of 
promoting water entry into the soil. Other techniques 
help minimize its losses from the root zone. Such losses 
can take place either downwards, in the process of deep 
percolation, or upwards, in the twin processes of evapo
ration from the soil surface and transpiration by weeds. 
However, deep percolation is very difficult and costly to 
control, notwithstanding such remarkable techniques 
as laying a thin spray of asphalt or a plastic sheet under 
a layer ofsand. Ajudicious low-cost approach is to avoid, 
whenever possible. farming of soils with an insufficient 
water storage capacity, and to prefer soils of finer texture 
or profile layering such that can retain water in the root 
zone without excessive losses due to deep percolation. 

The reduction of evaporative losses is also impor
tant. Over a prolonged period (a season or a year). such 
losses may total 50% or more of the quantity of scarce 
water entenng the root zone. The traditional approach to 
reducing evaporation was to perform frequent shallow 
cultivations. This practice was presumed to break the 
capillaries conveying water to the surface. However, as 
in the case of tillage intended to promote infiltration, 
tillage to reduce evaporation has been found to be 
ineffective in many situations. Again, it has been ob
served tha' the better technical and economic practice is 
to develop and maintain a mulch over the soil surface. 
Such a mulch, consisting ideally of crop residues, can 
help reflect solar radiation, shade over the soil, and form 
a diffusion barrier to the escape of water vapor from the 
F'oil. The economic attraction of this technique is en
hanced as the same mulch can help infiltration and 
reduce crusting, runoff, and water erosion (as already 
mentioned), as well as reduce wind erosion. 

A serious economic problem is how to prevent, or at 
least minimize, soil water losses by weeds. Tillage was 
once the only method for combating weed infestations. 
Later, tillage was supplemented in many cases by the 
use of herbicides. More recently, however, there has 
been a move away from the unbridled use of herbicides, 
which are not only high-cost, but also may damage the 
environment. Attempts are now being made to optimize 
the most economic combination of mechanical and 
chemical methods to control weeds and to reduce the 
competitive losses of water caused by them in rainfed 
farming. 



The crucial stage in every cropping season is the 
initial germination and seeding establishment stage. 
Even where the water regime is otherwise favorable for 
subsequent growth, a crop may be doomed from the 
outset merely because of failure to achieve uniform 
germination and a complete stand. Various techniques 
have been proposed and tried over the years to the 
continuing effort to ensure a good start for crops grown 
under semiarid conditions. Included in these techniques 
are pittih~g or furrowing to penetrate a wetter layer 
beneath the quickly drawing surface, the use of spray 
mulches or plastic covers to reduce evaporation (and 

possibly to encourage germination by warming the seed 

bed), localized compaction of the seed bed to bring seeds 

into more intermediate contact with the moist soil and 

thus improve conduction from soil to seed, and pretreat-

ment of seeds to hasten germination. Obviously. such 

methods must be adapted to specific soil, crop, and 

climatic conditions. Where possible, a single light sup-

plementary irrigation after planting (preferably by sprin-

kling over the seeding rows) may spell the difference 

between success and failure for the entire crop. 

Under marginal or submarginal rainfall (as in semi-

arid regions during drought seasons, or in semi-des-
erts). such practices as described, however effective, 

may yet fail to ensure an economical crop yield. In such 

cases, an effective approach might well be to provide 
supplementary irrigation, where possible, or to confine 

planting to a fraction of the land where rainfall can be 

augmented by the collection of runoff from adjacent 

uncultivated sections of land. A description of such 
methods, however, lies beyond the scope of this article, 

In any case, successful farming in relatively dry regions 

must be based on sound knowledge of the rainfall 

regime, not just of its mean annual quantity but indeed 

ofits probability distribution within season and between 
seasons. Because of the occasional occurrence of a few 

unusually wet seasons, reliance on the mean values of 

rainfall may be misleading, as the greater number of 

seasons is likely to receive less than mean rainfall. 

Knowledge ofdrought frequency and potential severity is 

crucial to the long-term effective management of semi-

arid areas. Recent studies suggest the possibility of 

being able to forecast drought in certain areas. This 

possibility should be explored in the context of an 

enhanced coordinated research program aimed at the 

more precise definition and control of the water (and 

nutrient) regime governing rainfed farming in dry re-

gions. 
The current emphasis on "sustainability" of agricul-

tural production has added to the sense of urgency 

about conserving soil and water resources in dryland 
agriculture. There has been progress in evolving low-

cost techniques for conserving soil and water especially 

through modifying farming practices. These practices 

include the reduction of tillage, better use of vegetative 
coverage, and more selective approaches to use ofdiffer-

ent soils. The current widespread research on farming 

systems in dryland areas will contribute toward further 

improvement in techniques. At the same time, though, 

much more needs to be learned about the resource base 
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including the availability and distribution ofrainfall. The 
current Interest in improving the environment will, we 
hope. lead to increased efforts to evolve the knowledge 
required to develop more appropriate techniques for 
dryland agriculture. 

Economic Policy and the 
Diffusion of Technology
 

The generation of a suitable technology is a neces

sary condition for change. but change itself only comes 

when large numbers of producers - possibly millions 

adopt the technology in question. The rate at which a 

given technology will spread is influenced by many social 

and cultural factors. In the main, though, it is accepted 

that producers will adopt a new technology when they 

perceive it to be in their own best interest to do so, i.e., 

when they have an incentive to change. This incentive 

can be - and has been - influenced by economic 

policies, especially those that bear on the actual prices 

received by farmers. Until recently, though, there have 

been an array of policies that have reduced the incen

tives to farmers and in general have penalized agricul

ture. For instance, a number of studies on economic 

policy in Sub-Saharan Africa draw attention to the 
following: 

(a) 	Overvalued exchange rates. This lowers the cost of 

imported food to urban consumers, making it more 

difficult for domestic producers to increase their 

share of the market: e.g., in 1986, domestic maize 

in Lagos, Nigeria, was six times more expensive 

than imported maize; this stifled the development 
of an integrated, national market for maize. 

(b) 	Taxes on export crops. Most governments export 

crops through statutory agencies that fix prices to 

producers. FAO estimates that the trend in prices 
received by farmers in 1973-75 was about 20% 

belowworld prices, and in 1978-80 was 70% below 
world prices. Government revenues from export 

crops rose considerably, while prices to farmers 

changed only marginally. In the 1980s, when world 
export pricesdroppedconsiderably(bynearly30%). 
many governments kept revenues stable by push
ing down already-low prices to farmers (by more 
than 20%). 

(c) 	 Maintaining low and stable food prices to consum

ers. Governments have attempted to control inter
nal prices to producers as part of a policy intending 
to ensure that consumer prices were low. A recent 

study has shown that grain producer prices in 

Sub-Saharan Africa have been held well below 

world prices. Producer prices rose by 4% between 

1969-71 and 1978-80; world grain prices, how

ever, rose 28% in the same period. During this 

period, retail prices of food only rose by 10% 
slower than world prices. While in the short run, 

price policies for export crops generally helped to 

increase government revenue (at a cost to farmers), 

price policies on food have also been costly for 
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many states, without having benefited producers; 
i.e., government subsidies are financed out of the 
national budget for the benefit of urban consum-
ers. 

(d) 	The marketing of agricultural products and farm 
imports by parastatal organizations. Almost every 
country in Sub-Saharan Africa has state or quasi-
state agencies that buy, sell or distribute inputs or 
outputs related to food. The World Bank has docu-
mented the high costs of the services provided by 
these agencies, and is in the forefront of the move 
either to abolish them and return their functions to 
the private sector, or to try to help make them more 
efficient. 

There are many studies and analyses of the eco-
nomic policies that would facilitate agricultural develop-
ment and technological change in agriculture. There are 
differences of emphasis and nuance, but there does 
appear to be a consensus that there should be: 

(a) 	 More resourcesallocated for agriculture, including 
for infrastructure: 

(b) 	 More remunerative producer prices that more 
closely reflect the true market situation; 

(c) 	 Less state intervention in the trade sector, con-
bined with greater competition via the private 
sector and cooperatives; and 

(d) 	 Revised subsidy and iaxation policies, and more 
protection from imports by means of exchange and 
duty mechanisms. 

There are additional conditions that would apply to 
reduce risk so as to encourage producers to adopt 
changes and use purchased imports. One of them is to 
improve information available to producers; systems 
can be developed to inform producers about predicted 
changes in weather and advice can be given on such 
activities as the advantages of delaying planting. This 
has happened in situations where there has been a well-
established research service and an effective extension 
service -as well as a capable meteorological service, 
Unfortunately, this set ofcircumstances is not prevalent 
in many of the poorest countries in regions such as Sub-
Saharan Africa. Another risk-reducing activity is crop 
insurance; producers would be more likely to risk invest-
ing in change if there was a hedge against total loss. 
Unfortunately, studies have shown that the costs of 
insurance would be very high if any such program was 
to be self-financing. Other special programs could in-
elude specially subsidized credit to encourage producers 
to initiate the use of new inputs with the subsidy being 
Intended to counter the hazard of uncertain returns 
from uncertain rainfall. 

Conclusion 

The great impetus for increased food production in 
the tropics has come from technological changes in 
irrigated agriculture. The gap between productivity and 
incomes in irrigated and non-irrigated areas has proba-
bly widened. There are still opportunities for expanding 
irrigation, and much can be done to make existing 

irrigation systems more productive. There are limits, 
though, to the extent to which irrigation can be ex
panded at reasonable cost, and already average costs 
per hectare of irrigation are rising substantially. More
over, extensive areas of irrigated land are being phased 
out of production because of salinization and water 
logging. Inevitably, with the continuous growth of popu
lation, dryland agriculture will have to provide an in
creased proportion of total agricultural output. In India, 
for instance, it is estimated that an additional 80 million 
Mg offood grains will be needed to meet the requirements 
of the 1,000 million people inhabiting the country by the 
year 2000. Estimates are that the expansion ofirrigation 
and a more efficient management of existing resources 
could produce around half the needed increase. The 
remainder would have to come from the rainfed sector, 
one-third ofwhich Is semi-arid. Thus, while recognizing 
the tremendous achievements in irrigated agriculture. 
the future of Indian agriculture then will depend in
creasingly on the productivity of the dryland areas. 
Similarly, in the Sahelian areas in West Africa, the 
population of 30 million is expected to rise to 45 million 
by the year 2000. Nearly all of the increased production 
will have to come from semi-arid lands. In this context, 
theimportanceofthedrylandareaswillgrowratherthan 
diminish over time, and so will the need to develop and 
promote appropriate technologies to raise the productiv
ity of these areas. 

The prospects for technological change in dryland 
agriculture have undoubtedly improved. There has been 
an increase in resources allocated to generating im
proved varieties and the development of low-cost water
conserving technology. In addition, there is a much 
better appreciation of the economic policies that can 
facilitate the diffusion of improved means of production. 
A growing number of governments - especially in Africa 
- are adopting policies that are raising tl:e incentives for 
producers to increase production. Much of the change 
has come about as a result of "prodd;ng" by donors, 
especially the World Bank. 

The dominant feature of dryland agriculture will 
continue to be the erratic and sparse rainfall. Hence, it 
is unlikely that there will be any intensification of 
production similar to that in irrigated agriculture. There 
is simply not enough water to have intensiveyear-round 
production, nor is there the guaranteed water supply 
that can minimize risk of crop failure. Nonetheless, In 
our view, there are prospects for considerable increases 
provided there is sustained research together with favor
able economic policies; fortunately, it appears that this 
view is now gaining wider currency than before. 
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Alternative Wheat Production 

Systems 


Three alternative monoculture winter wheat (Thttcum
aestivum L.) production systems are described in Table 
aeu L.pronvn systems tiabe1. The conventional system includes four tillage opera-tion cldesuribd 

tions between harvest in June and seeding of the next 
crop in September. In general, conventional production 
can be achieved with relatively minimal expenditures for 
pesticides. In someyears, greenbug (Homoptera: Aphidi
dae) infestations exceed the economic threshold level. 
For the conventional system described in Table 1, an 
aerial application of parathion [0,0-diethyl 0-(p-nitro
phenol) phosphorothloatel is included in alternateyears. 
The only herbicide included for the conventional system 
is a biennial application of chlorsulfuron [2-chloron-N-
[[(4-methoxy-6-methyl-l.3.5-triazlne-2-yl) amino] car-
bonyll benzenesulfonamide] in February. 

The one tillage and zero tillage systems described in 
Table 1 are experimental. Both systems have been 
implemented on various experiment station sites. They 
have been successful in the sense that plants have been 
established, weeds were controlled, and grain harvested. 
Anhydrous ammonia is applied with a modified applica-
tor for the alternative systems. A rolling coulter is used 
to prepare a slot for the applicator knife. Although the 
soil is disturbed by the coulters and knives, anhydrous 
application is not considered a tillage operation. 

For the one tillage system, a sweep plow is used once 
after harvest. The sweep plow is composed of 1.5-
to 2.4-m sweeps followed by an integral mulch treader, 
A tank mix of cyanazine 12[[4-chloro-6-(ethylamino)-s-
tria7tin-2-yl] amino]-2-methylpropionitrile and atrazine 
{2 -chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine} is 
sprayed after sweeping. Glyphosate IN-(phosphonom-
ethyl) glycine} is applied before seeding. The seed is 
planted with a stubble drill. Metribuzin 14-amino-6-tert-
butyl-3-(methylthio)-as-triazin-5(4 R-)-one) is applied to 
control cheat (Bromus spp.). With conventional mold-
board plow tillage, cheat infestations have been less 
severe, and a herbicide application for the control of 
cheat has not been necessary. 

The zero tillage system is similar to the one tillage 
system. The June tillage operation is replaced by an 
application ofa commercially prepared mixture ofglypho-
sate and 2.4-D 12,4-dichlorophenoxy) acetic acidl. An in-
secticide is not needed for the zero tillage system. A 

major finding of prior research is that relatively few 
greenbugs are attracted to monoculture wheat grown in 
a zero tillage system (Burton and Krenzer, 1985). In 
general, in experiment station studies, the full herbicide 
package as described for the zero tillage system results 
in weed control equivalent to that achieved with theconventional tiliage system. However, if the amount of 
sumer tion stabnomally ih a o 
ap p cation i abmaye ay. 
application of glyphosate may be necessary. 

Influence of Tillage System on Yield 

The conventional tillage and zero tillage systems 
were evaluated in a study conducted over 3 years at one 
experiment station located near Stillwater, Oklahoma, 
and a second station located near Lahoma, Oklahoma 
(Heer, 1095). Planting dates were varied from the middle 
of August to the middle of November at approximately 
30-day intervals. Four replications of both production 
systems were conducted for each planting date at each 
site. 

Least squares regression was used to estimate the 
influence of planting date and tillage system on yield. 
Calendar day of planting was defined to be a continuous 
variable with January 1 assigned a value of I and 
December 31 a value of 365. Dummy variables were 
included to enable the model to discriminate between 
the two locations, the two tillage systems, and the 3 
years. A site by tillage system interaction variable was 
included to determine if the influence of the tillage 
system on yield was different at the two locations. Day by 
tillage interaction variables were included to determine 
if the influence of planting date on grain yield varies with 
tillage method. They were not statistically significant 
and were dropped from the model. 

Results of the ordinary least squares regression 
analysis are reported in Table 2. The tillage system 
dummy variable is statistically significant (P<0.001) as 
is the site by tillage interaction variable (P<0.0 1). Based 
on the regression model, the estimated grain yield from 
the zero tillage system is 0.63 Mg/ha less than the 
conventional tillage yield at Stillwater, and 0.17 Mg/ha
less at Lahoma. The average yield disadvantage across 
the two locations for the zero tillage system is 0.40 Mg/ 
ha. This result is similar to that reported by Tucker et al. 
(1971). The model indicates that maximum grain yields 



are obtained from late September plantings. For a plant-
ing date ofSeptember 16, the predicted yield is 3.07 Mg/ 
ha from conventional tillage and 2.67 Mg/ha from zero 
tillage. 

Input Requirement Differences 

A procedure similar to that described by Epplin et al. 

(1982, 1983) was used to compute the relative impact of 

Table 1. Field operations for three alternative winter wheat 
production systems in Oklahoma. 

System Field operations 

Conventional Tandem disk 
Moldboard plow 
Fertilize (18-46-0) 
Tandem disk 
Fertilize (82-0-0) 
Field Cultivator 
Conventional drill (seed) 
Aerial spray (parathion & 

chlorsulfuron, blennually) 
Harvest 

One tillage Sweep-mulch treader 
Ground spray 

(cyanazine & atrazine) 
Fertilize (82-0-0) 
Ground spray (glyphosate) 
Stubble drill (seed & 18-46-0) 
Ground spray (metribuzin) 
Aerial spray 

(parathion, biennually) 
Harvest 

Zero tillage Ground spray (cyanazine, 
atrazine & glyphosate-2.4-D 

Fertilize (82-0-0) 
Ground spray (glyphosate) 
Stubble drill (seed & 18-46-0) 
Ground spray (metribuzin) 
Harvest 

Month 

June 
June 
August 
August 
August 
September 
September 

February 
June 

June 

June 
August 
September 
September 
November 

February 
June 

June 
August 
September 
September 
November 
June 
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the three systems on input requirements and produc
tion costs. A synthetic machinery complement with 
machine sizes typical of those used in the region was 
compiled for each system for a 500 ha hypothetical 
monoculture wheat farm. Since the choice of tillage 

system does not have a major impact on harvesting 
costs, combines and grain hauling trucks were not 

included in the machinery complements. Cost estimates 

include a charge for custom harvest. Results of the 
estimates which reflect relative differences among each 

of the three systems for selected input requirements as 

well as relative differences in production costs per 
hectare and per Mg of wheat produced are reported in 

Table 3. 
Relative to the conventional system, the zero tillage 

system requires 63% less machinery labor, 60% !ess 
tractor fuel, and 35%less investment in machinery and 
equipment per land unit. However, at current prices the 
herbicide program for the zero tillage system costs $106 
(322 1%) more per hectare. In addition, 78% more oper
ating capital is required for the zero tillage system. When 
combined with a 35% reduction in machinery invest

ment capital, the neL capital requirements are 14% less 
per hectare for the zero tillage system. 

Cost Differences 

Operating costs are 65% more per hectare for the 

zero tillage system. Machinery fixed costs are 35% less. 
Total operating plus machinery fixed costs are 35% mare 
for the zero tillage system. The total operating plus 
machinery fixed cost to produce a Mg of wheat is 
estimated to be $71 for the conventional system, $97 for 
the one tillage system, and $110 for the zero tillage 
system. At current relative prices, the alternative pro
duction systems are not economically competitive with 
the conventional system. Potential external benefits 

associated with reduction in soil loss (Tice and Epplin, 
1984) and potential environmental costs resulting from 
increased use of herbicides were not considered. 

Table 2. Results of regression equation to predict the influence of alternative planting dates and alternative tillage systems on winter 
wheat yields., 

Independent variable 

Intercept 
Day (Jan I = I...... Dec31 = 365) 
Day squared 
Site (Lahoma = 1, Stillwater = 0) 
Tillage (Conventional = 1. Zero = 0) 
Site by tillage interaction 
Year 1 (1983-84 = 1. 84-85 = 0, 85-86 = 0) 
Year 2 (1983-84 = 0. 84-85 = 1,85-86 = 0) 

The dependent variable is wheat yield (kg/ha). R2 = 
bep < 0.05, °*P < 0.01, °**P < 0.001. 

Estimated 
least squares 

regression 
coefficient 

Standard 
error 

Estimated 
t-value 

-17594.7 
145.0 

-0.274 
-272.0 

629.9 
-462.5 
2265.5 
1484.4 

2797.3 
20.3 

0.036 
124.0 
115.2 
173.5 
107.1 
106.3 

-6.29 
7.14 

-7.56 
-2.19 0 
5.47 

-2.67 " 
21.15 * 
13.96 ** 

0.78. 
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Table 3. Estimates of expected yields, selected input requirements, and production costs for alternative dryland winter wheat 
production systems. 

Conventional One tillage Zero tillage 
tillage 

Change Change 
from from 
conY. 	 conY.
 

Wheat grain yield (Mg/ha), 	 3.07 2.87 -7% 2.67 -13% 
Machinery labor (hours/ha) 2.81 1.24 -56% 1.04 -63% 
Tractor fuel (L/ha) 	 57.08 28.64 -50% 22.65 -60% 
Operating capital ($/ha) 	 59.30 101.42 71% 105.72 78% 
Average machinery investment ($/ha) 266.57 189.66 -29% 174.60 -35% 
Total 	operating and machinery
 

capital ($/ha) 325.88 291.08 -1l11% 280.32 
 -14% 
Herbicide costs (S/ha) 3.29 88.34 2588% 109.14 322 1% 
Production costs (S/ha) 

Fertilizer 
82 2-0 22.39 22.39 30.44 36% 
18-46-0 21.74 21.74 21.74 

Insecticide
 
parathion 2.13 2.13 
 -100% 

Fungicide 
carboxln-thiram 2.47 2.47 

Herbicide
 
chlorsulfuron 3.29
 
cyanazine 19.77 
 19.77
 
atrazine 2.47 
 2.47
 
glyphosate-2,4-D 
 20.81
 
glyphosate 30.89 30.89
 
met .buzin 	 35.21 35.21 

Machinery fuel, lube. repairs 29.50 18.95 -36% 15.84 -46% 
Interest cost of operating capital 6.82 11.66 71% 12.16 -78% 
Other operating costs 65.98 63.83 58.91-3% 	 -11% 

Total operating costs (S/ha) 151.84 231.51 52% 250.71 65% 
Machiner' fixed costs (S/ha) 65.26 46.80 -28% 42.67 -35% 
Op'.rati;.g 	plus machinery fixed 

costs ($/ha) 217.10 278.31 293.3828% 	 35% 
Total operating costs; ($/Mgj 49.96 80.66 63% 93.90 90% 
Opc.rating plus machinery fixed 

c6St. "$/Mg) 70.72 96.97 37% 109.88 55% 

Grain yield.i based upon regression equation for September planting date. 
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Introduction 

Mixed cropping of various sorts is widely practiced 
by traditional farmers in Niger. The government esti-

mated that In 1983, 73% of the cultivated area was 
planted in mixed crops (Ministere de Developpement 
Rural. 1984). Yet for more than two decades, govern-

ment extension efforts had focused on pure cropping. 
The time has come to re-examine the rationale for 
intercropping from the perspective of a small farmer in 
a semiarid environment. 

Constraints to Crop Production 
in Niger 

The logic of mixed cropping depends on the objec-
tives of a farm household and the environmental and 

socioeconomic constraints within which it operates. 
Nigerien subsistence farmers are primarily concerned 
with securing minimum cereal production to survive 
until the next harvest. Limited water availability is the 

primary and most limiting environmental constraint of 
semiarid regions. The agricultural zone of Niger lies in 

the Sahelo-Sudanian climatic zone with a mean annual 
rainfall of 350 to 600 mm. (World Bank, 1985). Virtually 

all rains fall between June and September, and only for 
two and a half months per year does mean precipitation 
exceed half the mean evapotranspiration (Koechlin, 1980). 
High temperatures, a second limiting factor, also limit 
crop options. Mean monthly temperatures range from 
22 to 320C (ICRISAT, 1986). 

Soil fertility is a third limiting environmental factor. 
Most of the agricultural soils are sandy aeolian deposits 
which cover stony alluvial deposits from the Quaternary 
period. They are mildly acidic, and low in organic matter. 
nitrogen, phosphorus, and exchangeable bases (Ca. Mg. 
K) (Ouattara and Persaud. 19,85). 

Agricultural labor becomes constraining during 
planting and weeding operations (which must be cxe-
cuted immediately after significant rains) (Krause et al., 
1987). Failure to plant and weed in a timely fashion 
reduces millet (Pennisetumtyphoides) and cowpea (Vi-
gna unguiculata)yields significantly (Berrada, 1987). 

Yet, even in the more favored agricultural regions such 
as southe: n Maradi, most farmers lack the animal 

traction equipment needed to hasten these operations 
(Swinton. 1985). However, the reluctance of farmers to 

adopt animal traction on subsistence crops in West 

Africa makes its promise as a time-saver debatable 
(Eicher and Baker, 1982). 

Intercropping to Overcome
 
Constraints
 

Agronomic research in Niger has demonstrated the 
potential of certain crop mixtures to relax some of these 
constraints. The most successful crop associations 
maximize the physical complementarities between 

component crops so as to make most efficient possible 
use of the available resources tAndrews, 1972; Fussell 
and Serafini, 1985: Ruthenberg. 1971). Millet and 

cowpeas appear to be particularly complementary. In 

association, they exhibit more efficient water use (Fussell 
and Seraflni, 1985: Reddy et al.. 1985; Reddy, 1987). 

and higher light reception (Fussell and Serafini, 1985) 
than either crop grown alone. There is no clear evidence. 
however, that cowpeas improve soil fertility by contrib
uting to the soil nitrogen supply if allowed to mature 

(Andrews. 1972: Fussell and Serafini. 1985). From a 

farmer's standpoint, these technical idvantages are 
only meaningful if they translate into improved yields or 

lower risk ofcrop failure. Research results from both on

station agronomic trials and farm surveys demonstrates 
that they do. 

Mixed Cropping Gave CoItparable or 
Higher Yields 

Mean grain yields were equally high or higher for all 
mixed cropping systems but one in 1984 and 1985 in 
samples of 75 farms in Madarounfa and 117 in Maradi 
(Table 1). Yield variability in both years was so high that 
no crop had yields that were significantly different from 
zero at a 95% level (due to large numbers of crop 
failures). 

On-station agronomic research in Niger has shown 
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Table 1. Mean grain yields for five principal cropping systems 
in Central Niger. 1984 and 1985. 

Location and year 

Madarounfa" Maradil 
Cropping system 1984 1985 1984 

kg/ha
 
Monocrop systems 

Millet 145 376 371 
Sorghum 145 274 182 

Mixed crop systems 
Millet-sorghum 117 359 261 
Millet-cowpea 158 413 256 
Millet-sorghum-cowpea 179 556 262 

From Swinton, 1988: 75 farms. 
'From Projet de Developpenient Rural de Maradi, 1986 (adjusted 
to include fields with crop failures); 117 farms. 

that total biological yields tend to be higher for millet-
cowpea intercrops because millet yields are not signifi-
cantly reduced from yield in pure stands (Berrada, 
1987; Fussell and Seraiini, 1985). Hence, cowpea pro
duction becomes something of a bonus crop in associa-
tion with millet. 

Lower Yield Risk 

Mixed cropping offers two advantages In managing 
yield risk. Clearly, a diversified portfolio is less likely to 
suffer a total loss than an unmixed one. Different 
planting dates and differences in crop life cycles make 
them susceptible to climatic stress at different times. An 
early end to the rainy season caused cowpea to fail 
almost totally in south-central Niger in 1984 and 1985. 
The few farmers who monocropped cowpeas suffered 
accordingly. Those who mixed their cowpeas with millet 
or sorghum at least harvested the cere-l. In contrast, in 
a good rainfall year. such as 1986. cowpeas yielded well 
(Reddy. 1987), having made use of residual soil water 
after the millet matured in late August. Research in 
northern Nigeria indicates that the association of early 
millet with late-maturing sorghum is "potentially pro-
ductive" (Fussell and Serafini. 1985). supporting a tra-
ditional practice in southern Niger. 

The second yield risk management advantage is that 
farmers can add short-season crops to fields where early 
plantings of long-season crops have partially died off. 
Rather than suffer a partial crop loss on pure millet, 
farmers have been observed to add short-season cowpea 
to the bare spots left bydead milletplants(Swintonet al., 
1985). 

Better Price Risk Management 

Some crops fetch more at market than others, and 
relative prices vary. Even subsistence farmers sell some 
of their production, and growing multiple crops offers 
one means to hedge against price risk. From 1984 to 
1985, the ratio of cowpea to millet prices in Maradi 
(ranged from) 1.3 to 4.3 (Swinton, 1988). Yet, the poor 

Table 2. Mean labor use and hourly wages for the five principal 
cropping systems on 75 Madarounfa farms, Niger, 1984 and 
1985 (from Swinton, 1988). 

Mean labor Mean hourly 
use wage 

Cropping system 1984 1985 1984 1985 

person-hours/ha C.F.A. francs 

Monocrop systems 
Millet 155 189 70 122 
Sorghum 183 163 30 99 

Mixed crop systems 
Millet-sorghum 154 184 59 117 
Millet-cowpea 190 199 68 127 
Millet-sorghum-cowpea 200 209 70 163 

cowpea yields and generally higher yield risk associated 
with leguminous crops in Niger have not made them a 
good pure crop in recent years. 

Higher Returns to Labor 

Phased planting can increase returns to peak-pe
riod labor, making labor use more efficient (Norman et 
al., 1979) and spreading the peak period of labor de
mand (Swinton et al., 1985). Table 2 shows that despite 
a higher mean labor input per field, the effective hourly 
wage (net field income divided by field hours worked) for 
cereal-cowpea systems was higher than for monocrop 
systems in both 1984 and 1985 in Madarounfa. Phased 
planting and harvesting increased labor input, but the 
opportunity to do several tasks without added trips to 
the fleld made work more efficient (e.g., planting cowpea 
and weeding millet at the same time). 

Conclusion 

Subsistence farmers in Niger practice forms of inter
cropping that exhibit high complementarity between 
component crops. In so doing, they combine subsistence 
"safety-first" objectives with yields, returns to labor, and 
risk of crop failure that are generally better than under 
pure cropping. 
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Introduction 	 place households in a less .ulnerable position before the 
occurrence of a shock. "Current" methods involve the 

Farmers in the West African semiarid tropics (WASAT) reallocation of resources at Lhc time a shock occurs with 
use various methods to protect houschold food con- the goal of minimizing its production Impact. "Ex post" 
sumption agains't unpredictable changes in production, methods, involving actions taken after a shock has 
Some methods directly reduce yield :" : , while others already reduced production, aim to minimize the subse
generate compensatory Income (consumption purchas- qdet impact on consumption. Table 1uses this three
ing power) in the event that production shortfalls occur, way classification to describe the pincipal risk manage-
To optimize adoption and impact, new technologies and ment methods employed by farmers in the WASAT. 
policies should at least be consistent with (and, If 
possible, enhance) farmer risk management. 

This note sets out a framework to enumerate the Ex Ante Methods at the Plot and 
main risk management practices employed by WASAT Farm Levels 
farmers and illustrates the practices using household 
survey data collected by ICRISAT in six villages in Diversification ofcrops, varieties, and land types are 
Burkina Faso during the period 1981 to 1985. Three the most common "ex ante" methods for stabilizing 
agroclimatic zones with striking contrasts in production agricultural income. Crop diversification reduces farm
potential were included in the survey (Sahel, Sudan level income variability to the extent that individual crop 
savanna, and North Guinea savanna]. Rainfall averages yields are not closely correlated. Intercropping is a form 
during the survey years were 380, 550. and 775 mm in of crop diversification that further improves stability if 
the Sahel, Sudan, and North Guinea zones, respectively. crop mixtures reduce the incidence of pests and dis-
Coefficients ofvariation (CV) on annual rainfall were 24, e r if the n cncopest yd
9, and 5%, respectively. The CVs on cereal yields were loses i tre conions. Drsican ofareies 

evengreter7, 3, an t 24 acrss he h.-e zoes. losses in stress conditions. Diversification of varietieseven greater at 71I, 34, and 24% across the th,'ee zones. wihvrngmtiiepritsaged 	 lntn,with varying maturities permit staggered plantings, 

spreading the risk of period-specific stre, vss. Diversifi-

Risk Management Methods - cation of varieties with varying susceptib'Llity also re
duces the risk of pest and disease loss 'xnere there is

A Conceptual Framework genetic variability in resistance or tolerance to biotic 
stresses. Plot diversification exploits imperi ct correla-

Evidence strongly suggests that food security-L.e., tion of crop stress across micro-environm 'nis. 
the satisfaction of minimum consumption requirements Crop, plot, and land typos of diversifti.Jon were 
throughouttheyear-istheovenidingobjectiveofWASAT measured using the Simpson index (Patil a.,d Taillie, 
farm households (Norlnan et aL., 1981). Methods to 1982). An index value of 1 represents perfect specializa
ensure food security can focus on each major food tion and a value of 0 perfect d.versiflcation. Cop indices 
source: production, purchases, and transfers. Risk can calculated for the Sahel, Sudan. and North Guinea zones 
be managed at several levels of operation: (1) plant, (2) were .50, .42. and .21, respectively: land type Jtopose
plot, (3) farm, (4) whole household, (5) village, and (6) quence position) indices were .60, .54, and .47. These 
region. Methods to ensure production involve actions at results reflect the effects of higher rainfall and a longer 
levels (1) through (3): purchases are secured at levels (3) growing period on farmers' abiifty to grow a more diver
through (6); and transfers are secured at levels (5) and sified set of crop enterprises and to cultivate a wider 
(6). Risk management methods also differ according to range of land types. 
when they are applied relative to the occurrence of Growing diverse varieties allows farmers to respond 
production shocks. "Ex ante" methods are designed to to changing environmental conditions across years and 



wlchin seasons. In one of the villages in the Sahel, six of 
the seven millet [Pennisetum americanum (L.) Leeble] 
cultivars in current use had been adopted during the last 
15 years. Moreover, all were earlier than the varieties 
they had replaced, reflecting adaptation to lower precipi-
tation during the last 20 years (Matlon, 1987). We 
observed similar patterns in the Sudan and North Gun-
ean zones. But It Is only in the latter zones that farmers 
were able to switch varieties in late-planting situations, 
Because ofthe much shorter rainfall period In the Sahel, 
little varietal diversification was observed, and most of 
the millet area was sown to a single variety, 

Sequential Decision Making-
Current Methods at the Plot Level 

At the beginning of the croppix;g season, farmers 
have subjective expectations based on experience con-
cerning the onset, amounts, distribution, and duration 
of rains. As the season progresses, these expectations 
are revised and farmers sec^uentially adjust their crop-
ping patterns to fit the emerging rainfall. Hand planting 
and irregular early-season rainfall combine to extend 
major first plantings from between 50 days in the Sahel 
to over 100 days in the North Guinea zone. Maintaining 
flexibility to modify cropping patterns during this period 
is crucial for the success of sequential adaptation meth-
ods. 

Farmers introduce modifications by: (1) shifting 
crops along the toposequence; (2) switching crops and/ 
or varieties with late first plantings and replantings: (3) 
increasing plant densities through late plantings or 
replanting of the main crop or intercrop, or decreasing 
densities through thinning; and (4) adjusting the dates, 
number, and intensity of weedings across crops and 
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plots. The application of these methods varies across 
zones and years with few consistent patterns (Kristjan
son, 1987). While the need for adjustments was larger 
and more frequent in the Sahel, the flexibility to execute 
them was more limited by the brevity of the cropping 
season. The opposite was true of the North Gulnean 
zone. 

In order to estimate the value of flexibility in millet 
and sorghum systems, Kristjanson (1987) used a multi
stage production function technique which accounted 
for the sequential nature of the input decisions based on 
emerging climatic information. Results showed that the 
value of maintaining flexibility to employ new informa
tion was large and significant in the Sudan and North 
Guinean zones, but not In the Sahel. Traditional prac

tices apparently offer little flexibility in the tightly
constrained Sahelian conditions. The value of flexibility 
was greatest for sorghum (Sorghum sp.) cultivation In 
the Sudan. This reflects the greater sensitivity of sor
ghum to drought stress (compared to millet) and the 
greater climatic risks of the Sudan savanna compared to 
the North Guinean zone. 

Kristjanson (1987) also measured the impact of 
several management practices on farmers' flexibility. 
Earlier planting improves flexibility and reduces risk by 
allowing farmers to exploit early rains and giving suffi
cient time to replant when rains fail at the seedling stage. 
Shorter-cycle varieties of millet and sorghum also gave 
farmers more options as to the timing of plantings and 
replantings. Inorganic fertilizer use was positively asso
ciated with greater flexibility. Finally, the results sug
gested that animal traction plowing reduced flexibility. 
Because farmers in each study zone generally plant 
sorghum and millet without soil preparation, this proba
bly reflects early season labor conflicts between plowing 
and timely planting. 

Table 1. Risk management methods used by farmers in semiarid West Africa. 

Scale Ex ante 

Plant Varietal selection for 
stress resistance/ 
tolerance 

Plot Early/staggered planting 
dates 

Low density planting 
Intercropping 
Runoff management 
Delayed fertilizer 

application 
Farm Diversified cropping 

pattern 
Land type diversification 
Plot fragmentation 

Household, Cereal stocks 
village, Livestock/assets 
region Social networks 

Non-farm employment 
networks 

Time frame 

Current Ex post 

Replanting with 
earlier maturing 
varieties 

Changing crops 
with replanting 
Changing plant 
density through 
thinning or 
replanting 
production 
Shifting crops between land 

types 

Grazing of failed 
plots for animal 
maintenance 

Late planting for forage 

Farm wage labor Cereal rationing 

Assets sales for cereal 
purchases 

Food transfers 
Migration employment 
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Compensatory Ex Post Methods at the 
Household and Regional Levels 

Wenrop fanairentoccespe exs manotectfa an 
"current"rlskmanagement practtces, farmers mayprotect 

household consumption by absorbing production risk 

through transfers and purchases paid from earnings in 
and asset liquidation. Severeoff-farm employment 

drought in the Sahel and Sudan zones of Burkina Faso 

during 1984 reduced cereal yields to only 42% of their 

average 1981-1983 levels and domestic food production 
met only 29% of annual energy requirements (WHO, 
1985) in each zone. Despite identical production deficits, 
actual consumption in the Sahel slightly exceeded re-
quirements during the succeeding 12 months, whereas 

average consumption among Sudan-zone households 

fell 18% below requirement standards (Reardon and 
urcase xplineMaton,198).ofceral nerlyallMatlon, 1987). Purchases of cereal explained nearly all 

of the regional difference; 34% of food energy consumed9Y 
by Sahelian households was purchased, an amount 
40% greater in absolute terms than in the Sudan. 

Because climatic conditions chronically limit their 
ability to protect total crop production through "ex ante" 
diversification methods and through "current" manage-
ment flexibility, Sahelian households had substantially 
invested in insurance substitutes, such as livestock, 
which can be sold when crops fail. The value of livestock 
herds was nearly three and a half times larger among the 
Sahellan households than among the Sudanian house
holds ($125 vs. $38 per adult male equivalent at 1984 
prices). Sahelian farmers had also established more 
nonfarm employment options in other sectors and regions 	 than farmers in the Sudan zone Agricultural 

Income (crop production plus farm wage labor) ac-
counted for only 23% of total income in the Sahel sample 
during 1984, against 55% in the Sudan. Since income 
from liestock and employment in non-arm enterprises 
is largely determined by external economic conditions, it 
has relatively low covariation with local cropping out-
comes and thus buffers household consumption from 
the effects of localized production shortfalls. 

Implications 

In order to improve adoption potential. new tech-
nologies should maintain or enhance farmers' flexibility 
to adjust cropping patterns in response to early and mid-
season rainfall. This goal can be reflected in several crop 
improvement objectives: (1) development of cultivars 
with a degree of photoperiod sensitivity, (2) development 

of sets of cultivars with varying maturities and plant 
structures to permit later plantings and to open new 
intercrop and relay crop possibilities, and (3) reducing 
susceptibility to the most common yield reducers asso
ciated 	with early or late plantings (drought at seedling
and grain filling stages. grain mold, insect and bird 

andage. etc.). Maagemen techn ech rd 

soil water deficits at the beginning and end of the 

growing season would have a similar impact by extend
ngthe effectivgrwnpeidCovrlytcho

ing e growing period. Conversely, technolo
gies which exacerbate early-season labor conflicts or 
which require a high degree of timeliness in key opera
tions, reduce flexibility and are less likely to be adopted. 
To the extent that multiple component packages reduce 
farmer flexibility, they are also likely to be less attractive 
thnsglcopettcnlgi. 

Policies to improve purchasing power reinforce risk 

ma e importatinr risties a 
management strategies and are important in regions
where 	diversification and cropping flexibility are limied 

envim tonstrin Rleatpliy actnbyby environmental constraints. Relevant policy actions 
include: (1) investments in market infrastructure to 
reduce inter-regional margins for cereals and livestock; 
(2) increasing off-season employment opportunities in 
the farm sector through investments in dry-season 
cropping alternatives, and in the nonfarm sector, through 
punctual food-lbr-work projects and longer term incen
tives for nonfarm enterprises: and (3) concessional sales 
of cereals to limit post-drought price increases. 
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Introduction 

Increasing food production is a high political priority 
in Niger, where agriculture is constrained by low rainfall 
and poor soils (Ouattara and Persaud, 1985). Research 
agronomists in Niger have developed a high-yielding 
technology for intercropped millet (Penniseturnamerica-
num) and cowpea (Vigna unguiculata), the principal 
crops on sandy soils. This technology (T4), which com-
bines improved crop varieties, increased planting den-
sity, and N and P fertilizer applicatioi is, also has shown 
higher net cash revenue per hectare than traditional 
technology (TI), improved varieties with traditional 
practices (T2), and improved varieties with increasd 
density (T3). However, family labor constraints appear to 
limit the adoption of the T4 technology (Krause et al., 
1987). The T4 technology could be adopted on a larger 
area if farmers had sufficient cash to hire laborers. This 
paper examines the effect of interest rates on the quan
tity oflabor hired and the extent of adoption for this high-
yielding, but labor and capital-intensive crop technol-
ogy. 

Family labor constraints are particularly important 
in Niger because late planting and late weeding reduce 
the amount of water available to the growing crops. 
Labor is often hired during planting and weeding periods 
to overcome these constraints and accounts for most of 
the cash expenses in crop production. Surveys in north-
em Nigeria by Norman et al. (1979) showed that an 
average of 57% of crop production cash costs were for 
labor. Raynaut (1976) found in south-central Niger that 
hiring laborers accounted for 60% of total household 
cash expenses in April-June and 92% in July-Septem-
ber (26% for the entire year). 

Capital constraints are particularly important to 
Nigeren farmers because cash incomes are generally 
low, interest rates for Informal credit are often "ery high, 
and access to institutional credit is limited. In a 1969 to 
1970 survey of 72 households in south-central Niger, 
Raynaut found that average agricultural cash revenues 
per household were equivalent to Just $33 (Raynaut, 
1976). Interest rates for informal credit vary widely 
according to the relationship between creditor and debtor 

and type of loan, but nomimal interest rates for cash 
loans to non-relatives appear to range between 20 and 
70% in Niger (Hill. 1972). and 50 and 90% in northern 
Nigeria (Norman, 1973). The usual nominal interest rate 
for loans of food or seed repaid in kind (dauke) is 100% 
among the Hausa people of northern Nigeria and south
central Niger (Hill, 1972). Most informal credit loans are 
only for a few months, so the annual rates of interest are 
much higher than these nominal rates (throughout this 
paper, interest rates are expressed as nominal, not 
annual rates). Finally. a 1985 rural credit survey in Niger 
indicated that 15% or less of rural households had 
access to "meaningful" (excluding loans of negligible 
cash value) institutional loans (Ohio State University, 
1987). 

Methodology 

A linear programming model of millet and cowpea 
intercrop technologies is used to evaluate the effect of 
family labor constraints, hired labor, and credit costs on 
the adoption of the technology combining improved 
varieties, increased density, and N and P ftrtilizer appli
cations. Two versions of the model are constructed for 
representative farms in two villages in south-central 
Niger, Maiguero and Rigial Oubandawaki. Both villages 
have predominantly sandy soils, but household and 
farm sizes are smaller for Maiguero. The average culti
vated farm area for Maiguero is 3.84 ha and the average 
for Rigial Oubandawaki is 8.06 ha. Maiguero has an 
average of 0.84 active family laborers per ha and Rigial 
Oubandawaki has an average of 0.65 active family 
laborers per ha (Krause et al., 1987). Forty hours per 
week are assumed to be available for fieldwork. 

The representation in the model of the four technolo
gies for intercropped millet and cowpea is based on data 
from on-farm trials conducted by the Institut National de 
Recherches Agronomiques du Niger (INRAN) in 1986. 
Crop operations in the model begin during the periods 
they were performed in the trials and continue in later 
periods, when labor constraints cause delays. Crop 
yields In the model are reduced for delayed planting and 
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first weeding, u'ng coefficients calculated from a linear 
regression analysis of the 1986 on-farm trial yields 
(Krauseet-al.., 1987). The ba-;e cropyields are the average 
crop yields observed in the 1986 on-farm trials in each 
village (Table 1). 

Crop prices in the model are 1986 harvest-time 
prices in the neighboring Gabi village market. Viput 
prices are those observed it)the on-farm trials (hired 
labor), those observed in village inark.ts (local seed), or 
government prices (improved seed and fertilizers) in 
1986. Nominal interest rates of0. 20,50, an(d 70% (0,40, 
100, nd 140 in annual ten s) are added to the prices for 
improved seed, fertilizers, and hired labor. The mix of 
crop technologies which maximizes net cash revenue is 
selected for each of the various nominal interest rates. 

Results and Discussion 

The linear programming analyses show that family 
labor constraints will limit the adoption of the technol-
ogy combining improved varieties, increased density, 
and fertilizer applications (T4) unless labor can be hired 
using cash obtained at moderate interest rates. In the 
case of a 70% nomimal interest rate, no labor is hired 
and only 30% of the fields are planted using the T4 
technology at Maiguero ('Fable 2). With the same interest 
rate, only 1.2 man-daysoflaborare hired and noneofthe 
fields are planted using the T4 technology at Rigial 
Oubandawaki. However, a 20% nomimal interest rate 
for purchased inputs increases the proportion of fields 
planted to the T4 technology to 100% at Maiguero and 
78% at Rigial Oubandawaki (Table 2). Every reduction in 
the nomimal interest rate between 70% and 20% dra-
matically increases the number oflaborers hired and the 
proportion of fields plantcd to theT4 technology in both 
villages. Reducing the nomimal interest rate from 50% to 
20% also raises net farm revenue from 23,234 to 36.036 
CFA francs at Maiguero and from 45,752 to 71.658 CFA 
francs at Rigial Oubandawaki (Table 2). 

The problem posed by family labor constraints for 
the adoption of the T4 technology is indicated by the 
number of laborers hired with 0 to 20% nomimal interest 

Table 1. Average yields for millet and cowpea grain by treatment 
and by village, 1986 on-farm trials (from Krause et ai.. 1987). 

Treatment 

Village and crop TI T2 T3 T4 

kg/ha 
Maiguero: 

Millet grain 279 be- 310 b 238 c 627 a 
Cowpea grain 67 c 84 c 150 b 245 a 

Rigial Oubandawaki: 
Millet grain 200 b 184 b 162 b 325 a 
Cowpea grain 113 c 140 Le 196 b 348 a 

,Yields with different letters within the same row are significantly 

different (P < 0.05), based on the Duncan multiple range test. 

rates. Even with a 20% nomimal Interest rate, the 
number of man-days of labor hired is three times the 
number of family man-day equivalents available per 
planting period (6.5 at Maiguero and 11.4 at Rigial 
Oubandawak). The importance of labor constraints is 
further indicated by results of the model with no hired 
labor and no interest rate, in which theT4 technology is 
adopted on only 39%of the fields at Maiguero and 5% of 
the fields at Rigial Oubandawaki. 

Conclusion 

The potential to raise food production in Niger through 
the adoption of higher yielding crop technologies ap

pears to b? linked to farmers' ability to find credit at 
moderate interest rates. The nomimal interest rates 
most often offered in the informal credit market (50
70%) discourage farmers from hiring the labor needed to 
profitably adopt a millet and cowpea intercrop technol
ogy which combines improved varieties, increased den
sity, and fertilizer applications. Offering credit at a 20% 
nomimal interest rate would dramatically increase the 
adoption of this technology and raise net farm revenues. 
A 20% nominal interest rate also would require little or 
no government subsidyand could support interest rates 
for savings deposits that are high enough to attract local 
savings (Donald. J976). It. therefore, appears that the 
government of Niger could increase food production by 
establishing a viable small farmer credit program charg
ing nomlmal interest rates of about 20%. 
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Introduction 

In the 1950s and 1960s. the Sahel experienced a 
high rainfall period. With improvements In public health, 
population growth accelerated. Farmers and herders 
were able to move north into more marginal rainfall 
regions. The acute droughts of 1968 to 1973 and 1982 
to 1984 and the chronic low rainfall problem since 1968 
have precipitated a series of farmer, national govern-
ment, and international donor responses to the Sahelian 
crisis (Sen. 1981; Glantz, 1986: Mellor and Gavian, 
1987). 

Many of the short-run farmer responses are further 
contributing to the problems oftechnology development. 
The first section of the paper is concerned with these 
farm level responses to continuing low rainfall and 
higher population pressure. The second section devel-
ops a theory of technology development for the Sahel 
based upon farm level results in Burkina Faso and Niger 
in programs over almost a decade. Finally, public policy 
support necessary for supporting the introduction of 
new technologies is considered in the third section. 

Farmer Response to Drought and 
Increasing Man-land Pressure 

In both Burkina Faso and Niger, farmers have been 
shortening the traditional fallow system with increasing 
population pressure. The decline of the fallow system 
has not been replaced with higher levels of chemical 
fertilizer except in higher rainfall regions such as south-
west Burkina Faso. Hence, soil fertility has been declin- 
ing and soil erosion accelerating. As the land quality 
deteriorates, cereal yields have been falling and the more 
stress tolerant millet (Pennisetum typhoides) is being 
utilized to replace sorghum [Sorghumbicolor(L.) Moench) 
on the heavier soils (Ames, 1986). On the sandy dune 
soils, millet is already the predominant crop and there 
are only very small areas of sorghum such as below the 
legume trees and on the water recession areas. With 
declining soil fer tility, farmers attempt to maintain family 
cereal consumption levels by expanding the crop area 
into more marginal agricultural zones. Hence. the amount 
of communal land for livestock is reduced and the area 
available is often over-grazed. Mixed farming systems 

and improved rotations with legumes are practices 

which increase organic matter content and improve soil 
fertility levels. However, the Sahelian farmer must first 
devote his attention to cereal productivity. 

The Sahelian farmer combines crops and cultivars 
of different season length to take advantage of differ
ences in soil quality and as a portfolio decision. Long
season cultivars have higher yield potential but are 
riskier in bad years. The farmer has a range of locally
adapted cultivars on his farm and in the region. Over the 
last decade, shorter-season traditional cultivars of sor
ghum and millet have become widely disseminated in 
Burkina Faso (Vierich and Stoop, 1987). A similar phe
nomenon occurred with short-season cowpea (Vigna 
sinensis) in Niger. In another long period of better 
weather, such as in the 1950s and 1960s, a proportional 
shift In portfolio mix back towards the longer-season 
cultivars would be expected. 

Small farmers increase their cultivated area to 
maintain their cereal consumption goals. This strategy 
further depletes and degrades their limited soil re
sources. Purchasing inputs to increase soil fertility is 
risky because of the variation in water availability and 
other factors. Hence, it will be necessary to develop an 

integrated technology development program to respond 
to this crisis of declining cereal yields and depleted soil 
resources. 

Improving tie Agronomic

Environment in the Sahel
 

There has been much debate on the constraints to 
increasing cereal productivity in the Sahel. For some 
time, seasonal labor scarcity was advanced as the major 
constraint to agricultural output increases and most 
Sahelian countries have had programs to subsidize the 
introduction of animal traction, some for 30 to 40 years. 
Still, the introduction of animal traction has been mini
mal in semiarid West Africa, estimated at approximately 
15% utilization of the cultivated crop area in the mid
1980s (Matlon. 1987). 

The importance of the constraint of water availabil
ity is obvious from the definition of the region as semi
arid. Unfortunately, just making water available with 
very low soil nutrient levels generally has a limited 
response. Even at slightly higher nutrient levels, cereals 



will quickly mine the available nutrients. Applying fertil- 
izers (organic or inorganic) without an assured water 
supply Is economically risky since the response to 
fertilizer is dependent upon the availability of water at 
critical stages of plant development. Without increased 
water availability, the fertilizer response has been ex-
tremely variable in semiarid regions of the Sahel below 
800 mm. (For summaries of empirical evidence, see 
Matlon, 1987, pp. 73-75; Nagy et al., 1987, pp. 44-46.) 
Hence, the risks to farmers purchasing this input have 
been large. However, the availability of water retention 
techniques increases the return to fertilizer and reduces 
theeconomicrisk(Nagyetal., 1987). Combining the two, 
increased water availability and moderate fertilizer lev-
els, has been shown to result in large and consistent 
increases of sorghum yields (Nagy et al., 1987). These 
innovations also are highly profitable at low levels of risk 
to the farmers. 

Presently, one water retention technique of con-
structing ridges on the contour is being rapidly intro-
duced by farmers with public agency support in the 
depleted soils of the Central Plateau of Burkina Faso 
(Sanders et al., 1987). The effect of this technilque de
pends on the distance between the ridges and whether 
it is combined with soil fertility improvements. One 
advantage of this ridging is that labor is available for 
doing it in the dry season. Other water retention tech
niques, such as tied ridges and improved land prepara-
tion, have shown a larger effect on yields in repeated 
farm-level testing, but these techniques need to be 
undertaken during the crop season when labor de-
mands for agriculture are higher. (For a summary of 
water retention techniques, see Matlock, 1987.) 

This combination of water retention and chemical 
fertilizer has a large yield effect on the heavier soils where 
crusting frequently reduces infiltration. On the sandy 
dune soils, there isa different problem ofretaining water 
around the roots. Here the same principle of water 
retention and soil fertility improvement has been ob-
tained with higher plant densities and chemical fertilizer 
(ICRISAT. 1985, 1986. 1987); however, further eco-
nomic analysis is necessary before designing a techno-
logical package. 

Due to the previous riskiness of fertilizer use, the 
necessity for cash outlays, and the need to obtain the 
fertilizers at specific times, farm-level and experiment 
station research in the Sahel have been evaluating 
alternatives to chemical fertilizer. The principal empha-
sis in farm level research has been to better utilize 
available animal (manure) and plant materials (crop 
residues). On the experiment station, inoculation re-
search for biological nitrogen fixation and, more re-
cently, research on mycorrhizae has been supported. In 
addition, the solubility problem of local rock phosphate 
has been studied at the experiment station and farn 
level In the Sahel (Vlek et al.. 1987; Nagy et al.. 1987). 

In spite of this farm level and experiment station 
research, the utilization of organic and local inorganic 
fertilizers appears to be declining In the Sahel. As 
communal grazing land becomes less available, there 
are less animals. The technical and economic problems 
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associated with manure, crop residues, and rock phos
phates, as alternatives to improved chemical fertilizer, 
have not been resolved (Nagyet al., 1987). At the low 
levels of soil nutrients inmost ofthe Sahel. inorganic and 
organic fertilizers are complements rather than substi
tutes. The inorganic fertilizers are necessary to supply 
the N and P with minimum risk (Sanders. 1988). Organic 
fertilizers then cali be used to improve the ability of the 
soils to retain water and for other trace elements. 

Over the next 5 to 10 years, the principal source of 
fertilizer for the Sahel (and the rest of Sub-Saharan 
agriculture) is expected to be imported chemical fertil
izer. Inorganic fertilizer has proven effects, is concen
trated, and can be used to overcome the basic con
straints of low levels of N and P. The alternatives are 
either not available, are higher cost, or Just do not 
function effectively yet at the farm level (Nagy et al., 
1987: Viek et al., 1987). Governmental policy needs to be 
undertaken to improve marketing infrastructure ior 
chemical fertilizer and to plan for the foreign exchange 
requirements of these importations. 

Public Policy Support for This 

Improved Agronomic Technology 

The policy recommendations are for a chemical 
fertilizer subsidy and a price floor 1or good rainfall years. 
Fertilizer subsidies were apparently very effective in 
facilitatingincreased fertilizerconsumption in the higher. 
rainfall regions of Burkina Faso and Niger. Fetilizer 
consumption has already declined with the gradual 
elimination of these subsidies over the last 3 years 
(Sanders et al., 19871. Chemical fertilizer is presently 
utilized at very low levels in the Sahel, except in the 
higher-rainfall regions. In the lower-rainfall regions, 
large cereal yield increases have been obtained on farm
ers' fields with the combination of water-retention 
measures and chemical fertilizers (Nagy et al., 1987). 

Producers adopting new combined technologies face 
a learning curve. The management requirements of 
Introducing several new technologies simultaneously 
are high: hence, farmers are expected to only gradually 
obtain the full benefits of new cost-reducing technolo
giesovera numberofyears, and astrergcase, therefore, 
can be made for a temporary fertilizer subsidy in the 
Sahel. Another review of agricultural technology in Sub-
SaharanAfricarecommendssubsidizingchemicalfertil
izer distribution (Mellor et al., 1987). Without the subsi
dies, adoption will be slower and public sector research 
adapting new technologies will have less interest In the 
cereals. (For the case against fertilizer subsidies, see 
World Bank, 1986. pp. 95-97.) 

The relevant prices are real prices: hence, fertilizer 
costs should be considered in relation to producer 
prices. However, Sahelian countries have already dem
onstrated a preference to keep cereal prices low for the 
urban consumers. With higher costs for domestic cere
als, output will grow slowly or stagnate and the demand 
for imported cereals will continue to increase. One 
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method for developing countries to reduce the risk and 
increase the profitability of new technologies for domes-
tic cereals without the very high expenditures of high 

price supports is to put on a floor price for the cereals to 

prevent a complete price collapse in good rainfall years 
prevnt a98.cArid 
as in 1986. 

Conclusions 

Donors will soon realize that most Sahelian coun-
tries want to approximate food self-sufficiency. More-

over, the failures in the 1970s and 1980s in agricultural 

technology development can be resolved in the 1990s in 
the Sahelian countries. There is substantial potential to 
increase cereal yields with improved agronomy, espe-
cially water retention and chemical fertilizers (Nagy et 
al., 1987). To promote diffusion, developing countries 
need to develop an improved input marketing stncture. 
With governmental support facilitating the importation 
of chemical fertilizer, building up the extension service, 

and designing agricultural policy to accelerate techno-

logical change, rapid increases in land productivity are 

possible. The rest of the world may be as surprised with 
the ability of some regions of the Sahel to develop its 
agriculture as they were by the Green Revolution impact 
in the late 1960s in the Indian Sub-Continent after the 
prolonged droughts of the mid- 1960s. (Also see Mellor et 
al., 1987 for a similar comparison.) 
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Introduetion 
Because of overproduction, it is expected that one 

million hectares will shortly have to be removed from 
maize (Zea mays L.) production in the R.S.A.. This task 
deserves to be carried out as scientifically as possible. 
Maize crop growth models offer useful methods of iden-
tifying marginal production areas. The objective of this 
paper will be to illustrate one such method. 

Procedure 
A modified version of the PUTU12 (de Jager et al., 

1983) maize crop growth model was used to simulate 
100 years of grain yields at three levels of applied 
nitrogen (N)for each offive locations distributed through-
out the maize producing region of the R.S.A. The modi-
fications included introducing subroutines to simulate 
upward capillary flow of water and crop response to N 
and making possible serial simulation of a number of 
consecutive years. The rainfall data series generator of 
Zucchini and Adamson (1984) was included and long 
term monthly means for daily sunshine and maximum 
and minimum temperatures were used for the other 
weather input data. Complete documentation is avail- 
able upon request. 

The maize producing regions in the R.S.A. are con-
tained between 240 and 301S and 24, and 320E. 

Simulated median yield contours were mapped (de 
Jager, 1987). From this, five locations with yields span-

ning the entire range (2 to 8 Mg/ha) were selected (Table
1). The economic and yield analyses were carried out for 
these places, 

Simulated cumulative probability distributions of 
yield and gross margin were then computed. Cost for the 
latter was extracted from the COMBUD Enterprise Budget 
published by the Directorate Agricultural Production 
Economics (1987). 

The gross margin results were examined for second 
order stochastic dominance (SSD) after the mariner 
suggested by Boehlje and Eidman (1984) and are re
ported in Table 1. 

Results and Discussion 

Economic viability in maize production depends 
greatly upon soil and other site specific circumstances 
such as transport, pests, diseases, harvesting costs, etc. 
The objective was to obtain perspectives concerning the 
economics of maize production under differing environ
mental conditions and to illustrate the proposed method. 

In maize production, much uncertainty (risk) is 
brought about by variable weather. Hence, the theories 
of stochastic dominance are particularly appropriate 
whcn deciding on the marginality of climate and soils. 
Stochastic dominance scientifically and effectively takes 
into account the marked year-to-year fluctuations in 
yields. 

Second order stochastic dominance (SSD)assumes, 
in addition to preferring more gross margin to less, that 

Table ). Climate/fertilizer situations ranked according to yield and second order stochastic dominance. 
Applied Fertilizer Yield Potential Stochastic Dominance 

Location nitrogen cost Median Rank Median Rank 

kg/ha R/ha Mg/ha. 	 R/ha 
Utrecht 120 403 5.09 1 1132 14 

90 368 3.79 3 1080 13 
60 334 4.66 2 1203 15 

Middelburg 150 256 3.09 4 845 3 
120 222 3.09 5 878 4 
00 187 3.09 6 895 5 

Kroonstad 	 75 146 2.86 7 872 2 
50 117 2.52 9 899 6 
25 88 1.68 13 1008 10 

Bothaville 	 67 142 2.67 8 751 1 
45 117 2.44 10 931 7 
25 88 1.46 14 1054 11 

Schweizer- 55 14 1.99 11 971 8 
Reneke 37 93 1.85 12 971 9 

18 73 1.28 15 1065 12 
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th' decision maker is risk averse. The decision rule for decide on the most economically beneficial fertilizer 
SSD is stated in terms of the area under the cumulative application rate at each locality. The results are listed in 
distribution curves (Boehlije and Eidman. 1984). The Table 1. Dependingon fertilizerrate, Middelburg. Bothav
cumulative pro)ability curve enclosing the smallest area ille, and Kroonstad appear to be the least risky localities. 
is the preferable action or situation. It must be emphasized that these results are extremely 

From1 Figures Ia and lb, it is clear that yield varies sensitive to the COMBUD cost estimates. 
markedly with climate/fertilizer situations. It is easy to 
select the highest yielding area from such cumulative Suxnm aTy 
distributions. 

The influence of management decisions regarding Long-term simulated maize yields and stochastic 
fertili:zer application is evident from the distributions in dominance were applied to the problem of deciding 
Figures la and 2, which illustrate cunmlative probabil- which localities exhibit least economic risk for maize 
ty (listriLutions at different levels of N application. It is production and which are the most economic N applica

evident that SSD is required when deciding which action tion rates in a given region. 
is preferable. Five localities were ranked according to increasing 

Applying the selection criteria of SSD, it was pos-	 economic risk and most preferable fertilizer strategy. 
sible to arrange localities in order of increasing risk and 	 The method holds great promise for assisting decision 

makers to delimit areas marginal for or totally unaccept
able for maize production. 
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Turkey has a population ofaround 55 million people, 
with a 2.6 % birthrate, living on 780.000 km2 of land. To 
feed this increasina population and to become self-suffi-
cient in food production, a continuous and substantial 
development and improvement in agriculture is almost 
compulsory. Cereals, particularly wheat (Triticum sp.), 
always have been the most important crops to Turkish 
peop!e, since cereals have such a varied use in their diet. 

The semiarid areas are approximately 40% of the 
total area of Turkey. Nearly 60% of the total semiarid 
area exists in the Central Plateau. The major dry-farmed 
cropland is bounded by longitudes 30.50 and 380 east 
and latitudes 370 and 40.6",north. 

The inner part of the country, particularly the Cen-
tral Anatolian Plateau, has a d:yland character. The 
average annual precipitation ranges roughly from 250 to 
450 mm, depending on the locality. There is also great 
variation from year to year. Seasonal distribution of the 
annual precipitation is not even. Nearly 70% of it occurs 
in winter and spring. The drought season begins around 
mid-June and continues until the end of October. This 
period has very limited total rainfall accompanied by 
high temperatures and low humidity. 

Soils of the Central Plateau belong mostly to the 
Brown Great Soil Group. Around 60% of the Central 
drylands have clay and clay loam soils. 

In Central Anatolia, where according to the latest 
statistics almost 60% of the total wheat yield is produced 
by dry-farming, cropping is based on a fallow-cereal 
rotation using a 14-month fallow period (Basbakanlik 
Devlet Istatistik Enstitusu, 1988). The main limiting 
factor in the plateau Is the insufficient water. It is clear 
that if water is the most important factor limiting the 
yields in a region, the maximum efficient use of water 
should be the guiding principle In determining the 
package of crop and soil management practices. which 
may be called Agronomic Package. Crop management 
practices under dryland conditions could be given as 
follows (Durutan et al., 1986): 

" 	Good soil management for conserving the maximum 
amount of water in the soil profile and to provide 
optimum seedbed condition during the fallow pe-
riod; 

* 	 Optimum date and rate of seeding to enable the 
plant to efficiently utilize the :vailable water to pro-
duce maximum yield; 

" 	 In relation to water supply in the soil and crop 
demand, careful fertilization must be practiced; 

* 	 High yielding cultivars which are well adapted and 
resistant to drought, cold, disease, and insects: 

* 	Control of weeds both in the fallow and crop year is 
essential to conserve water in the fallow and make 
more water available to the crop in the crop year. 
In order to stabilize the cereal production against 

unpredictable precipitation, available water must be 
increased In the fallow period through a proper soil 
management system. Varied research has been carried 
out since the 1930s for fallow-wheat areas of Central 
Anatolia in order to achieve the above-given aims for 
increased wheat yield to fulfill the demand of an ever
increasing population {Yesilsoy, 1977). Many experi
ments were conducted and valuable results were ob
tained (Bolton, 1974; Durutan and Yilmaz. 1987). With 
the initiation of the National Wheat Research Project In 
1969, special emphasis was given to soil water conser
vation in dryland areas ofTurkey in conjunction with the 
soil tillage research carried out in dryland areas of the 
world. Research which was reorganized in 1969 has 
been based on some findings of previous work of the 
1930 to 1968 period (Durutan et al., 1986). 

In the first phase, research was directed toward 
determination of various components of soil manage
ment system such as time, depth, and type of imple
ment. The recommended system was established and 
named "soil mulch system." This system was deter
mined through basic and adaptive research trials car
ried out in various locations of the Central Plateau. The 
recommended soil management systems, "soil mulch 
system," for dryland areas of the Central Plateau Is 
summarized below: 

* 	 Effect of fall tillage on wheat yield is not significant. 
* 	 To get maximum benefit from spring rains, initial 

Ullage must be practiced in early spring as soon as 
soil reaches its proper condition for tillage. Early till
age also results in lower weed density, even in the 
crop year. 

o 	Moldboard plow is the best initial tillage implement 
because it results in higher total porosity, higher 
random roughness, better infiltration, lower weed 
density, and higher grain yield. Plowing at a depth of 
18 to 20 cm is the first step In creating a soil mulch 
layer on the soil surface to prevent water losses 
through ary periods. 

* 	 Use of a sweep and harrow combination at a depth 
of 8 to 10 cm at the beginning of the dry period is 
required to reduce evapotranspiratlon. Depending 
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on the weed density and crust formation, several 

summer tillages should be practiced. In order to 
keep the conserved water closer to the surface in the 
seed bed after second tillage. the depth should be 
decreased to 6 to 8 cm for succeeding tillages 
(Durutan et al.. 1986). 
The recommended soil management system was 

tested at five locations of the Central Plateau between 
1973 to 1977. Data indicated that although yield levels 

were changed, the recommended system yielded around 

88% more than conventional practices (Durutan and 
Yllmaz. 1987). 

Beginning in 1977. the adaptive research trials were 

carried out with a different approach. In the areas when 
a particular component of the package was misapplied, 
the recommended techniques for that particular compo-

nent were tested against the local common practice. In 

addition to data collection, the experimental plots were 
also utilized for demonstration purposes. In this man-
net, the effectiveness of various management practices 
such as early tillage and early planting was demon
strated to the farmers and was found to result in 25 and 
45qb higher yields. respectively, than their own prac-
tices. The application of herbicides resulted in at least 
10% higher yields than no al)plication (Durutan and 
Yilnaz., 1987). Data obtained from a demonstration field 
shows the yield losses of a high yielding variety. Gerek 

79. due to use of improper practices (Fig. 1). 13y modify-
ing the crop management practices common in that 
particular area plus replacing the local varieties with the 
high yielding ones, tremendous yield increases were 
obtained (Fig. 2). 

The results of this agronomic research and its 
extension to the farmers reflect directly on national 
wheat production (Fig. 3). When the data of 1986 are 
compared with those of the 1926 to 1930 period, specific 
yield increased 2.8 times, whereas areas sown increased 
3.2 times and production increased 8.4 times. Within 15 

years. wheat production was almost doubled, whereas 
tihe areas sown increased onllv 8% (Yesilsoy. 1987). 

However, during the adapt i'e research trials with proper 
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Figure 1. Yield decrease of a high yielding variety, 
Gerek 79, due to improper practices, 1986 
(Durutan and Yilmaz, 1987). 
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Figure 2. Effect of variety and recommended 
practices on wheat yield in two locations on the 
Central Plateau in 1984 (Durutan and Yllmaz, 

techniques and high yielding varieties, yields of more 
than 3.0 to 3.5 Mg/ha were often harvested from farm
ors' fields in Central Anatolia. Taking these values as 
limits, Turkey's wheat production should be 27.9 to 32.6 

;rio Mg oduct ion sol be Thr32.-nseat 

rr'Iio Mginstead of' 19.0 million Mg. B~esides, Thrace 
and West and Southwest Anatolia, which contain more 
than 2 million ha ofwheat and where the average annual 
precipitation is more than 500 mm. have an average 
yield of only 2.6 Mg/ha. which is insufficient. For this 
reason, the proper agronomic package for areas such as 
the semiarid Central Plateau should be developed and 
established. 
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wheat In Turkey, between 1926-1986 (Yesilsoy, 
1987). 



For even higher wheat production (30 million Mg or 
more), there seem to be more socioeconomic problems 
than agronomic ones. In other words, in a society where 
half the population is engaged in agriculture, unless the 
agronomic findings are not supported by the socioeco-
nomic measures, full agricultural development i., impos-
sible. Raising the cultural level of farmers is one of the 
most important factors. Until now, the agronomist did 
play his role and showed that the above given yield 
potential Is possible. Now, a wider and more effective 

extension of the agronomic package is badly needed. In 

this respect other socioeconomic aspects could be given 

as below: 
* 	 For the average farmers to buy the implements. 

fertilizers, seeds, and chemicals, credit limits should 
be higher and interest rates should be reasonably 
lower, 

" 	 A high rate of inflation eliminates the advantage of 
early declared wheat prices and increases the cost of 
inputs so wheat farming does not provide enough 
profit. 

* 	 Reduction of field sizes to less than appropriate
economic and agronomic sizes due to inheritance

neconomic arainf'ed 
creates uneconomic and ineffective use of inputs,
This must be prevented by new laws. 
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Importance 

Arid and semiarid areas in China are mainly scat-
tered over the vast area along the north of Kun Lun and 
Qing Ling Mountains and the valley of the Huai River, 
including 741 counties of 16 provinces, cities, and 
autonomous regions. The area of cultivated land is 
38,000,000 ha which accounts for 38% of the total 
cultivated land of the country. 

China has a long history of dryland fanning. During 
the struggle against aridity, the laboring people have 
created and accumulated rich experience in tillage and 
cultivation. Since liberation, especially in recent years, 
a great development in dryland farming has been made. 
:Xccording to statistics, the yield of major crops was 
much greater in 1985 than that in 1964 in the arid and 
semiarid areas. For example, grain output increased 
from 40,155,000 Mg to 84,963,000 Mg, or an increase of 
2. 1times over 1964. Among grain crops, wheat (Thticum 
sp.)increased by 2.5 times, corn (Zea mays L.) by 2 times, 
and sorghum (Sorgqhum sp.) by 3.9 times. The output of 
cotton (Gossypium sp.)increased from 496,900 Mg to 
1,740,650 Mg and oil-bearing crops increased from 
698,000 Mg to 4,119,000 Mg. The output of other cash 
crops, such as fruits, flax (Linum sp.), jute (Corchorus 

sp.), kenaf (Hibiscuscannabinus), etc., increased from 
several to more than 10 times. Pork and mutton in-
creased from 2,425,000 Mg in 1964 to 7,746,000 Mg in 
1985. In 1985, with the major products of agriculture 
and animal husbandry, the outputs of grain, cotton, oil-
bearing crops, and red meats in the arid areas made up 
22.4, 12.0, 26. 1. and 44.0% of the whole country yields, 
respectively, 

The practices In various areas have proved that 
dryland farming has a large production potential. To 
greatly raise the production level and to move from 
backwardness and poverty in these areas would be 
important and strategically significant for agricultural 
development. 

Main Experience 

In recent years, the Chinese people have combined 
traditional experience of dryland farming with modern 

science and technology and gradually formed the devel
oping model with its own characteristics. The main 
experience is as follows: 

1. Taking soil improvement and water conservation 
as its central task, capital construction on farmland 
must be combined with tacklingmountains, ditches, 
and rivers, and growing grass and trees. At the same 
time, a comprehensive plan for the development and 
management ofmountains, rivers, forests, and grass 
should be put into operation. 
2. Barren soil, extensive cultivation, and drought 
are factors that limit dryland farming. To combine 
land utilization with improvement. organic manure 
has been applied with inorganic fertilizers as sup
plements. Rotation systems have been adopted to 
insure stable and higher yields. 
3. Popularize cultural practices of dryland farming, 
increase the water storage capacity ofsoil, and make 
full use of rainfall. 
4. Adjust the crop distribution in dyland farming. 
We should properly deal with the relations among 
grain crops, between grain crops and cash crops, 
and between land utilization and improvement so as 
to establish a dynamic equilibrium for promoting
each other, for comprehensive development, and, 

thus. for obtaining maximum economic returns. 
5. By setting up a complex production structure, 
joining agriculture with animal husbandry, and 
developingagriculture, forest, andanimal husbandry 
comprehensively, we may get the advantages and 
avoid disadvantages that make agricultural produc
tion more stable, and help to keep and ecological 
equilibrium. 

Regionalization of Dryland Farming 

According to the variation of dryland farming in 
China and the precipitation variation and its character
istics, four regions are identified. 

(i) Arid-region with precipitation of less than 250 
mm/year, including Xlnjlang Autonomous Region, Hexi 
Corrider In Gansu Province, the middle and northern 
part of Ningxla, and Innermongolia Autonomous Region. 
This region has an arid-desert climate, drying rate is over 



4.sunshine is sufficient, and temperature varies greatly 

within a day. The drying rate equals [precipitation (mm) 
/accumulated temperature ("C)] x 0.16. The main prob-

lerns are: severe wind erosion, secondary soil saliniza-
tion, low organic matter, and pastures mostly over-

grazed with low quantity of animal products. 
The development direction of agriculture in this 

region is to wisely use and protect agricultural natural 

resources, agriculture and animal husbandry should be 

carried out together, and agriculture, forest, and animal 

husbandry should be developed in a comprehensive 
way. In the agricultural region, farming should be the 

key link, and water resources must be wisely used so as 

to prevent soil from desertification and salinization. A 

commercial base must be established for producing 
grain, longstaple cotton, beet (Betasp.). melon (Cucumis 

or Citrullus sp.), and fruits. In the agricultural pastural 
region. emphasis will be on both agriculture and pas- 
ture. Grassland development should be strengthened to 

raise animal carrying capacity and meat production 
rate, and the commercial base animal products will be 

gradually developed, 
(ii) Windy. sandy, and semiarid region with annual 

precipitation of 250 to 500 mam, including the western 
part ofthree provinces in northeast and east Innermon-
golia Autonomous Region and the area along the Great 
Wall to the margin of desert in Ningxia Autonomous 
Region and Gansu Province, where the drying rate is 2.5 

to 3.9 with a long cold winter and windy spring. Natural 
disasters are serious there. The main problems are 

extensive cultivation, frequent disasters and low yields, 
and serious soil degradation and desertification. 

The development direction of agriculture in this 
region is growing grass to raise animals and developing 

agriculture, forest, and animal-husbandry in a compre-
hensive way. In pastural areas, animal husbandry should 

be emphasized and combined with forest for a diversified 
economy. In agricultural-pastural areas, unsuitable farm 
land should be returned to stock-raising. Rotations 

involving fallow must be changed to rotations of grain 
crops and grass. In the agricultural-pastural region 
along the Great Wall, the main practice should be 
growing drought-enduring crops. A commercial produc-

tion base of meat and oil-bearing crops should be 
established. At the same time, a comprehensive develop-
ment of agriculture, forest, and animal husbandry. as 
well as off-farm occupations and commerce should be 

emphasized. 
(iii) Hilly, gullied, semiarid region with annual pre-

cipitation of 250 to 500 mm,including most parts of 

Shanxl, ShaanxLJ. Gansu, Qinghai Provinces, and Ningxla 
Autonomous Region, where the drying rate is 2.5 to 3.5, 
and the climate is chilly and dry. Gullies and ditches are 

intricately ramified. The main problems in this region 
are serious soil erosion by water: sowing on a vast area, 
but harvesting little: and practicing single enterprise 
crop production that is developing slowly with unstable 

and low yields. 
The development direction of agriculture is using 

land properly. increasing vegetation coverage, conserv-

ing water and soil, controlling the flood of the Yellow 
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River, establishing self-sufficient agriculture, develop
ing commercial animal husbandry, protecting the forest, 
and developing agriculture, forest, and animal hus

bandry comprehensively to get a good circulation of eco

logical and economic systems. 
(iv) Semi-humid and partial arid region with annual 

precipitation of less than 500 to 650 mm, including the 

eastern part of the three provinces in the Northeast and 

a broad area of the North China Plain, where the drying 

rate is below 2.and which belongs to the temperate zone. 

The key problems are mainly spring drought with alter

nate spring drought and summer flood, low soil fertility, 

severe secondary salinization of soils, and low and 

unstable yields. 
The development direction of agriculture in this 

region is farming involving agriculture, forestry, and 

animal husbandry should be the main practice. Off-farm 
occupations as well as fishing should be developed in a 

comprehensive way. It is necessary to exploit as well as 

to protect water resources properly, to combine irriga

tion agriculture with dryland-farming. and to develop 

the latter actively. The other practices are to broaden the 
manurial resources, add fertilizers for improving soil 

fertility, extend the drought-enduring crop planting 
areas properly, increase the yield per unit area, and to 
establish gradually a bigger commercial grain and cot
ton base. Further steps should be taken for controlling 
water, ameliorating soil salinizatlon, improving the 

ecological environment, and, finally, raising the level of 
productivity. 

The Strategic Measures 

In addition to the establishment of economic policy, 
it is Important to rely on the progress of science and 

technology to speed up the steps of technological Im
provement and, finally, to raise the production level of 
dryland farming. The strategic measures are as follows: 

1. According to the requirements for dryland farm
ing in China, adequate new achievements and tech
niques which need a little investment but give quick
effect and a higher economic return can be adopted. For 

example. use of all kinds of drought-enduring crop 
varieties, better varieties of cross combinations, model 
techniques of cultivation for major crops, irrigation 
techniques of saving water and energy, soil improving 
and covering practices. reduced and non-tillage tech

nique, etc. should be extended carefully to accelerate the 
commercialization of the scientific achievements. 

2. Organize research units to tackle the key prob
lems which have significance for improved economic 
returns in dryland-farming. Emphasis will be placed on 

investigating the technological systems that combine 
agriedlture with animal husbandry and comprehen
sively develop agriculture, forestry, and animal-hus
bandry in different kinds of dryland-farming areas: the 

technological systems for increasing crop yield, focusing 
on raising the efficiency of water utilization: and on the 

soil water status and its adjustment practices in dryland 

farming of the major types. We should strive to make 
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greater progress and breakthroughs in the near future, 
and to provide a scientific foundation for the develop-
ment of dryland farming. 

3. We need to Increase the inputs of materials gradu-
ally. intensify the basic development and lay a necessary 
foundation for a long-term increase in dryland produc-
tion. Plans must be unified and include rational distri-
bution of production inputs, and management practices 
adopted according to the categories and divisions of 
land. It is necessary to improve the production condi-
tions by increased use of fertilizers and insecticides, 
plastic film mulch, irrigation devices, and farm imple-
ments. Attention must be paid to all farm implements in 
sets, technological transformations, and tapping the 
potential to increase economic returns. In addition, 
there is a need to accelerate the development of an 
improved plant breeding system, accelerate product 
preservation processes, and comprehensively use agri-
cultural and animal-husbandry products. and then 
gradually raise dryland farming to a new level, 

4. To change the outlook of dryland farming in 
China, science and technology are the key, and educa

tion is the foundation. It is necessary to popularize 
sc' 'nce and technology, and to improve the quality of 
cadres, scientific workers, and farmers in science and 
civilization. Agricultural universities and secondary 
agricultural schools in the provinces with dryland areas 
should be responsible for training all kinds of students 
at different levels. Conditions permitting, agricultural 
colleges and schools should conduct all types of short
term training classes, and give technical lectures, so as 
to raise the professional level of scientific workers. In 
addition, to raise the level of science and technology of 
the mass of farmers. it is necessary to popularize civili
zation and science by setting up all types of training 
classes in the villages. 

5. There is a need to enhance the scientific and tech
nical collaboration and exchange of information in dry
land farming with foreign countries and international 
organizations, introduce advanced technologies and 
experiences, and observe and use them according to the 
conditions in China to establish a dryland farming 
system with Chinese characteristics. 



184 Integrating Biological and Economic Data 
In Evaluating Dryland Farming Technologies 

J. Lowenberg-DeBoer, Robert Deuson and Peter Ensink 
Department 	of Agricultural Economics, Purdue University, 

West Lafayette. Indiana 47907 

Introduction 

Development of improved systems for dryland farm-

ing is limited by both biological and economic factors. 
Because dryland agriculture is at the mercy of the 

weather, the relation of the biological yield distributions 

and the decision-maker's risk-bearing ability is crucial. 
Ideally, biological researchers would be guided by a clear 

knowledge of economic constraints. Likewise, economic 
analyses should accurately reflect the biological facts. 
Unfortunately, the integration of biological and eco-

nomic information is only imperfectly achieved. The 
objective of this paper is to outline the strengths and 
weaknesses of the primary techniques used to integrate
biological and 	economic data. Budgeting, regression 

analyses, mathematical programming, and simulation 
will be discussed. The discussion will be in terms of 
expertise required. data requirements, timeliness of 
results, credibility, and usefulness for various audi-
ences. 

Budgets 

Budgeting is a very simple model of economic real-
ity. It evaluates certain input-output points by subtract-
ing the costs from gross revenue. Optimization is carried 
out by choosing the input-output combination that 
maximizes net profit. Biological information enters the 
budgets primarily in the form ofyields and input require-
ments. Budgeting can make effective use of data from 
plot experimentation and other research designed with 
the linear additive model in mind. This is because both 
budgeting and plot data focus on the input-output 
relationship at a limited number of points. 

In terms of integrating biological and economic data, 
the primary shortcoming of budgets is the fact that 
analysis is limited to a relatively small number of input-
output combinations. For example, Ly et al. (1986) 
evaluated one improved millet (Pennisetum typhoides) 
variety, one alternative planting density, and one level of 
nitrogen fertilization in combination with the alternative 
density. They concluded that the improved variety had 
positive returns at all sites, but that the profitability of 

increased density and fertilization may be limited to 
seasons with good rainfall. The results are suggestive of 

the economics of these agronomic innovations, but leave 

doubts about the !nrplications of other density and 
fertilization levels. 

Despite its shortcomings, budgeting is still an ap

propriate tool for evaluating dryland technologies. The 
economic expertise required to develop budgets is modest. 

Budgeting [its most common data sources. It is quick, so 

results can be timely. Budgets are relatively easy to 
understand. Thus budgets have a credibility that other 

economic analysis tools lack, because most decision
makers can understand the components of a budget. 

By estimating production functions, the economics 
of a response surface can be more thoroughly explored. 
Calculus and other optimization methods can be used to 
systematically determine the preferred strategies. Among 

the problems with response surface estimation are: 1) 
the choice offunctional form can affect economic conclu
sions, 2) input-output observations are needed all along 
the response continuum to accurately estimate eco
nomic tradeoffs, and 3) the number of potential variables 
is limited by data and statistical techniques. 

The functional form choice problem is evident in the 
study by Jomini et al. (1988) comparing wealth-maxi
mizing phosphate fertilization strategies for a region in 
western Niger. The authors used a quadratic and a linear 
response and plateau (LRP) function. The optimal phos
phate levels differed substantially between the two func
tional form estimates. Regression estimates are at best 
a crude approximation of the complex biological proc
esses involved in crop and livestock production. The 
functional form of this approximation should fit the 
biological facts, but is not entirely determined by biol
ogy. The response function is a decision tool. The best 
response function is one that leads to the best decisions. 
The form of the response function may be determined by 
its usefulness in decision making as well as by the 
biological facts. Thus, Jomini et al. (1988) argue that the 
LRP function may be preferred even when the quadratic 
function has better statistical properties. This argument 
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is based on the upward bias that may occur wlt', 
fertilizer recommendations based on quadratic ,ulc-
tions. The more conservative LRP recommendations are 
seen as being more appropriate for a developing country 
like Niger. Further research with the phosphate data 
suggests that part of the difference between the two 
functional forms may be due to omitted nitrogen and 
rainfall variables. 

The data demands of regression analyses are rather 
poorly matched with the usual agronomic plot data. 
Analysis ofvariance requires replication of treatments to 
separate sources of error. Budget constraints usually 
dictate that relatively few treatment levels are replicated.isavaiablThus muh iformtio abut afewpoits, 
Thus, much Information is available about a few points, 
but the shape of the production surface! between the 
points is unknown. When using calculus optimization, 
the curvature of the function is all-important in deter-mining economic results. 

At best, regression analyses can provide rough
estimates of yield responses. This is primarily because 
plot data are not well adapted to response surface 
estimation. However, with the widespread aailabelity of 
regression software, the time and expertise required to 
estimate these functions is relatively small. The esti-
mated functions and the economic optimization can be 

presented in a graphical form that is understandable by 
a wide range of decision makers, 

Mathematical Programming 

Mathematical programming can be used to explic-
itly model the effects of resource constraints. time, and 
risk on technology choice decisions. These 'actors can be 
incorporated in budgeting or response surface analysis, 
but programming models permit a more systematic 
analysis of these effects. Biological informaticn can 
enter programming models either as point input-output 
coefficients, as in budgets, or as response surface esti-
mates. 

Krause et al. (1987) used linear programming to 
examine the effects of labor and capital availability on 
adoption of millet and cowpea (Vigna sinensis)produc-
tion innovations. In part, this study grew out of the 
difficulties in valuing family labor in the budgeting study 
by Ly et al. (1986). The form of the biological information 
in Krause et al. (1987) is the same as in the Ly et al. 
(1986) budgets. 

Adesina et al. (1988) evaluated the effect of risk on 
millet and cowpea fertilization. They used a Minimiza-
tion of Total Absolute Deviations (MOTAD) model which 
places a weight on negative deviations from expected 
results and uses historical data to estimate the devia-
tions. Adesina et al. (1988) used only the traditional 
unfertilized cropping and one-level fertilization activi-
ties. 

Programming models require substantial expertise 
to develop and interpret. Development cf realistic mod-
els requires substantial information on the farming 
system. but they can use the same biological information 
as budgeting or resronse surface studies. Credibility 

requires careful validation of the model. If credibility is 
established, programming models offer a systematic 
glimpse as to what would happen to the farming system 
as a whole if a new technology were adopted, or by 
showing the constraints that limit adoption. 

Simulation 

In the broadest sense, econometric and program
ming models, and even budgets, are simulation. They all 
try tc mimic reality ina narrower sense, the termsimulation is usually applied to complex and nonlinear 
models that do not fit into the other categories. Biological 
simulation models attempt to mathematically describe 
th 
The physological processes of plant and animal growth.The models can integrate biological information from a 
wide variety of sources: published research, experimen
tal data, and the informal observations offield scientists. 

The long-termyield level and variabilityofmillet and 
cowpea intercrop innovations in Niger are being esti
mated with simulation models. The simulation model is 
a modified version of the spreadsheet GROWIT ©model 
developed by Lowenberg-DeBoer and Cherney (1988).The primary modification was designed to account forplant growth stages. In the model, millet arid cowpea 
compete for water and sunlight. U e of the model for eco

nomic analysis is proceeding in two ways: stochastic 
dominance analysis and use of simulation to generate 
coefficients for programming models. Yield distributions 

for planting density and fertilization strategies are being 
estimated with historical weather data for use in the 
stochastic dominance analysis. Over 50 years of daily 
weather data are available for many locations in Niger. 
Weather simulation is an alternative to the use of 
historical weather data. Use of historical weather data 
can improve credibility of the results. 

Programming models can systematically evaluate a 
wider range of options than stochastic dominance, but 
credible programming models require detailed knowl
edge of the distributions of outcomes. For many crops in 
the arid and semiarid areas of the world, the statistical 
distributions of results are virtually unknown, even for 
traditional production practices. For improved prac
tices, the hiformation on yield distribution is often 
limited to a few experimental trials. Crops can be simu
lated over a wide range of environmental conditions to 
provide better estimates of the distributions. The millet 
and cowpea model is being used to estimate long-term 
yielddistributions in the Maradi area foruseinadiscrete 
stochastic programming model of production and credit 
interactions. 

Effective use of biological simulation in economic 
analysis requires time, expertise, and cooperation be
tween biological and social scientists. Simulation is 
data-demanding, but flexible in terms of the type of 
information that is usable. As in the case of program
ming models, credibility requires careful validation. 
Simulation can be used to estimate yield distributions 
that could otherwise be estimated only after years of 
empirical work. Simulation can facilitate cooperation 



between biological and social scientists by providing a 

research framework that is scientifically acceptable for 
both groups of researchers. 

Conclusions 

Budgeting can provide quick, preliminary estimates 

of the economic implications of biological technologies, 

Regression-estimated response surfaces are only rough 

but 
tappoxmnbeusd to costme iical presdes. rmal 
they can be used to systematically explore a wide range 
of input-output combinations. Mathematical program-
ming models can be used to analyze the effect of resource 
constraints, time, and risk on technology adoption, but 
they do not generally go beyond budgeting and response 
surface analysis in integration of biological and eco-

nomic information. The flexibility of simulation permits 

a more detailed modeling of biological processes and a 

closer link between the biological and economic proc-

sthan budgeting, response surface analysis. or 
essesmtal prgting . 
mathematical programming. 
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Socioeconomic factors play an important role in 
farmers' adoption of new technclogy. The papers in this 
group identify constraints faced by farmers in adopting
existing ,echnologies. In some cases, new technologies 
have been developed that should not yet be adopted by 
farmers because it will reduce their net income or 
Increase their risk. In other cases, technology exists that 
will enhance producer income and overall food produc-
tion. Yet. these technologies have not been adopted to 
their fullest extent, 

These papers show that farmers face certain con-
straints that inhibit their adoption of new dryland farm-
ing methods. These constraints include a lack of avail-
able credit. inputs that are not readily available, and 

unstable farm income. Farmers' aversion to income risk 
is shown to play a major role in their willingness to adopt 
new technology. 

These authors call for new technological develop
ments that maintain or enhance farmers' flexibility so as 
to reduce their risk. Income stabilizing programs are 
needed to allow farmers enough time to adopt the 
technologies that are in their favor. In some cases, a 
redirection of government research is suggested and 
policy recommendations are made in order to increase 
the producers' welfare, and the nation's food supply. In 
short, the papers in this group call for a closer working 
relationship between biologists, economists, govern
ments, and farmers. 
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Introduction 

Maintaining proper level of soil humus is suggested 
as one of the solutions to increase productivity under 

rainfed conditions (El Swaify et al.. 1985). Studies have 
shown that farmers with an interest in increasing short-
term income tend to ignore the long-term goals of 
improving the soil structure (McConnell, 1983). Changes 
in cropping systems that enhance soil fertility and 
improve the physical properties of the soil have been 
suggested as long-term solutions (El Swaily et al.. 1983). 
Dryland farmers. however, are often skeptical about 
potential increases in income from new cropping sys-

tens. Farmers seeking to increase short-run profits may 
ignore these long-run benefits and use suboptimal levels 
of soil fertility inputs. Recently, it has been suggested 
that the fertilizer use decision problem should be treated 
analogous to capital investment issues in order to have 
better analytical insights to these issues (Lanzer et al., 
1987). Given these tradeoffs, there exists a need to 

optimize the use of farm-level fertilizer inputs in meeting 
both short- and long-term goals of farmers. It Is also 
important to understand when farmers should switch 
between different cropping systems with varying degrees 
of net returns, 

Farm Level Optimal Input Decisions 

A simple model of private decisions in selecting 
optimal soil fertility inputs at the farm level is presented 
here. The dryland farmer is assumed to grow a single 
crop throughout his planning horizon ofT seasons. The 
crop yield is assumed to be a function of soil fertility 
reflected by the content of humus in the soil and other 
available chemical nutrients given by: 

,= x0 u" t) [1] 

is a vector of soil fertilitywhere: y, is yield in season t: x, 

indicators, namely, humus, soil nitrogen, soil phospho-


rus, and soil potassium (x,. x, , 3 x4): u,is a vector of 

inputs, namely, organic matter (farm yard manure, 

compost, green manure), and nitrogenous, phosphatic, 

and potash fertilizers (L1 . u, u 4), The increase of2 u. 1 

humus content and of other available soil nutrients (N, 
P,K) in the soil in any season is represented by a growth 
function for each of the soil fertility indicators In the 
production function: 

= 
g',g1 (x, u. t i = 1.2, 3, 4. [21 

Recently. much Importance has been given to the car
ryover effects ofsoil nutrients to the subsequent seasons 
(Ackello-Ogutu et al.. 1985: Lanzer et al.. 1987). The use 
of equations of motion for the soil nutrients [21 enables 
us to capture these effects of soil nutrients on the future 
yields ofcrops and consider them in current decisions on 
optimal fertilizer use. Assuming that dryland farmers 
maximize the present value of the future stream of 
profits and the value of the land at the end of planning 
horizon, th~e problem of optimal decision making in a 
dynamic context can be writtei!: 

T 
T
 

-
J(x0 ) = Max J e [P1t (x, u, t) - r1 u - c1 z1 [dt [3] 
t o 

where: ,s the discount rate of the farmer; P,Is the price 
of the output: i' is the vector of input prices (r a,r,, r3'. 

r4) for organic matter N, P. and K: and c, is price vector 
of other inputs given by the vector z. Let J(x.j be the 
valueofthelandattheendofplanninghorizon(T), which 

is assumed to le a function of soil fertility given by x. 
This implies that the dryland farmer will place impor
tance on maintaining the long-term soil fertility to in. 
crease the value of farning land. This condition is als, 
useful in analyzing contractual arrangements betwe'm 

the owner and the user in dryland farming systems, 
which will determine the level of fertility investment of 
the farmer (Feder and Onchan, 1987).

The farmer will then maximize 

t
J(x) + J(Xrl e 14] 

subject to [21 and initial stock of the soil fertility Indica
tors, given by 

x(0)=x and[xul> 0. [5]0 
The maximization of [41 subject to 121 and 151 is an 
optimal control problem. The Hamltonan associated 
with the above problem is 

4 
Ht = e 11[py t_Pt U,-ctZ11+ 2 Xtg, u,t) [61 

1+ 1 

where: 
?Xis the costate variable associated with the equation of 
motion of state variable x . According to the maximum,
principle, the optimal paths of x, u, z, and Xsatisfy the 
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following conditions: 

4 


6H, =e PYI- r 1+Xgl = 0 1= 1.2,3.4 [71 -101 
i= 1 

H, =e6' (pY - c] = 0 [11] 

4 
= - = [PY I + X g 1 = 1.2,3,4 1121 - [15]

i=l 

= g' (x u),i= I. 4 116] 

and 

aJ (x(T)) 
. T= , I = 1..... 4. 1171 

a (x, M 

Assuming that the second order conditions are satisfied, 
conditions [71 to [171 are necessary and sufficient to 
obtain optimal solutions of the above problem. The 
conditions [71 to [101 imply that the optimal level of any 
soil fertility input should be so chosen that the net 
marginal benefit from its use e "'[PY" -iI be equal to the 
marginal effects of these inputs on the increase in soil 
nutrients ?., g' . where X represents the marginal value 
of the soil nutltents at any time t. According to the con-
ditions 1121 to 1151, the rate at which the marginal value 
of any soil nutrient changes -X. is equal to the sum of 
increases in the profit due to its use and its contribution 
to the improvement of soil fertility E.X1 g'X at any season 
t. The dynamic production efficiency of th optimal input 
use decisions derived here are different from the usual 
results of static analysis. For any two soil fertility inputs,
from [71 to [10), we have: 

P DYau, - r, Y-, ag/u, 
1_ -season 

PaY/au r I I.j ag/Ouj 1181 

The condition [181 equates the marginal rate of techni-
cal substitution between organic matter (i)and nitroge-
nous fertilizer U) with respect to the growth function 
g(RHS) to the ratio ofnet marginal value product of these 
two inputs (LHS]. This condition is different from the 
usual static result of marginal rate of technical substi-
tution and equals the input price ratio. This is because,
in the dynamic analysis, we have two technical relations 
that are used to optimize the input use, namely, y = Rix, 
u, t) and x = g(x, u, t). Thus, these optimality conditions 
for farm level decisions made In the current season take 
Into account the carryover effects of the soil nutrients to 
the subsequent seasons, 

Optimal Switching Between 

Cropping Patterns 


Often monocropping is followed in drylands with one 
or two fallow periods in a year. This continuous exploi
tation of soil fertility has resulted In poor physical 

properties of soils in dryland farming. To achieve the 
long-term goal of soil organic matter build-up In dry
lands, it has been suggested by agronomists that farm
ers should be convinced to switch from monocropping of 
cereals to cropping systems with cereal/legume inter
cropping to crop rotations Involving ground cover, green 
manure, and agroforestry. However, these cropping 
systems may have varied returns to the farmers. The 
general tendency of farmers in dryland fanning is to 
choose a cropping pattern that is more profitable in the 
short run, and ignore the long-term soil fertility benefits.Given these contradicting goals of the larmer. it becomes 
essential to identify conditions under which it is essen
tial to switch from monocropping to intercropping to 
maintain optimal soil fertility. 

Considering a simplified version of the model pre
sented above with humus as the only state variable with 
equation of motion given by , = k + aU. where k and a 
are constants, the problem becomes one of choosing 
optimal time (Ti of switching between cropping patterns. 
This Is given by: 

J(x o) = maxJ, e 1'7, dt + e - R(x). 1191 
u, TF 

The current value Hamiltonlan is: 

H, = (PY - r, ulj + y, (k + aU1 ) 1201 

Hut = PYUH " r, + ya [211 

-H. = - = "[PYuJ and [221 

i =Rf. [231 

Solving for optimal organic matter required for each 
U, from the above equation and using It In [19], 

we have: 

[PY - r, U, I- + p- (k + aU 
T T 

= 6R-
T 

[241 

Rewriting, 

H- = 8R- at T. 
T T 

[251 

which states that the value of dynamic profit to ihe 
farmer using monocropping at T should be equal to the 
change In the terminal value of the land due to change 
in time multiplied by the discount rate which depends on 
soil fertility. Thus, for any time t, if the value of I1 is 
greater than 8R, it would be optimal to follow monocrop
ping without exploiting the soil fertility and, if IF,is lesser 
than 8R,, then monocropping becomes less profitable 
than intercropping or crop rotation. The optimal time to 
switch between the cropping systems would be T when 
H- = 
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Other Issues 

Several issues relating to optimal soil fertility man

agement in dryland farming systems remain to be ad
manure is one of the prime sources ofdressed. Cattle 

farmyard manure in the developing countries. Tradi
tionally, cattle manure has also been used as cooking 

fuel. At the society level, there exists a choice to be made 

to use this valuable resource between these two compet-
ing uses. Recent developments in bio-gas technology,

ig 
which enable the use of cattle manure for both fuel 
purposes as well as utilizing the slurry from bio-gas 
plants as manure, may be a solution for the above 
problem. However, interventions are required in the 
form of subsidy to construct bio-gas plants and/or to 

subsidize the use of cattle manure for crop fields. 

National agricultural policies which attempt to conserve 

long-term soil fertility should also consider the land 

tenure arrangements in dryland farming systems. Rela-
tions between land security and long-term capital in-
vstnt etn land serityf andl log-er m capidalo ie 

future, since the availability of nutnents from chemical 
fertilizers are highly sensitive to soil water availability. 
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Introduction 
Soil degradation I',. a major concern in the prairies. 

Though it !s widely recognized that conventional fallow 
management is a contributor to both soil erosion andsallinlzatlon, the practice contillues to be prominant in 

Alberta for two reasons. Firstiy. many fariners perceive 
summerfallow as the best system to minimize soil "a,.ter 
stress and tire most efficient means of weed control. 
Secondly, farmers still believe that a conventional till-
age/fallow management system is more profitable thana reduced tillage/recrop, system. 

Research has demonstrated that wtl-nanaged
reduced tillage/recrop s.ystems can result in better soil~associates 
water conservation and equally good weed control. Eco-
nomic research into these prod t to1systems, however, 
has been less conclushve. Yet. before farmers can. beexpected to adopt conservation faring techniques i 
must be demonstrated that the net profitability of these 
techniques is equal to or grctitcr than conventional 
practices, and that they are financially feasible. 

This report is a summary of a 3-year economic study
of conventional till/sumImerfa low and no-till/recrop 
systems asapplied towinterwheat (TriticuniaestivumL.I 
prodaction in southwetern Alberta. The primary study 
objectives were to.a) 	survey the costs and returns for different tillage/ 

crop rotation systems on fields sown to winterwheat andi 

etan e t psignificance 


bJ compare the net profitability of these systems. 


The Survey Group 

The survey groups consisted of 13, 20, and 19 farms, 
respectively, in 1985, 1986, and 1987. All participants 

Table I. Survey field data. 

Cropping system 	 1985 

Fields Area 

selected had experience with conservation tillage and 
had grown winter wheat within the previous 5 years. The survey involved two on-site interviews. The first inter

view familiarized each participant with project require
ments and identified potential problem areas. A secondinterview was later held to complete the questionnaires. 

Through the survey, a detailed account was developed of 
the entire farm operation. 

Field Data 

A 	 primary objective of the study is to assess the 
economics of different cropping systems. Each system 

a tillage practice with a crop rotation practice.
Generaiiy, conventional tillage is associated with sum
merfallow, while minimum and zero tillage are assoc

ated with recropping. (The general rotation term "recropping" is used in this study although many fields followed 
a "'continuouscropping" rotation.) Other cropping sys
tems include chemical/fallow and conventional till/ 
recrop, but none of these were numeruus enough to be 
included in the economic comparison. 

Table I shows that the conventional till/fallow sys
tem was applied to the most fields each yeaz'. The 
percentage of seeded hectares using the no-till/recrop 
system, however, grew each year. In 1985, the percentage was just over half the conventional till/fallow hec
aewsjs vrhl h ovninltl/alwhc
tares while in 1987 number of hectares was larger. The 

of other cropping systems grew In 1987, 
accounting for 19% of seeded hectares. 

Costs and Returns 

Average annual costs and returns for each cropping 
system are provided in Table 2. Average annual values 

Year 
1986 1987 

Fields Area Fields Area 

no. ha no. ha no . ha
Cony. till/fallow 19 1002 24 1279 25 968
No-till/recrop 1I 554 11 802 10 1057
Other systems 3 81 3 81 11 483 



Table 2. Average annual yields, prices, revenue, and costs. 

1985 
Variable CT/F" NT/Rb 

Yield (Mg/ha) 0.62 1.01 
Price ($/Mg) 140.36 140.36 
Non-crop revenue ($/ha) 13.46 68.05 

Total revenue/ha 100.23 209.53 
Crop input cost/ha 22.22 71.38 
Equipment cost/ha 20.81 29.28 
Labor cost/ha 16.30 30.62 
Other variable costs/ha 23.34 42.69 

Total variable costs/ha 82.67 173.98 
Depreciation ($/ha) 33.09 41.01 
Other fixed costs/ha 50.18 27.33 

Total fixed costs/ha 83.26 68.35 
Total costs/ha 165.93 242.32 

Conventional till/fallow. 
No-till/recrop. 

are listed because the economic comparison Is of crop 
rotations of different durations. The no-till/recrop reve-
nue was around two times that of the conventional till/ 
fallow system in each of the 3 years. However, this 
revenue advantage is countered by the higher annual 
costs of the no-till/recrop system. 

To calculate yearly yields and revenues for the 
conventional till/fallow system (50-50 rotation), yield 
and non-crop revenue must be multiplied by two. For 
example, yield in 1985 was 1.24 Mg/ha and total reve-
nue was $200.46 /ha. A similar procedure is used to 
determine total variable costs and depreciation, 

Table 2 also reveals the yearly fluctuations of reve-
nue and cost variables. These details are important in 
determining why cropping systems achieve a profit 
advantage in different years. The figures relating to 
revenue fluctuated widely for both cropping systems. In 
1985, yields were low, but prices moderate. As well, 
other non-crop revenue (government and crop insur
ance payments) was very high for the no-till/recrop 
fields. In 1986. yields were good, but the winter wheat 
price had dropped substantially and n-on-crop revenue 
was lower. Yields and prices dropped considerably in 
1987: however, this triggered a substantial increase in 
non-crop revenue, 

Costs over the 3 years were much more constant, 
particularly between 1986 and 1987. Average variable 
costs for the conventional till/fallow system decreased 
slowly each year. Average total fixed costs were constant 
for the conventional till/fallow system, but rose steadily 
for the no-till/ recrop system. 

Economic Models 

Thvomodls eredeveope eonoicstoassss te 

of cropping systems. Each model comprises a different 

number of cost and revenue variables. Model A corre-

sponds to the complete farm assessment model - all 

cost/revenue variables are included in the analysis. In 

Model B, non-crop revenue (government assistance and 
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1986 1987 
CT/F NT/" C/F NT/R 

1.46 2.55 1.13 1.68 
95.90 95.90 72.39 72.39 
11.21 29.93 25.21 71.51 

151.70 274.81 106.93 193.11 
18.42 46.44 16.49 46.22 
15.56 23.53 14.15 20.20 
18.47 29.48 15.80 23.48 
20.45 35.91 19.21 37.64 
72.89 135.36 65.65 127.53 
30.12 36.54 37.56 45.70 
49.85 37.53 48.10 44.15 
79.98 74.07 85.65 89.85 

152.86 209.43 151.31 217.38 

crop insurance payments) is deleted to illustrate the 
influence of government programs on farm profitability 
through a comparison of the two models. Selected cost 
variables are also dropped (operating capital interest. 
fixed interest cost, and land rent) either because they are 
less strongly related to tillage methods, or because the 
small sample size has led to less reliable coefficients. 

Both models account for the time dimension of 
summerfallow management; that is, during the fallow 
year, a field incurs neither revenue, nor variable costs 
(all summerfallow operations are listed in the crop year 
accounts of the assessment program). Therefore. reve
nue and variable costs are divided by two for conven
tionaltill/fallowfieldstoarriveat averageannualvalues. 
Depreciation, a fixed cost. is also divided by two because 
its value is based on hours of machinery use during the 
2 years of summerfallow and cropping operations. 

Profitability of Cropping Systems 

The variability of farm revenue, and to a lesser extent 
farm costs, means that farm profits fluctuate widely 
from one year to another. In this section, the profitability 
of the conventional cropping system is compared to that 
of the most widely used conservation cropping system in 
the production of winter wheat in southwestern Alberta. 

The two most commonly used measures of farm 
profitability, return to capital and return to equity, are 
examined In Models A and B. Return to capital, or gross 
margin, is total revenue minus variable costs. This index 
illustrates the short-term economic differences between 
fanning systems. Return to equity is total revenue minus 
total costs (variable and fixed). This index Is representa
tive of the long-term profit situation. 

With all costs and revenue included in the economic 
assessment (Model A), the no-till/recrop system demon
sedsi n t proit ntae ov te con

tate m each yrot ia. ter oent 

capital and return to equity (Table 3). The return to 

capital as pstive fo botyTeme ye nWhe 

capital was positive for both systems each year. When 
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Table 3. Probability of different cropping systems. 

Cropping Return to Return to 
System Capital Equity 

$/ha 


Model A 1985 CT/P 17.56 -65.70 

NT/Rb 35.55 -32.80 


1986 CT/F 78.89 -1.17 

NT/R 139.45 65.38 


1987 CT/F 41.28 -44.37 

NT/R 65.58 -24.27 


Model B 1985 CT/F 21.38 -24.59 

NT/R -2.27 -55.21 


1986 CT/F 79.65 31.85 

1987 CT/F 26.77 -23.78 

NT/R 15.75 -39.36 

Conventional till/fallow. 

b No-till/recrop. 


the fixed costs are also considered (return to equity), all 
profit levels become negative, except for the no-till/ 
recrop system in 1986. Regardless of whether an actual 
profit was achieved, the no-till/recrop system achieved 
a higher profit, or a lower loss, than the conventional till/ 
fallow sys:em each year. 

In Model B,non-crop revenue and a number ofcosts 
were excluded from the analysis. The results suggest 
that the conventional till/fallow system had a profit 
advantage in 1985 and 1987, whereas the no-till/recrop 
system maintained a profit advantage in 1986. Analysis 
shows that the total value of the excluded variables is 
similar for each management system each year: there-
fore, their exclusion does not affect the ranking ofthe two 
systems based on this survey. The change in ranking 
over the 3 years is primarily due to the differences in 
non-crop revenue received by the two systems. The 
largest categories of non-crop revenue are payments 
through the Western Grain Stabilization and Special 
Canadian Grains programs, and crop insurance. Al-
though the revenue from the two programs is not iden-
tified as clearly as other revenue and costs on a field-by-
field basis, the results suggest that government assis-
tance programs combined with crop insurance in low 
crop revenue years supported conservation cropping 

systems more than conventional systems to the point 
they were the most profitable, or least unprofitable. from 
the farmer's financial point of view. 

Even with the exclusion of non-crop revenue, both 

cropping systems were generally able to meet theiroperating expenses (as Indicated by positive returns to 

capital). However, both economic models clearly show, 
with negative returns to equity, that 1985 and 1987 were 
very difficult years for farmers. The general economic 
"rule of thumb" is that an enterprise should be able to 
stay solvent over the short-term as long as operating 
expenses (variable costs) are met. Savings for capital
replacement and other fixed costs may be deferred for a 
short period. In the longer term, though, the farm must 

be able to cover all costs; that is,the long-term average 
return to equity must be positive. If 1985 and 1987 are 
low points in a longer economic cycle, then farmers 
should be able to achieve profits to cover recent losses. 
If dry weather or low commodity prices continue, farms 
may continue to go bankrupt, despite the current level 
of government assistance. 

Summary 

The results of this small 3-year survey suggest that 
ifall cost and revenue variables are considered (Model A), 
the no-till/recrop system demonstrated a profit advan
tage over conventional till/fallow fields in southwestern 
Alberta for the period 1985 to 1987. This period included 
both dry and normal weather years. If government 
assistance payments are excluded from the analysis 
(Model B). as well as other less reliable cost variables, the 
conventional till/fallow system demonstrated a profit 
advantage in the dry years, or when commodity prices 
were low, while the no-till/recrop system maintained its 
profit advantage in normal years. Model B results indi
cate the magnitude, or impact, ofgovernmentassistaice 
and insurance payments to farmers. The study suggests 
that government programs currently in place may sup
port conservation systems more than conventional sys
tems. though this is not their main objective. From a 
financial view, Model A results are more pertinent to 
farmers. The farmer's bottom line profit includes all 
sources of income. 
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The 1985 Food Security Act in the USA stipulates 
that all farmers develop an approved soil conservation 
plan by 1990. The farm plan must be implemented by 
1995 or government program benefits will be curtailed. 
Sandy cotton (Gossypium hirsutuniL.) production areas 
subject to soil erosion in the southern High Plains of 
Texas will be affected by these conservation provisions, 
As a result, crops having high residue levels such as 
wheat (T7iticumaestivumL.)or sorghum [Sorghunibicolor 
(L.) Moench] may need to be produced in rotation with 
cotton to reduce erosion which, in the Texas High Plains, 
is caused primarily by wind. 

The new conservation requirements combined with 
the price-cost squeeze of the past decade indicate the 
need for developing alternative cotton production meth-
ods which simultaneously reduce soil erosion and im-
prove farm profits. Higher profits may arise from improv-
ing yields resulting in increased income, by reducing 
costs, or by increasing income more than costs. The 
impacts of a new production method on profits need to 
be assessed in the short run and over the long run. In the 
case of long-run profitability, costs which are fixed in the 
short run, such as machinery depreciation, are consid-
ered variable In the long run. Also, deficiency payments, 
which are based on historical yields, change as yields 
vary over time. 

The objectives of this research were (1) to evaluate a 
no-tillage dryland cotton production system whereby 
stubble residue of a small grain crop such as wheat is 
maintained on the soil surface undisturbed prior to 
planting cotton, and (2) to assess the short-run and 
long-run economic advantages of no-tillage compared 
with conventional tillage. 

In Arizona, during the mid-1950s, a 10% yield 
increase was obtained by minimizing tillage operations 
of continuous irrigated cotton. Reduced tillage opera-
tions also saved tractor labor and fuel costs, making the 
practice highly profitable (Harris et al., 1965). More 
recently, in the southern Texas High Plains, Keeling and 
Lascano (1986b) reported no differences between re
duced-tillage and conventional tillage in 1986 lint yields 
with dryland or irrigation in which reduced-tillage cotton 
was planted in a terminated wheat cover crop. However, 
when reduced-tillage cotton followed sorghum or cotton, 
significant cotton yield increases of 0. 113 and 0.106 
Mg/ha, respectively, were attained with irrigation. No 
differencet; were obtained under dryland in the above-
normal rainfall season of 1986. Similar research in 1986 
on a different soil at Halfway, Texas, Indicated no yield 

differences between reduced-tillage and conventional 
tillage except under dryland conditions when reduced
tillage cotton followed a previous cotton crop (Keeling 
and Lascano, 1986a). Lyle and Bordovsky (1987), also at 
Halfway, Texas, reported significant increases in dry
land cotton yields, but not irrigated yields, when cotton 
followed wheat in 1984 and 1985, compared with con
tinuous cotton. In 1986, neither dryland nor irrigated 
cotton yields of the wheat/cotton rotation were signifi
cantly diffi.-ent from continuous cotton. Also, in 1986, 
alternative tillage systems were initiated for Irrigated 
and dryland cotton, but no differences were found in 
yields. 

Longer term research over a 7-year period at Bush
land. Texas, evaluated a no-tillage system for sorghum 
irn an irrigated wheat/dryland sorghum rotation. No
tillage increased sorghum yields over conventional till
age by 0.6 to 1.1 Mg/ha (Unger. 1982). Increased stored 
soil water during the 11 -month period between crops 
was the reason for the higherylelds. Musick et al. (1977), 
applying limited irrigations of 30 cm or less to no-tillage 
sorghum, reported yield increases over yields of conven
tional disk tillage of 0.4 to 2.1 Mg/ha over 4 years. 

In higher rainfall areas such as the Blacidand 
Prairie of east Texas, Morrison et al. (1985) reported no 
yield advantage of a no-tillage system in a wheat-sor
ghum-cotton rotation. Extensive no-tillage herbicide 
costs for grass weed control reduced both short-run and 
long-run profits below conventional tillage (Harman and 
Martin, 1987). In another high rainfall area, continuous 
no-tillage cotton at the North Mississippi Branch Station 
yielded the same as conventionally tilled continuous 
cotton from 1978-1980 (McDowell, 1982). Earlier work, 
however, by Spurgeon and Cooke (1971) and Spurgeon 
et al. (1974) indicated limited-tillage practices increased 
cotton yields 9 and 5.6%, respectively. 

Materials and Methods 

No-tillage cotton research was conducted from 1983 
to 1987 at the North Plains Research Field, Etter, Texas, 
on Sherm clay soil (fine, mixed, mesic Torrertic Pale
ustolls) containing 280, 310, and 410 g/kg sand, silt, 
and clay, respectively, with 22 g/kg organic matter and 
a pH of 6.9. Since the research location is north of the 
intensive cotton producing area of the southern Texas 
High Plains, the results of this research are most appli
cable to the northernmost cotton production portion of 
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Table 1. Cotton yields, fiber characteristics, and lint grade by tillage system. 

Year Tillage 	 Yield 

Mg/ha
1983 	 Conventional 0. 178 b, 

No-tillage 0. 194 a 

1984 	 Conventional 0.262 b 
No-tillage 0.463 a 

1985 	 Conventional 0.158 b 
No-tillage 0.175 a 

1986 	 Conventional 0.467 b 
No-tillage 0.684 a 

1987 	 Conventional 0.334 b 
No-tillage 0.563 a 

Average 	 Conventional 0.280 

No-tillage 0.416 


Duncans multiple range tests were conducted each yea,.
 
",Na = data not available.
 

the Texas High Plains where cotton is produced with 
wheat and other crops. 

The experimental design was a randomized block 
with two replications. Plant available water (PAW) at 
cotton planting was measured in each tillage treatment 
by analyzing four gravimetric soil samples to a depth of 
1.2 m at 0.3-m intervals. Cotton variety'Paymaster 145' 
was seeded at 19 kg/ha in late May. Each tillage plot of 
eight 1l-m spaced rows 200 m long was hand-harvested 
at three locations within the plot in November. In most 
years, harvested samples were ginned to determine fiber 
quality and grade. 

Immediately after cotton harvest, cotton stalks were 
uniformly shredded, and the plots of both tillage treat-
ments were disked and beds were rebuilt for immediately 
planting and irrigating the next small grain crop. In 1983 
to 1986, winter barley (Hordeum vulgare L.) 'Post' was 
used as the small grain whereas in 1987, winter wheat 
Tam 105' was used. Two to four additional spring 
irrigations, depending on rainfall, resulted in 4.0 to 5.0 
Mg/ha of grain. Small grain stubble was preserved on 
the soil surface with the no-tillage treatment, but was 
destroyed by disking and field cultivation with conven-
tional tillage. Atrazine (6-chloro-_N-ethyl-N'-(l-methyle-
thyl)-l,3,5,-trtazine-2,4-diamine)andfluometuron(,N-
dlmethyl-N'-13-(trifluoromethyl)phenyllurea) at 1.6 and 
2.2 kg (ai)/haalong with 0.6 kg (ai)/ha of dicamba (3,6-
dlchloro-2-methoxybenzolc acid) were sprayed in 243 L/ 
ha ofwater at 207 kPa to control kochia (Kochiascoparia 
L. Schrad.), Russian thistle (Salsola ibericaSennen & 
Pau), and Palmer amaranth (Amaranthus palmer! S. 
Wat.) present in the stubble. Stinkgrass (Eragrostis 
cilianesis (All.) E. Mosher), puncturevine (T-ialus 
terrestrisL.), and witchgrass (PanicumcapillareL.) were 
weeds that occasionally escaped this treatment and 
were sprayed with glyphosate (N-(phosphonomethyl) 
glycne) at 0.28 to 0.38 kg (ai)/haat65 L/ha ofwater and 

Staple 	 Micronaire Grade 

mm 
Na~ Nab Nab 
Na Na 	 Na 

22 a 3.4 a SLM (41) 
24 a 3.1 a SLIM (41) 

22 a 3.7 a LM Is (52) 
22 a 3.8 a LM Is (52 

25 a Na LM Is (52) 
25 a Na LM Is (52) 

25 a 4.9 a SLM (41) 
25 a 4.5 a MIg (36) 

23.5 4.0 
24 	 3.8 

207 kPa along with 0.5% non ionic surfactant. 
In early April, before planting cotton on existing 

untilled beds in May, the no-tillage plots were treated 
with an ester formulation of 2,4-D [(2,4-dichlorophe
noxy) acetic acid] at 0.55 kg (ai)/ha and prometryn 
[N,N'-bls( I -methyethyl)-6-(methylio)- 1,3,5,-triazine-2,4
diamine)] at 2.3 	kg (ai)/ha. With conventional tillage, 
after sweeping and disking for weed control, beds were 
rebuilt in the winter and then rolling cultivated as 
needed for weed control until planting in May. Trifluralin 
[2.6-dinitro-N,N-dipropyl-4-(trifluoromethyl) benzenam
ine] at 0.8 kg (ai)/ha was preplant incorporated in April. 

Soil water data were subjected to analysis of vari
ance. Duncans multiple range test was used to separate 
lint yield and fiber quality means. 

Lint Yield and Fiber
 
Quality Results
 

Table 1 indicates yield, fiber quality, and grade of 
cotton by tillage treatment for each year. Lint yields with 
no-tillage were significantly higher than with conven
tional tillage each year of the study, and the 5-year 
average lint yield with no-tillage was 0.136 Mg/ha (49%) 
higher than with conventional tillage. Yields varied 
between years ano were influenced by PAW and seasonal 
rainfall. Each year, PAW was significantly higher with 
the no-tillage system at P = 0.0001, except in 1985 when 
PAW for no-tillage was significant at P = 0.18. Analyses 
of all years Indicated the average 34 mm additional PAW 
with no-tillage was significantly higher than with con
ventlonal tilll-,ge at P = 0.0001 (data not shown). 

Fiber quality characteristics (Table 1) including 
staple length, micronaire, and fiber strength (data not 
shown) were not significantly affected by tillage treat
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Table 2. Estimated short-run and long-run costs and returns per hectare of conventional versus no-tillage dryland cotton. 

Item 

SHORT-RUN ANALYSIS -
Income: 

Lint yield, Mg/ha 
Lint income @$1.01/kg 
Seed income @$0,888/kg 
Deficiency pmt. $0.595/kg 

Total Income 

Expenses
 
Seed, insect., hoeing 
Herbicide 
Tractor fuel, labor 
Interest 

Total preharvest costs 
Harvest & ginning 

Total variable costs 

Returns over variable costs 

LONG-RUN ANALYSIS -
Machinery depi eciation 
Added deficiency payments 

Returns to land, mgmt & risk: 

ment. Cotton on all plots was harvested on the same 
date, except in 1987 when cotton on conventional tillage 
plots matured early and was harvested before that on 
no-tillage plots. Lint grades were the same each year, 
except in 1987 when the early harvesting date of conven-
tionally-tilled cotton may have Influenced the grade 
difference, 

Economic Analysis 

of Income, Costs, and Profits
 

The economic analysis was based on a total of 16 
operations for conventionally-tilled cotton, but only nine 
for no-tillage cotton ofwhich three were herbicide appli-
cations. In Table 2, the immediate (short-run) economic 

eof no-tillage was increased lint and cotton-
advantage of to icre s of 0. 136ton-
seed salesof$154/haduetohigheryieldsof0.136Mg! 
ha. However, high herbicide costs with no-tillage corn-
pared with conventional tillage costs increased prehar-
vest costs by $122/ha. Also, higher no-tillage yields 
added $41/ha to harvesting and ginning costs resulting 
in a total variable produc-lon cost increase for no-tillage 
of$163/ha. Thus, in the short run, returns over variable 
costs of no-tillage were $9/ha less than conventional 
tillage. 

Substantial economic advantages for no-tillage 

occurred in the long run through reduced machineryr 
depreciation costs of $49/ha and through higher defi-
ciency payments of $81 /hadue to higher average yields. 
Deficiency payments increase over a long time period as 

Conventional 	 No-tillage 

$/ha 

0.280 	 0.416 
282.80 	 420.16 

34.97 	 51.96 
166.60 	 166.60 
484.37 	 638.72 

83.75 83.75 
! 1.62 166.65 
54.42 	 19.00 
22.42 	 24.55 

172.21 	 293.95 
84.51 	 125.64 

256.72 	 419.59 

227.65 	 219.13 

(80.40) 	 (31.63) 
-- 80.92 

147.25 	 268.42 

the farm yield adjusts upward. Thus, in the long run, 
returns to land management and risk were $121 /ha 
higher with no-tillage. 

Other economic impacts which might be realized 
from no-tillage, but were not considered in the analysis, 
are the long-term soil productivity impacts of reducing 
soil erosion. Lee (1987) concluded that reducing tillage 
operations or changing to crop rotations which include 
wheat may significantly reduce average annual soil 

losses from wind erosion. 
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Introduction 

Agriculturathel TexasTexas 
currently faced with a declining groundwater supply for 
Irrigation, economic stress, and policies designed for soil 
and water conservation. Some of these issues have 
resulted in a decrease in irrigated production and an 
increase in dryland production. This transition is ex-
pected to continue. Dryland production yields are usu
ally lower and more variable, and the soils are more 
susceptible to wind erosion than with irrigated produc-
tion. 

Research programs to develop and test new farming 
systems t.-it conserve the soil and enhance producer 
income were initiated by the Texas Agricultural Experi-
ment Station (TAES) in Lubbock, Halfway. and Wellman, 
TX (Clarke, 1980. 1986). This paper combines farming 
systems results (Keeling, 1986, 1987) with a crop growth 
simulation model known as EPIC (Williams et al.. 1983), 
to evaluate the long-term effects on crop yield, soil 
ercsion, and economic returns of selected dryland crop-
phg systems (Lee, 1987), 

Agricultural producers of the prodcer High Plains are 

Study Area 

The study area used in this analysis is the mixed-
and sandyland soil resource areas of the Texas High 
Plains. The sandyland soils are particularly sensitive to 
wind erosion In the absence of crop cover. For example, 
the average annual windspeed in Lubbock is 2.6 m/s. 
with a maximum monthly average of 3.4 m/s in March, 
and windspeeds exceeding 20 m/s are common, par-
ticularly in the springtime (U.S. Department of Coin-
merce. 1968). 

The study area has a semi-arid climate and is 
diverse In rainfall, length of the growing season. and 
elevation. The average annual rainfall ranges from 356 
to 533 mm. the growing season from 180 to 220 days, 
and the elevation from 914 to 1200 m above sea level, 

Wheat (Titicurn aestivum L.) and grain sorghum 
[Sorghum bicolor (L.) Moenchl account for about 25% of 
cropped land area, cotton (Gossypiumhirsutum L.) 33%, 
corn (Zea mays L.) 8%. and some 20 other crops,ior 
example. potatoes (Solanum tuberosum), onions (Allium 

cepa), sugar beets (Beta vulgaris), forage crops, grapes 
(Vitis or Mu-scadiniasp.). etc.. the remainder. The region 

is also important in beef cattle production with over 3makee feedlot (Texasar 
million head marketed annually from fedlots (Texas 
Crop and Livestock Reporting Service. 1970- 1982). 

Methods 

To develop production estilates per unit land area 
of alternative dryland farming systems, three sources of 
data and two procedures were used. The sources of data 
included results from a survey given to scientists with 
the TAES in Lubbock (Lee. 1987). data from theT'ITAES 
farming system plots (Keeling 1986, 19871, and data 
from wheat plots of the USDA-Agricutural Research 
Service (Hatfield. 1985. 1986). The procedures iised 
were the application of the plant growth model EPIC 
(Williams et al., 1983) to simulate the long-term effects 
on yield and erosion of alternative (hryland farming 
systems in the High Plains of'lcxas and the application 
of economic budgeting techniques (McGrann et al., 
1986) to assess net returns per unit land area. 

Results from the survey were used to identily poten
tial" crop rotations and larminhg practices in the Texas 
High Plains (Lee, 1987). The cropping systems selected 
included monoculture and rotations of cotton, grain 
sorghum, and wheat under conventional (Conv'.) and 
under reduced (Min.) tillage. There is also a n()nocultutre 
cotton and a grain sorglum system where wheat is 
planted in the fall and terminated in late winter or early 
spring with herbicide. This last system was designed to 
provide ground cover to reduce wind erosion during the 
months with the highest windspeed. 

Simulations 

This analysis used the Erosion-Productivity Impact 
Calculator (EPIC) model (Williams et al.. 1983) which 
simulates evapotranspiration, infiltration and runoff, 
plant growth, and related processes (e. g., erosion, crop 
yield) using readily available inputs. The model can be 
used to simulate any number of years with a wide range 
of crops in a rotation using a daily time-step. It has been 
used to assess a number of agricultural problems (e. g.. 
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Table 1. Estimated crop yield, erosion, net returns, and coefficient of variation of selected crop systems for the Texas High Plains 
mixedland soils (from Lee, 1987). 

System 
No. Name 

1 Conv. Cotton 

2 Min.Till Cotton 

3 Cony. Sorghum 

4 Min.Till Sorghum 

5 Conv. Wheat 

6 Conv. Cotton/Sorghum 

7 Min.Till Cot/Sorg 

8 Conv. Cotton/Wheat 

9 Min.Till Cot/ 
Terminate Wheat 

10 Min. Till Sorghum/ 
Terminate Wheat 

11 Min. Till Cot/Wheat/ 
Sorghum 

12 Min. Till Sorghum/ 
Wheat/Cotton 

Yield Net returns, 
Cotton Sorghum Wheat Erosion Program Non-P. 

Mg/ha $/ha 

0.217 22.6 92 -69 
(51)b 

0.204 
(81) 

20.7 
(116) 

92 
(155) 

-65 
(54) 

1.80 
(82) 

22.6 
(116) 

67 
(164) 

17 
(50) 
1.53 

(81) 
24.4 

(103) 
78 

(4881 
30 

(52) (71) (79) (247) 
1.13 3.2 41 18 
(50) (247) (140) (396) 

0.211 1.82 23.3 75 -29 
(51) 

0.185 
(50) 
1.30 

(133) 
22.4 

(115) 
62 

(362) 
-42 

(55) 
0.238 

(58) 
1.01 

(76) 
16.4 

(131) 
88 

(221) 
-1 

(48) 
0.171 

(61) (118) 
6.3 

(105) 
105 

(15925) 
-130 

(60) (140) (100) (82) 
1.18 16.7 -59 -123 

0.202 
(65) 
1.55 1.11 

(86) 
14.3 

(100) 
62 

(57) 
-17 

(54) 
0.237 

(71) 
1.56 

(43) 
0.95 

(97) 
14.2 

(136) 
80 

(555) 
-15 

(45) (54) (71) (93) (114) (630) 

'Net returns were estimated assuming compliance with government programs and non-compliance (Non.-P). 
"Thecoefficient of variation (CV) in percentage is given in parenthesis. 

Williams, 1985; Steiner et al., 1987). 
The crop growth parameters ofEPIC were calibrated 

using data collected in 1985 and 1986 from TAES 
farming systems research plots (Keeling, 1986, 1987) 
and from USDA-ARS wheat plots (Hatfield, 1985, 1986) 
using a procedure similar to the one given by Steiner et 
al. (1987). These data included conventional and re-
duced tillage cotton, sorghum, and wheat crop yields as 
well as specific tillage operations and input levels along 
with the timing of eacn. Rotations of cotton, sorghum, 
and wheat were used in the calibration process. In 
addition, the wind erosion component of EPIC was 
extensively modified (Lee, 1987). 

The calibrated EPIC model was used to simulate 
crop production on an Amarillo (Aridic Paleustall) soil in 
Dawson County (referred to as saidylands) and an Acuff 
(Aridic Paleustoll) soil in Lubbock County (referred to as 
Mixedlands). For the simulations, 10 random weather 
patterns were generated over 48 years for the two soil 
types. Each of the crop rotations were subjected to the 
same 10 random weather patterns. Output from each 
simulation gives temporal estimates of crop yield as well 
as wind and water erosion. 

Budgeting Analysis 

Net returns, as calculated here, were returns to land 
and water management and risk, or gross returns less 

the variable costs of production. The Microcomputer 
Budget Management System (MBMS) developed by the 
Texas Agricultural Extension Service (McGrann et al., 
1986) was used to generate a base budget per unit land 
area for each farming system. Gross returns for each 
crop were estimated from simulated average annual 
price and yield of the 10 random 48-year crop simula
tions for the two locations. 

Expected annual net returns were estimated as
suming the producer did or did not participate with the 
Government Farm Program. Current base land area 
restrictions limit the adoption of certain crop rotations 
for producers that comply with Farm Programs. particu
larly those rotations with wheat and/or sorghum. The 
commodity Farm Program provisions in 1986 for small 
grains, feed grains, and cotton were included In the 
estimation of annual stochastic net returns assuming 
the Individual producer participated in the program. 

Results 

The estimated effects of alternative dryland farming 

systems based on the crop yields generated with the 
EPIC model are given for a mixed- and a sandyland soil. 
In our analysis, both the annual average and the coeffi
cient of variation (CV) of crop yield, soil erosion, and net 
return are considered. 
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Table 2. Estimated crop yield, erosion, net returns, and coefficient of variation of selected cror. ystems for the Texas High Plains 
sandyland soils (from Lee, 1987). 

System 
No. Name 

I Conv. Cotton 

2 Min. Till Cotton 

3 Cony. Sorghum 

4 Min. Till Sorghum 

5 Cony. Wheat 

6 Cony. Cotton/Sorghum 

7 Min. Till Cot/Sorg 

8 Conv. Cotton/Wheat 

9 Min. Till Cot/ 
Terminate Wheat 

10 Min.Till Sorghum/ 
Terminate Wheat 

11 Min. Till Cot/Wheat/ 
Sorghum 

12 Min. Till Sorghum/ 
Wheat/Cotton 

Yield Net Returns, 
Cotton Sorghum Wheat Erosion Program Non.-P. 

Mg/ha $/ha 

0.255 26.0 129 -23 
(50)b (80) (96) (590) 

0.255 24.3 128 -26 
(50) (79) (97) (5) 

1.91 27.7 71 33 
(51) (84) (105) (270) 
1.87 30.8 81 45 
(78) (70) (85) (186) 

1.46 4.0 79 60 

0.252 1.97 
(49) (275) 

26.3 
(32) 
104 

(24) 
11 

(49) (52) (86) (100) (1021) 
0.248 1.93 26.5 73 -24 
(150) (52) (75) (142) (456) 

0.346 0.89 14.9 132 43 
(33) (58) (100) (97) (246) 

0.218 3.5 17 -148 
(54) (2501 (688) (83) 

1.51 18.0 1 -148 
(59) (111) (8001) (83) 

0.231 2.61 1.00 12.6 116 2 
(49) (36) (55) (131) (72) (5450) 

0.317 1.96 1.04 13.0 83 10 
(36) (49) (58) (139) (111) (1017) 

a Net returns were cstimated assuming compliance with government programs and non-compliance (Non.-P).
bThe coefficient of variation (CV) in percentage is given in parenthesis. 

Mixedlands 

Crop yields, soil erosion, and net returns for the 12 
selected cropping systems (numbered 1- 12) are given in 
Table 1 for the mixedland soil type. The highest average 
annual cotton yields were obtained with conventional 
cotton-wheat (System No. 8) and minimum tillage sor-
ghum-wheat-cotton (12) followed by Systems 1, 6, and 2. 
The lowest average yields were obtained with minimum 
tillage cotton-sorghum (7) and minimum tillage cotton-
terminated wheat (9). The difference between the highest 
and lowest cotton yield was 28%. The highest average 
sorghum yields were obtained with System 6 and the 
lowest yield with System 10 with a difference of35%. For 
wheat, the highest yielding system was conventiorni 
wheat (5) and the lowest was the minimum tillage 
sorghum-wheat-cotton system (12) with a difference of 
16% in yield. 

Average annual soil erosion rates ranged between 
3.2 and 24.4 Mg/ha. The highest soil erosion was 
associated with monoculture cotton (1) and sorghum (3) 
and systems with rotations ofcotton and sorghum (6 and 
7). Continuous wheat (5) or wheat in a rotation (9, 12, 
11), as expected, effectively reduced the soil erosion by 
at least 50%. 

The cropping system, with Federal Farm Program 
participation, that had the highest annual net return ($/ 
ha) was minimum tillage cotton, where wheat is termi-

nated in late winter each year (9). This system was 
followed by cotton systems I and 2. The systems with the 
lowest return were conventional wheat (5)and minimum 
tillage sorghum-wheat-cotton rotation (12). 

Non-compliance with Federal Farm Programs re
sulted in net negative losses in all but three systems. The 
systems that had positive net returns (income) wtit 
sorghum systems 3 and 4 and conventional wheat (5). 
Interestingly, the system with the lowest net returns 
(-$130) without government programs was the same 
that had the greatest net returns with government farm 
programs (9). This demonstrates the importance of gov
ernment programs to cotton profits in this region. In all 
cases, with non-compliance, annual net returns were 
significantly less than with Federal Farm Program par
ticipation. 

The coefficient of variation (CV) of the annual aver
age crop yield, soil erosion. and net return can be used 
as an indicator of risk. For example. in cotton yields, the 
least 'risky' system is minimum tillage sorghum-wheat
cotton rotation (12). However, in terms of annual net 
returns, it is one of the 'riskiest' cropping systems. 

Sandyl1nds 

The annual crop yield, soil erosion, and net return 
for the 12 selected cropping systems are given in Table 
2 for the sandyland soil type. The farming system with 
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maximum cotton yield was conventional tillage cotton-
wheat rotation (8)which also had the highest annual net 
return assuming Federal Farm Program participation. 
However, continuous cotton (1) produced about the 
same annual net return and simlar CV. The system with 
the lowest cotton annual yield was minimum tillage 
sorghum-wheat-cotton rotation (12), and the difference 
between system 1 and 12 was 37%. For sorghum, the 
system with the highest and lowest annual yield was 
minimum tillage cotton-wheat-sorghum rotation (11) 
and minimum tillage sorghum with terminated wheat 
(10), respectively. The difference in annual yields was 
42%. Forwheat, the highest and lowest annual yield was 
with systems 5 and 8, respectively, with a difference of 
39% in yield. 

Average annual soil erosion rates ranged between 
3.5 and 30.8 Mg/ha. The highest and lowest soil erosion 

rates were associated with minimum tillage (4)
ratesinwere associatedtwithtminimumetiwhaae sorghumsorghum 
and minimum tillage cotton terminated wheat (9), re-
spectively. As expected, introduction of wheat in a 
rotation system effectively reduced the soil erosion rate. 

The cropping system, with the Federal Farm Pro-
gram participation, with the highest and lowest annual 
net return ($/ha) was systems 8 and 10, respectively. 
Cotton systems I and 2 also ranked high. These results 
support the importance ofcotton as an essential element 
of the more profitable cropping systems. However, the 
minimum tillage cotton, terminated wheat option (9) 
that generated the greatest net return for mixedlands 
was near the lowest on sandyland soils. This nmy be due, 
in part, to water used by the wheat having a much more 
profound effect on sandy soils as compared to mixed 
soils. 

Non-compliance with Federal Farm Programs re-
suited in conventional wheat (5) with the highest annual 
average net returns, lowest CV of net returns, and lowest 
annual average soil erosion. The reduced tillage continu-
ous sorghum (4) and conventional tillage cotton-wheat 
rotations(8)ereloseneinrannualwnetIretuns, ut0fltheModel.b 
of net returns was increased by 10 fold when compared 
to conventional wheat. Five of the 12 cropping systems 
had losses. 

Conclusions 

In summary, with Federal Farm Program participa
tion, cotton is an essential part of a profitable dryland 

farming system. However, cotton is associated with high 
rates of soil erosion and, thus, will require the introduc
tion ofwheat in a rotation program to reduce the amount 
of soil erosion and comply with the Farm Program. The 
continuous cotton with wheat terminated late each 
winter appears to offer a viable system. 
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Introduction 

Water harvesting is "a method to induce, collect, 
store. and conserve local surface runoffforagriculture in 
arid and semi-arid regions" (Boers and Ben-Asher, 1982). 
Such runoff is characterized as being intermittent and 
local, and the resulting harvesting operations are small 
scale as a consequence. 

Water harvesting has been advocated by the United 
Nations Conference on Desertification as a partial solu-
tion to the growing problem of desertification (UNCOD. 
1977). However, to date there has not been widespread 
adoption of the technology (Pacey and Cullis. 1986). The 
reasons for the non-adoption are unclear. This is due to 
a lack of information defining the costs, benefits, and 
risks of such investment under a variety of environ-
mental and economic conditions. The purpose of this 
paper is to report on research to develop a model which 
incorporates all available hydrological, biological, and 
economic information into a framework that can be used 
to estimate thtcz- economic decision parameters. Esti-
mated parameters can potentially explain past invest-
ment patterns and the scope for future investment in 
water harvesting and supplemental irrigation, 

The Model 

Asimulation model was constructed using an elec
tronic spreadsheet. The model simulates production 
and profits for a specified investment in a specific 
catchment. The simulation model generates a range of 
outcomes (including maximums, minimums, averages, 
and standard deviations) which show how yields, costs, 
and profits vary with different seasons for a given design 
and decision rule. The model not only simulates final 
outcomes, but also predicts Input supply and demand in 
intermediate time periods. Some of the important flows 

which are calculated for each time period are rainfall, 
runoff, drainage, evaporation, overflow, irrigation ap-
plied, and crop water consumption. 

The model is defined for a region comprising a single 

production or for supplementally irrigated crop produc

tion using water collected from a catchment area, stored 
behind a dam in a reservoir, and distributed by an 
irrigation system. The structure of the model is illus
trated in Figure 1. This figure indicates that the model 
consists of a random weather generator and four sub
models: 1)a catchment model. 2) a reservoir model, 3) an 
agronomic model, and 4) an economic model, which are 
each discussed in turn. The arrows indicate the direc
tion of flows. 

The Random Weather Generator 

The weather generator is used to develop the sto
chastic nature of the system. It is used to randomly 
generate rainfall and solar radiation in accordance with 
distributions which approximate historical records. 

Catchment Model 

The first model defines the runoff from the catch
ment into the reservoir for every time period. Runoff 
estimates can be made on the basis of the relationship 
defined as: 

RO, = f(RF,,.Xe) 
where RO = runoff, 
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RF = rainfall, 
X = factors determining infiltration, 
t time. and 
e = error term. 

The term X is a multidimensional matrix which 
includes such factors as rainfall intensity, antecedent 
rainfall, vegetation cover, cultivation method, slope, and 
soil type. 

Reservoir Model 

The reservoir model defines the volume of water stored 

in a reservoir at any point in time. The volume of water 
in the reservoir at the end of any time period can be 
estimated on the basis of: 

D, = fD, .ADD,.S.E,.OF,.I,) [2 

where D = volume of water in the reservoir, 
ADD = additional water added to storage. 
S = seepage losses, 
E = evaporation. 
OF = overflow losses, and 
I =water used for irrigation. 

The flows of water in and out of the reservoir, which 
are included in equation [21. are also dependent on other 
factors as defined by: 

ADD,=(RF,*DA) + (RO,*CA) [2a] 
S, = f(D,) 12b] 
E, = f(SR.DA) [2c; 

where RF = rainfall, 
DA = reservoir surface area, 
RO = runoff, 
CA = catchment area, 
D = volume of w-iter in reservoir, and 
SR = solar radiation. 

Agronomic Model 

The agronomic iodel estimates the crop yield for 
any given contribution of inputs, including water. The 
yield is a function not only of the level of the different 
inputs but also the time at which thle inputs are avail-
able. Some of the inputs, including fertilizer, are control-
lable, whereas others, such as water availability, are 
only partially controllable. Still others, for instance solar 
radiation, are uncontrollable. The basic relationship is 

defined as: 

YLD = f(RF+I. F. CV, Sp. WPM. SR) [31 

where RF = rainfall, 
I irrigation applied. 
F = fertilizer. 
CV = cultivar. 
Sp= spacing, 

WPM = weed and pest management. and 
SR = solar radiation. 

Crop production function estimation requires con
siderable data and is often highly specific. Rather than 
seeking to estimate such a production function for each 
crop, this model incorporates the recently developed 
crop models of the International Benchmark Sites Net
work for Agrotechnolokl Transfer. These models can 
predict yielis f'or any given input combination in a 
specific location. By calibrating the model to lo-al experi
mental data, accurate production estimates can be 
nmade (Thornton and Dent. 1987). 

Economic Model 

The economic m1odel 'onsists of four components: 1) 
land allocation. 2) fixed costs, 3) variable costs, and 4) 
water allocation rules. The first component relates to the 
allocation of land to catchment, reservoir, and irrigation. 
The land call be allocated to each of these three uses, so 
that: 

WA = CA + DA + IA 14a) 

where WA = watershed area.
 
CA = catchment area,
 
DA = reservoir surface area. and
 
IA = irrigable area.
 

However. both the irrigable land and the catchment 
area can simultaneously be allocated to crop produc
tion. The constraint being specified as: 

AP < CA+ IA [4b] 

where AP = area planted. 
CA = catchment area. and 
IA = irrigable area. 

If the catchment area is cropped, infiltration will in

crease and the runoffgenerated Would probably be less 
than if it is not cropped. It is assumed that the reservoir 
is located between the catchment and the irrigable area. 
but this constraint can be relaxed, if puml)ing costs are 
incorporated for irrigation above the reservoir. 

The second component of the economic model is 
fixed costs. Fixed costs are a function of irrigation 
method, size of different parts of the system, slope of the 

ground. and soil type. These relationships are specified 
by: 

FCCA = f(CA. SI, ST) [5a] 
FCD = f(D .. SI, ST) [5b] 
FCIA = f(IA. SI. ST. IM) [5c] 

where FCCA = fixed cost of catchment area, 
CA = catchment area, 
SI = slope. 
ST = soil type. 
FCD = fixed cost of reservoir. 

http:ADD,.S.E,.OF
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D = maximum storage volume in reservoir, to rank alternative management or Investment alterna-
FCIA = fixed cost of irrigable area, and tives, given the highly variable nature of profits in many 
IM = irrigation method. rainfed systems. Stochastic Dominance uses the rela

tionships between tie cumulative probability distribu-
These costs include the costs of construction and main- tion functions (CDFs) of alternative plans to identify 
tenance of the system. their relative merits. One CDF dominates another by 

The third component of the economic model is the first-degree stochastic dominance if' tile cumulative 
variable costs. These are a function of the area planted. probability at all outcomes is less than or equal to tile 
plant spacing, fertilizer application, weed and pest cumulative probability of the alternative with the fhe
management, and the frequency and volume of water quality holding for at least one output level. One CDF 
applied. This relationship is: dominates another by second-degree stochastic domi

nance (that is,it is preferred by all risk averse decision 
VC = f(AP. Sp. F. WPM, I) 161 makers) if the area under the C[)F is always less than or 

equal to the arca under the alternative CDF (3oehlije and 
where VC = variable costs. Eidnan, 1984). 

AP = area planted. System design can vary in several different ways. 
Sp = spacing. One difference can be in the relative allocation of land to 
F = fertilizer. catchment and irrigable areas and the relative allocation 
WPM = weed and pest management. and to rainfed productionl. irrigated crop production, or 
I= irrigation applied. fallow. Other design f'atures which can be varied in

chide the nature of the irrigation system which may be 
The fourth component of the economic model incor- trickle, flood, or another method.Catchnents. too, can 

porates water management rules. Irrigation water ap- vary. There may be diliering amounts of surface niodifi
plied is a function of the water in the reservoir, crop cation to enhance rnI-1of. Seepage and evaporation 
water demand, and expectations of demands, losses, control are other design fcatures which can he varied. 
and additions in future time periods. This relationship The results are also colparable for the same system 
is: with different decision rules. Decision rules for water use 

can be simple. such as a rule based on the relationship 
I= f(CWD,. D, . ADD". SUB", CWDe) [71 between water demand this timel period and tie volume 

of water in the reservoir at the start of the period. 
where I = irrigation applied, Alternatively, they can be more complex incorporating 

expectations as to fltLr'e denands and supply and the 
CWD = crop water demand, value of current consumption relative to delayed con-
ADD = additional water added to storage, sumption. Similarly. dificrent decision rules can be used 
SUB = tile sumr of all losses from storage. and to account for tie use of fertilizer and other inputs. 
e = expectation for all future time periods this 	 In interpreting the results ofthc systcm, it is impor

season. 	 tant not only to look at the end results of average. 
minimnln andlmaxiiitii profits, but also to under
stand why these results occurred. It is essential for the 

model to provide the inlormation necessary to develop anSummary 
explanation or else it remains a "black box". The model 

Together. these sub-models allow the prediction of provides this insight by indicating tile size and distribu

the effects of different weather conditions and different tion of water flows and water demand in each time 

management strategies on the system. The effects can be period. Where denmand for water exceeds availability in 

seen in terms of both physical and economic variables, any time period, tile prodLuctive system is constrained. 

This allows the decision maker to determine rules that Tie model is constructed in such a way that it is 

can generate outcomes which fit any specified objective usable in different locations with minimal adaptation. 

function. This overcomes the site specific nature of the recommen
dations which result from models such as those of 
Pandey (1984) and Clewett (1985). The use of a spread

a simple matter to incorporate differentDiscussion 	 sheet makes it 
climatic, economic, or technical data into the model 
when the researcher wants to model water harvestingThe model s primary use Is for comparing alternative 	 and supplenmental irrigation ill a new location. Given this 
anSupe ntlirgioi aewocin.Gvnhsinvestment decisions. It can be used to estimate thebenefitsorprofitsfrominvestment b an timlatewter 	 flexibility, the franlework is useful tlroughout the worlddci s 

benefits or profits from investment in a particular water wherever water harvesting and supplemental irrigation
harvesting and supplemental irrigation systenm. These Is considered as a potential solution to thle problenms of 

to invest. 1benefits can be compared with choosing not 
choosing to invest in a system of different design, or for 	 dryland agriculture. 'iansferability is dependent on the
choosing tohivest in system ofsindifferent dei of availability of appropriate data to facilitate accu.ate 
choosing the same system design with different decision specification of the model in any context. This refine

ment is necessary to make the model a useful tool for
Stochastic dominance analysis is a convenient way 
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investment analysis and policy evaluation. 
This model contributes to understanding the eco-

nomics of water harvesting by providing a framework to 

generate the information necessary to make investment 
decisions. This is particularly useful when seeking to 
deisiornswthis isapartiarlysn iPacey,
discern whether water harvesting is a potential solution 
to desertification in any given location. It also has wider 
applicability in that it extends the economic efficiency 
analysis of water use into the area of rainfed and 
supplementally irrigated agriculture. 
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Introduction 

Markets for water have been advocated to avoid 
conflicts over use and to assure efficiency (Trelease. 
1961; Hartman and Seastone, 1970). Efficiency gains 
from market allocation of water have been well estab-
lished (Burness and Quirk; 1980: and Eheart et al., 
1983). However, due to certain unique physical features 
of water, allocation efficiency depends critically on the 
nature of the market system. One feature is that water 
exchanges may affect the rights of third parties (Johnson 
et al., 1981). Such third-party effects place practical 
limits on the geographic scope of water exchanges, quite 
likely resulting in a "thin"market, i.e.. a market with few 
eligible participants. 

In the context of dryland farming, water markets 
could perform a number of other functions besides as-
suring efficiency in water allocation. The economic value 
of water can provide incentives for farmers to adopt soil 
and other resource conservation practices. It can also 
generate supplementary income to dryland farmers, in 
the sense that farmers who have invested in storing wa-
ter which would have run off otherwise, can sell waters 
to others having soils with poor water holding capacity, 
In short, a water market, by generating the value for 
water, can encourage conservation practices and invest-
ment in run offwater harvesting. Thin or small markets 
will also be prevalent even in this context of dryland 
farming as water from a small pond may be traded. 

In this paper, this efficiency aspect of a thin market 
is illustrated using a supplementally irrigated farming 
condition. But the model and the general approach is 
highly relevant to dryland farming conditions as well. 

Thin markets have the potential for strategic behav-
ior and manipulation by the participants. Unless suit
able trade rules are designed to counter strategic ma-
nipulation, the efficiency gains of a market system 
cannot be fully realized. Using a game theoretic ap-
proach, the present paper addresses the issue ofdesign-
ing trade rules to facilitate smooth functioning of a thin 
water market. Numerical results are based on com-
puter-based simulations which mimic the operation of a 
water market involving seven hypothetical farms under 
conditions occurring in the Crane Creek watershed of 
the Kankakee River Basin, Illinois. 

A Game Theoretic Modelf We r Merket MIf 
of Water Market 


The possibility of mutual gain through water trade 
promotes cooperation, but the distribution of gain from 

trade creates conflict. Asituation characterized by the 
simultaneous presence of cooperation and conflict can 
be posed as a multilateral bargaining game. If there 
exists an equilibrium for the game, it will be the multi
lateral bargaining equilibrium (MBE). The MBE among a 
group of n players can be defined by the requirement that 
there should be bilateral bargaining equilibrium (BBE) 
in all bilateral bargains (Ilarsanyi. 1986). Ifan MBE does 
not satisfy the BBE requirement, then there will exist at 
least a pair of players who can gain by redistributing 
their payoff, without at the same time, affecting the 
payoff of the remaining n-2 players. Such an outcome is 
not an equilibrium. Thus, to define the MBE, we have to 
identify the BBE among all possible pairs. There will be 
n(n-1)/2 such pairs. In the context of water exchange, 
the number of possible pairs will be less as bargaining is 
not possible between two buyers or two sellers. 

The Process of Bargaining 

A BBE can be identified using the model of bargain
ing process proposed by Zeuthen (1930). Consider the 
bargaining between two players, 1 and 2. If they reach 
some agreement A, then they will obtain the correspond
ing payoff n,(A) and 7T2(A). If they fail to agree, there 
emerges a conflict situation C, and they will get the 
conflict payoff nI(C)= n 2(C) = 0. The bargaining proceeds 
in stages. Suppose, at stage S,1proposes an arreement 
A, to 2, and 2, in turn, proposes an agreement A2. Each 
proposal involves a split of the proceeds available from 
the agreement between the bargainers. Players propos
als must satisfy the following condition: 

nT,(C) < n,(Aj) < nl(Al) iJ= 1,2 i*j [I] 

That is. i prefers the payoff from his own last proposal to 
that due to his opponent's last proposal, but prefers the 
latter to the conflict payoff. In stage S+I, player i has 
three alternatives: (1) simply repeat the previous pro
posal A,: (2) accept the opponent's previous proposal A; 
or (3) propose a new agreement Al with better payoff to j 
than previous proposal A, but less than J's previous 
proposal A,.That is, the new proposal should satisfy the 
condition: 

nl(A,) < nj(A,') < itj(Aj)iJ= 1.2 1 # J. 121 

a player follows alternatives (2) or (3), we say that he 
makes a concession. If alternative (1) is followed, it 
means that he refuses to make a concession. 

The question is who should make concession at 
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Table 1. Water market performance under different trade rules. 

Land Water Market Total 
Trade rules tenure rights- price Quantity Traders gain 

$ ha-cm no. $ 
Price rule Average Equal AS 51.11 3640 7 76898 

of bid & size ES 56.67 498 3 6911 
offer price 

Unequal AS 52.22 3920 7 92853 
size ES 73.33 909 4 17709 

Bid price 	 Equal AS 51.11 3640 7 76898 
size ES 66.67 322 2 5877 

Unequal AS 53.33 4019 7 95071 
size ES 73.33 909 4 17709 

Offer price 	 Equal AS 51.11 3640 7 76898 
size ES 66.67 322 2 5877 

Unequal AS 53.33 4019 7 95071 
size ES 73.33 909 4 17709 

Price-	 Average Equal AS 46.67 3045 6 60247 
quantity 	 of bid & size ES 73.33 970 5 10411 
rule 	 offer 

price Unequal AS 54.44 4019 7 95071 
size ES 74.44 1192 5 12542 

Bid price 	 Equal AS 48.89 28.38 6 58343 
size ES 73.33 970 5 10411 

Unequal AS 53.33 4019 7 95071 
size ES 75.56 1150 6 10857
 

Offer price 	 Equal AS 48.89 2838 6 58343 
size ES 73.33 970 5 10411
 

Unequal AS 53.33 4019 7 95071 
size ES 75.56 1150 6 10857
 

AS = Appropriative System, ES = Equal sharing system. 

every stage. Only 	 a player with a weak bargaining Trade rules, institutions, and 

position will make concession at any stage. The bargain-	 bargainingequilibrium 
ing strength of a player i is determined by his risk limit 
which can be defined as: When the players reach an agreement A, they essen

tially agree to follow a particularjoint action that achieves 

-1 -[31 the payoff vector corresponding to A. While trade rules 
establish the basic bargainging rules, institutions like 

While, the numerator in 131 represents the opportunity water rights system and land tenure will determine the 

cost to player i ofaccepting the agreement atJ's term, the bargaining environment for bilateral bargaining. Differ

denominator represents the opportunity cost of a con- ent trade rules can induce different joint actions, pay

flict. In view of equation [11, 0 > r, > I when r, is zero (i.e., offs, and, hence, agreements between a pair of traders. 
it,(A,) = i(A 1)j, the players have essentially reached an Since one of the BBE Is going to be the MBE that will 

agreement. If r,is I (i.e., 7r(Ak)= n,(C)), thenj has made an represent the ultimate water market equilibrium, vari

unacceptable proposal to i. Regarding who should make ations In trade rules and institutional conditions at the 

a concession at any stage, the bargainers will follow the bilateral bargaining level will ultimately be reflected in 
decision rule: (i) If r, < r,. player I will make the next the water market equilibrium. In the follow,, , analysis, 

concession as he is less willing to risk a conflict, (ii) if r, six different trade rules are considered. Each rule con

> r. playerJ will make the next concession as he is less sists of a bid and offer specification (price bid and offer, 

wiAing to risk a conflict, and (iii) when r = r , both players and price-quantity bid and offer) and one of three price 

will make concessions until they strike a bargain (i.e., r, formation mechanisms (average of bid and offer prices, 

= rj = 0). buyer's bid price, and seller's offer price). These trade 



Table 2. Range or spread of bid and offer values on a per-ha basis. 

Land Water Lowest Highest Lowest 
tenure rights, b d bid offer 

Equal ES 27.38 71.93 40.73 

size AS 68.18 115.84 14.51 


Unequal ES 32.87 97.78 27.38 

size AS 68.18 132.44 14.51 


'AS = Appropriative System, ES = Equal sharing system. 

rules are evaluated under four institutional conditions 

based on two water rights systems (equal sharing and 

appropriative system) and two land tenure systems 

(identical land size and non-identical land size). The 

efficiency of the respective trade rules are measured in 

terms of equilibrium price, volume of trade, number of 

participants, and total gain from trade, 


Numerical Procedures 

Water-yield functions for corn (Zea mays L.) ofseven 
farms located in the Crane Creek watershed ofKankakee 
River Basin, Illinois, were estimated using a temporal 
version of the yield model of Stewart and Hagen (1970). 
Total amount ofwater available for irrigation from Crane 
Creek is assumed to be 10287 ha-cm. A Fortran program 
was written to simulate thewatermarketequilibriumvia 
the bargaining model described above under different 
trade rules and institutional cond!tions. The water bid 
and offer values are derived from the yield functions. The 
BBE prices were identified for each possible pair of 
buyers and sellers. Then, at each such equilibrium 
price, all players were allowed to buy or sell in order to 
find the equilibrium that will result in the highest total 
gain from trade. The BBE that results in the highest gain 
was identified as the MBE. The MBE was also evaluated 
for its stability property by checking whether any pair of 
players have incentive to deviate from it. The stable MBE 
is identified as the equilibrium of the water market. The

i 
equilibrium price, volume of trade, number of partici-
pants, and total gain at the water market equilibrium 
emerging from different trade rules and institutional 
conditions are summarized in Table 1. 

Conclusion 

The price-quantity rule seems to bring about better 
market performance under an appropriative system 
with non-identical farms and an equal sharing system 
with identical farms. The price rule results in better 
market performance under an appropriative system 
with identical farms and an equal sharing system with 
non-identical farms. The reasons behind the results are 
as follows: water rights and land tenure systems create 
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Highest Bid Offer Disparity 
offer spread spread index 

$ 

97.78 44.56 57.04 12.49 
132.44 47.67 117.93 70.27 

123.64 64.91 96.27 31.36 
27.38 64.27 12.87 51.40 

disparity between water requirements and water avalla
bility at the individual farm level. These disparities are 
ultimately reflected in the range or spread of the bid and 
offer values (Table 2). The absolute difference between 
the spreads of bid values and offer values provide an 
index of the overall disparity between water requirement 
and water availability. The lesser the value of this index, 
the lesser is the disparity between quantity demanded 
and supplied. In such cases, bargaining quantity along 
with price seems appropriate. The larger the value of the 
index, the greater is the disparity between quantity 
demanded and Eupplied, and in this case, price rule 
seems appropriate. The results indicate that trade rules 
have a definite effect over the performance of water 
market. But, the answer to the question of why the 
effectiveness of trade rules varies over different institu
tional conditions is not clear at this point. However, 
research is underway to study how the Joint effect of 
water rights, land tenure, and production conditions 
determines the robustness of trade rules using Monte
carlo type simulations. 
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Introduction 

The behaviorof farm firms in an uncertain economic 
environment has been of interest to decision scientists 
for quite some time. In studying farmers behavior Linder 
uncertainty, various alternative paradigms have been 
developed and empirically tested for their adequacy and 
usefulness. Hazell and Scandizzo (1974) and Paris 
(1979) are examples ofthe large number of studies which 
developed several variants of risk programming models. 
Several empirical investigations have also been made 
using these models in selecting optimal crop mix and in 
testing the behavioral assumptions of the producers 
toward risk (Hazell. 1971: Mapp et al., 1979: Lambert 
and McCarl, 1985). However, there exists very little 
systematic information for understanding the risk be-
havior of dryland subsistence farmers facing uncertain 
weather conditions. It is also not clear how a dryland 
farmer subjected to a risky economic environment will 
react to various policy alternatives of the government, 
since policies could affect other input constraints faced 
by the farmer. Binswanger (1980). using an experimen-
tal gamblirg approach to study the attitudes toward risk 
of farmers of semi-arid rural India. concluded that the 
differences in investment behavior among farmers have 
to be explained by the differences in their constraint 
sets, such as access to credit, marketing, and other 
input constraints rather than their risk attitudes. 

Given these results, this paper addresses three 
tasks. The first is to study the allocative behavior of the 
farmers facing.risky production opportunities using an 
objective dist .: ition of their net return. The second is 
to verify the '.ults of Binswanger (1980), using an 
objective distribution of net returns for a group of 
dryland farmers in Southern India. The last is to explain 
differences in the Investment behavior of subsistence 
farmers given the various constraint sets faced by them. 

Theoretical Framework 

The following behavioral assumptions are made in 
the analysis. The farmers are assumed to maximize 
expected utility with concave preferences. The distribu-

tion of the net income of the farmers or the form of the 
utility function is such that the conditions for the 
standard mean variance model hold: that Is,expected 
utility depends only on two parameters, namely, the 
mean and the variance of the risky outcomes (Markow
itz, 1959; Meyer 1987). 

Ifthe vector ofcrop net returns, X. is distributed with 
mean, M, and variance-covariauice matrix, S,the farm 
level optimization model can be written as: 

Max E[U(X)] = Max J = M'C - (R/2)C'SC 
subject to. PC < Q Icredit and other input constraints, 

C > 0 1non negativity constraint, 

where: E [U(X) I is expected utility of net returns, C is a 
(n x 1)vector of crop production activities, P is a (mx n) 
matrix of input requirement coefficients for the crops, Q 
is a (mx 1)vector of credit and other input availabilities, 
and R is a measure of risk aversion. 

The above quadratic programming model is used to 
detcrmine the optimal crop plan that is consistent with 
the observed behavior of the farmer by comparing the 
solutions of the model obtained under various degrees of 
risk aversion. The risk attitude of the farmer is approxi
mated by the degree of risk aversion that yields the 
solution for the model that is similar to the actual 
behavior of the farmers (Hazell, 1982). 

Dryland Farming with Credit Policies 

In general, credit for crop production is obtained 
from two sources. The major institutional source in the 
study area is the nationalized banks under the Inte
grated Rural Development Program which provide short
term crop loans for crop production. The amount of the 
loan is directly related to the resource base of the farmer 
and the crops grown. The second noninstitutional 
source of credit is the money lender. One of the 
important characteristics of the loan from the money 
lender is that It Is costlier than institutional loans. These 
two credit sources are used as constraints faced by the 
farmers. The data used In this case study relate to two 
dry farming villages of the Madurai District In Southern 
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Table 1. Crop allocations at various levels of risk aversion for three types of farmers. 

Type of 
farmer Crops 

Small - Ib Sorghum 
Pearl millet 
Cotton 
Groundnut 

Small - 2 Sorghum 
Pearl millet 
Cotton 
Groundnut 

Medium - I Sorghum 
Pearl millet 
Cotton 
Groundnut 

Medium - 2 Sorghum 
Pearl millet 
Cotton 
Groundnut 

Large - 1 Sorghum 
Pearl millet 
Cotton 
Groundnut 

Large - 2 Sorghum 
Pearl millet 
Cotton 
Groundnut 

Actual 
acres' 

2.10 
0.80 
0.60 
0.50 

1.80 
0.60 
1.00 
0.60 

2.20 
1.90 
4.30 
3.60 

2.10 
1.36 
4.48 
4.06 

3.10 
3.00 

10.20 
6.70 

3.10 
3.02 

10.16 
6.72 

0.0 

4.0 
0 
0 
0 

4.0 
0 
0 
0 

6.18 
4.20 
1.62 

0 

5.22 
4.32 
1.84 
0.62 

2.12 
1.26 

14.68 
4.64 


2.16 
1.28 

14.62 
4.94 

Levels of Risk Aversion (R) 
0.0008 0.001 0.006 

3.90 2.50 2,13 
0.10 1.20 0.65 

0 0.30 0.76 
0 0 

3.80 2.50 1.86 
0.20 1.00 0.52 

0 0.50 0.9Q 
0 0 0.63 

5.62 2.26 1.86 
2.70 1.84 1.21 
2.48 4I.1 5.78 
1.20 3.69 3.15 

4.31 2.06 1.81 
3.15 1.42 0.81 
3.12 4.30 5.82 
1.42 4.22 3.56 

3.18 4.91 6.21 
3.32 5.33 6.19 
10.37 9.11 7.32 
6.13 3.65 3.28 

3.16 4.93 6.21 
3.37 5.38 6.19 
10,41 9.21 7.32 
f 3.48 3.28 

Hectares + 2.471 = acres. 
b I - scenario without institutional credit, 2 - scenario with institutional credit. 

Tamilnadu, India. There are four major crops grown by 
the farmers of this area, forming 86% of the total area 
sown in the Madurai District, namely, sorghum [Sor-
ghum bicolor(L.) Moench] and pearl millet (Pennisetum 
americanum (L.) Leeble] (food crops) and rainfed cotton 
(Gossypium hirsutum L.) and groundnut (Arachis 
hypogaea L.)(cash crops). Three types of farms with 
differing resource bases are considered In this case 
study. A farmer owning an area of 6 ha (15 acres) or more 
is considered a large farmer, a medium farmer is one who 
owns an area of 3 to 6 ha (7 to 15 acres), and others are 
considered as small farmers. The data pertains to a total 
sample of 63 farmers, including 15 large farmers, 26 
medium farmers, and 22 small farmers with an average 
holding of 9, 5, and 1.5 ha (about 23, 12, and 4 acres), 
respectively, for the study area. 

The expected returns from the four crop enterprises 
were calculated for the above three types of farms using 
the market prices of inputs and outputs prevailing 
during 1985 and the farm level input use and yield data. 
The variance/covariance matrix of these expected re-
turns was estimated using cross sectional data on these 
farmer- The availability of credit varies according to the 
resource base of the farmer. It is assumed in this case 
study, that the availability of credit from one source is 
independent of the other source. Two scenarios are 
analyzed to observe the pattern of change in risk atti-

tudes towards the institutional credit. Scenario one is 
without the institutional credit where the farmers de
pend solely on the money lenders, and the second 
scenario uses the credit from the institutional banks 
with a limit on availability. 

Results and Discussion 

Table 1 presents the solutions of the model analyzed 
In this case study when applied to the three types of 
farmers with and without institutional credit. The model 
was repeated for various values of the absolute risk 
aversion coefficient (0.0 - 0. 1) and the relevant results 
that coincide with the actual crop mix is presented for 
the three farmer types. 

The dryland farmers are not risk neutral irrespective 
of their resource base. The degree of risk aversion 
decreases with land holding, supporting the validity of 
the behavioral assumption of Decreasing Absolute Risk 
Aversion (DARA). The model results show that the large, 
medium, and small farmers had an absolute risk aver
sion level of 0.0008, 0.001, and 0.006, respectively. The 
role of institutional credit plays an important role in the 
crop production of the small and medium farmers. At 
the level of risk aversion which coincides with the actual 
selection of portfolio, the availability of bank credit to 
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small farmers increased their land allocation towards 
more risky cash crops. namely. groundnuts and cotton. 
A similar conclusion holds for the medium farmers, 
However. the large farmers' choices were not affected by 
the Introduction of institutional credit. This may be due 
to the fact that large farmers depend less on banks for 
short-term loans than the other types of farmers. This 
shows, at least for small and medium farmers, that the 
difference in investment behavior among farmers can be 
explained by the differences in their constraint sets, 
such as access to credit and other input constraints, 
supporting the results of Binswanger (1980). 

However, it should be noted that there is no remark-

able change in investment behavior of the farmers when 

bank credit is introduced, though a slight reallocation 
towards risky portfolios was observed. This result for all 

types of farmers tends to suggest that the money lenders 
are adequately meeting the credit needs of the farmers, 
and they do not shift easily towards governmental credit 
programs since the money lenders are assured sources 
of credit for the farmers. Further research would involve 
analyzing the liquidity aspects of institutional credit, 

A look at farmers behavior when we assume risk 

neutrality reveals that the small farmers would invest all 

their resource in sorghum, a crop with moderate income 
with less requirements of other inputs, and would not 
venture on producing cash crops. The medium farmers 
also plant more sorghum and pearl millet than cotton 
and groundnut. However, the large farmers invested 
more in cotton and reduced investments in low return 
crops. This could be explained by the risk aversion 
coefficient of the large farmers which is closer to zero 

(0.0008)and also the large resource base which enables 
them to diversify between crops easily. 
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Introduction 

The objective of this analysis was the financial 
assessment of farm-level impacts of the Crop Insurance 
Program in Canada. For these purposes, synthetic farm 
model simulations were conducted in the absence of 
survey-based farm data for revenues and costs, includ-
ing Crop Insurance premiums and payments under 

different loss scenarios. The three primary dependent 
variables that were used throughout most ofthe analysis 
were: impacts of annual net farm income, cash balance, 
and total assets. Other internediate variables consid-
ered in the simulations included: farm size, interest 
rates, level of indebtedness (short- and long-term), and 
soil quality. The Dryland Crop Enterprise Model of the 
Prairies. which was developed principally by Dr. Robert 
Zentner of Agriculture Canada's Research Station at 
Swift Current. Saskatchewan. was used for the simula-
tions. This sophisticated computer modelling approach 
has the flexibility to accommodate many relations and 
temporal aspects of stochastic systems, as well as the 
ability to handle many of the dynamic aspects of the 

production processes involved. Saskatchewan farms 
were selected to estimate the impact of the Federal Crop 
Insurance Program. 

Logic of the Dryland Crop Enterprise 
(DCE)Model 


The DCE model is a sophisticated computer simula-
tion model which has been modified for other policy 
analyses, including the financial impacts due to changes 
in freight rates on model farms and the impacts ofenergy 
costs. The model itself has three major components: (1) 
a FORTRAN program (or source program) that contains 
the skeletal relationship and interrelations of the bio-
logical, physical, and economic processes comprising 
the production environment of the farm; (2) the "base 
data block" comprises feasible production alternatives, 
production coefficients for the specific relationships 
contained in the model, and the technical information 
and data necessary to budget any production plan; and 
(3)the "control data block" (or input data block) contains 
information and data specific to the hypothetical farm 
situation(s) being simulated. This information is used to 

I)delete the production alternatives not considered: ii) 

supplement the base data block with information on 
resource supplies, expected prices, financial position. 
living costs, etc.: iii) adjust production coefficients and 
technical information in the base data block to make 
them specific to the farm situation being modelled: and 
iv) instruct the model as to the manner in which the 
information provided is to be processed. 

The model has three stages. In the first stage, the 
source program is initialized, and the base data and 
control data blocks are read. The production coefficients 
contained in the base data block are then modified to 
make them conform to the test farm. The model then 
proceeds through a routine where it selects a set of 
production alternatives from those remaining which is 
used to make up the production plan being evaluated. 
The model's methodology for choosing the production 
plan is accomplished by the "Monte Carlo" approach, 
which is introduced during the first stage. The Monte 
Carlo simulation has the ability to impose practical 
detail and real world conditions upon an abstract or 
generalized model. 

The second stage of the model is the evaluation of the 
selected plan. This begins with the comparison of the 
resources available on the farm, and the resources 
required for the plan. The model transforms the plan into 
several jobs that must be carried out throughout the 
year and dentifies the physical resources required. 

The final stage of the model proceeds through a 
budgeting phase. The comparison of resources required 
to that of resources available for each job and period are 
examined. If an imbalance exists, it is satisfied through 
purchase or rental. Expenses, receipts, resources used, 
product(s) produced, etc., are recorded in the model. The 
necessary technical data to perform the budgeting cal
culations are stored in the base data block. 

The DCE model repeats the second and third stages 
for each year of the time horizon (I to 10 years). Once the 
production plan has been budgeted to the end ofthe time 
period, the evaluation of the plan is completed and a 
listing byyear of resources, receipts and expenses. man
hours used, crop insurance receipts and premiums, 
assets and liabilities, etc., and summary tables are 
printed. 
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The objective of a budget approach is "to Identify the 
effect of a single change on farm output, expenses, and 
income, assuming that all other aspects of the farm 
operation stay the same." By disallowing farm land 
growth. it eliminates the possibility of a farm escaping 
debt by selling part of the farm or disallows large 
purchases of land, which would increase its indebted-
ness or decrease its cash balance. However, it allows for 
the replacement of equipment when its usefulness has 
expired. In this way, the land size variable is held 
constant and the financial variables can be controlled. 
This permits the use of benchmarks (e.g., farm size or 
levels of indebtedness) upon which to evaluate the crop 
insurance programs with respect to selected financial 
indicators (e.g.. net farm income, cash balances, and 
gross assets positions). 

The ylelds and Crop Insurance Program related data 
(e.g., premiums. coverage per acre, etc.) used to opera-
tionalize the model were based on government collected 
data and included all the necessary information to 
calculate premiums and indemnities. 

The system model permits an assessment of the 
impact of crop insurance payments of various magni-
tudes on farms that differ in size. crop types, crop 
mixtures. etc. The model simulates, among other items, 
the financial consequences over a 10-year period of 
various farm-level management decisions, thereby 
addressing the crucial question of the financial viability 
of farm operations under simulated losses with and 
without crop insurance. 

The key assumptions underlying the behavior of the 
model farms were specified by the analysts, 

Modifications 

Modifications to the DCE model encompassed all 
three components of the model. The major ones include 
the following: i) updating the technological coefficients 
and input requirements: ii) defining farm types by soil 
zone (brown. dark brown, and black), farm size (large 
and small), and risk propensity (high and low) based on 
variability in average yields of risk areas; Ill) designing 
and inserting a more comprehensive crop insurance 
subroutine based on actual premium tables and calcu-
lations: and Iv) presenting a realistic environment of the 
farm situation with regard to equipment inventories, 
land values, cash-on-hand, cropping patterns, etc. 

Conduct of the Simulation 

The simulations were canied out in a two-stage 
approach. The first stage was to isolate the impact of key 
assumptions regarding the dates of acquisition of the 
farms and their corresponding levels of long-term In-
debtedness on the endogenous variables (e.g.. changes 
in net farm income, cash balances, and gross asset 
positions). The findings of these first stage simulations 
were the basis for Identifying the feasible financial debt 
structure for the model farms simulated. 

The farm models used in the second stage of the 
analysis were designed to simulate farms purchased in 
1962 and operated from 1983 to 1992 - their third 
decade. Assumptions of the farm debt structures, crop
ping patterns, and equipment Inventories were based on 
those which would likely have existed for the farm 
simulations of the appropriate size in the particular risk 
area being modelled. The DCE model was free to adjust 
the equipment inventory and obtain new loans at cur
rent interest rates. 

Simulations of the base case (no production-related 
crop losses, and constant 1982 prices throughout the 
testing period. 1983-1992) resulted in highly-correlated 
net farm income effects for several ofthe 12 farm models; 
thus, it was possible to reduce the 12 farm models to five. 
In order to assess the effects of crop insurance, it was 
decided to treat yields in an experimental manner. All 
five model farms were simulated using annual yields for 
each crop in the risk/soil zone over the test period: this 
corresponded to a "no crop loss" framework. 

The first set of farm models with crop insurance 
participation included the coverage level for which the 
greatest preference was identified, namely, 70%. Thus, 
in order to trigger a crop insurance pay-out, losses had 
to exceed 30%of the average. Six different loss scenarios 
were simulated in Years 2. 2 and 3, and 2 and 6 for both 
50 to 90% of crop yield. The losses applied to all crops 
within each farm model so that changes in cropping 
pattern would have minimal effect. A second set of 
computer runs duplicated these, but with participation 
in crop insurance eliminated. Differences between the 
two sets were then examined to determine the Impacts of 
crop insurance participation under different loss condi
tions and for sets of farms with different characteristics 
(soil categories, risk in yield variability, and for small or 
large farms). 

Results 

The simulations generated the following results: i) 
farm operations with considerable outstanding debt at 
recent interest rates were extremely vulnerable to even 
temporary disruptions in their cash positions. Under 
such circumstances, the availability of crop insurance 
made little difference to their serious liquidity problems 
which could lead to bankruptcy: ii) for farm models with 
relatively light debt loads, the presence of crop insur

ance appeared to be quite significant; Ill) when no 
assumed losses occurred over a 10-year period, the 
deduction of premiums accumulated to more than a 
year's average net farm Income: iv) under conditions of 
moderate losses (e.g.. 50% in Year 2, or in Years 2 and 
6), farmers would be indifferent between crop insurance 
participation and non-participation; and v) for larger 
losscs, the use of the crop insurance program enabled 
the synthetic farm model to significantly Improve their 
financial positions. 

Soil zone was found to have less influence on these 
results than farm size; large farms were found to be more 
vulnerable financially to crop losses than small farms. 
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Introduction 

A considerable amount of research effort has been 
focused on developing numerous dryland technologies, 
but limited attention has been given to a study of the 
issues concerned with the adoption of these technolo-
gies at the farm level. The purpose of this paper is to 
critically examine the process of dissemination of dry-
land technologies at various levels. i.e., farm, extension, 
and research levels. Data collected from a multi-level 
survey conducted in the villages of semi-arid tropical 
India will be used in this paper. Though there are many 
issues worthy of study, we have chosen the following 
four components that deserve immediate attention by 
personnel concerned with the dissemination of dryland 
technologies: (1) to identify the reasons for low adoption 
of dryland technologies at the farm level, (2) to analyze 
the technical competencies of extension agents regard-
ing dryland technologies, (3) to examine the relevance of 
dryland technologics developed and their adaptability to 
local farming conditions, and (4) to develop a dissemina-
tion and utilization model of an integrated delivery 
system for the effective adoption of location-specific 
dryland technologies with a broad goal to obtain sus
tained productivity. 

Methodology and Data 

Two dryland region villages were randomly selected 
from a list of dryland villages in the Chengalpattu 
District of Tamilnadu State, India. Ten farmers were 
chosen from each of the following strata: (a) small 
contact farmers (size of holding < 1.0 ha (2.5 acres)), (b) 
big contact farmers (size of holding > 1.0 ha (2.5 acres)), 
(c) small non-contact farmers, and (d) big non-contact 
farmers. A contact farmer is one who is selected under 

the zonal workshop of the Training and Visit System for 

the Khariff (cropping season) 1986 were tested in the 
field to find their relevance. 

Results and Discussion 

Complexities involved in working with a seed and 
fertilizer drill, especially when the clayey soil has a high 
water content, is a major limiting factor in dryland areas. 
Availability of farmyard manure and its insignificant 
impact on rice (Oryza sativa)yields prevent farmers from 
adopting this technology. Alternative cropping strate
gies have a tremendous impact on the net returns of 
farmers. However, unavailability of seeds for recom
mended alternative crops forms the major factor for the 
poor adoption of this technology. Pre-seeding treatment 
of rice with a potassium chloride solution is a good 
cultural practice to help it resist droughty conditions. 
However, farmers are reluctant to treat their seeds 
because they do not directly observe the benefits. 

Technical Competencies of Extension Agents 

An analysis of the monitoring and evaluation data of 
the state department of agriculture in Tamilnadu, India, 
showed that not much emphasis is being given to the 
crop-specific dryiand technologies during the training 
programs of the Training and Visit System. It was clear 
that concepts of dryland water management were not 
finding a place in the lesson plans of extension agents' 
training sessions. Further, the number of method and 
skill demonstrations conducted in relation to these 
technologies was low. 

Relevance of Technology 

the Training and Visit System to act as a link between 
extension agents anC ie farming community. The data 
collected by the Mon oring and Evaluation Unit of the 
Joint Directorate of Agriculture, Chengalpattu District, 
Tamilnadu State, was utilized to analyze the skill and 
technicalcompetenciesofextensionagentsindelivering 
dryland technologies. Technologies communicated by 
research scientists to the extension personnel during 

Some dryland technologies, though available in the 
vicinity, were not applicable because they were too 
sophisticated and not adequately simplified. Unsuitabil
ity of the technology for the socio-economic conditions of 
the farmers restricted it further transfer for the needy 
(B3hatnagar, 1981). Out of 12 technologies communi
cated by researchers to extension personnel during the 
zonal workshop conducted during the 1986 Khariff 
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cropping season, five technologies were found to be agement for irrigation would be of great help in regions 
irrelevant to the local environmental conditions of the where run-off is a problem. 
farmers (State Department of Agriculture, 1987). For Local plannlngand participation from farmers should 
example, farmers were taught how to build and utilize be sought by extension agents before dissemination of 
ponds in their farming operations. However, about 82% dryland technology, especially in watershed construc
of the semi-dry and dryland areas are farmed by mar- tion. The joint use of professional outsiders' and rural 
ginal and small farmers whose operational holdings peasants' indigenous knowledge would be the best solu

range from 0.4 to 1.2 ha (I to 3 acres) (State Department tion to tackle the problems associated with the dissemi
of Agriculture, 1986). Allocation of a certain portion of nation of technologies at the farmer's field (Chambers, 
their small piece of land for constructing ponds would 1986). Farmers' understanding of the topography of 

reduce their cultivated area to a great extent. Other their land helps in the construction of watersheds. 

recommended technologies which are not relevant to Coordination among organizations is essential 
certain local conditions include: a) random tie ridging, b) throughout the process of dissemination and utilization. 

application of anti-evaporation compounds, and c) in- Coordination between research and extension is impor
sert bitumen plastic sheets below crop roots. tant during the innovation stage. Farmers should be 

involved during the validation stage. During the dis
semination stage, coordination among extension and 

Dissemination and Utilization Model 	 support service organizations plays a significant role in 
the timely availability of inputs. 

A dissemination and utilization model of an inte
grated delivery system for dryland technologies was 
developed based on the information and problems pre

viously discussed. The model exhibits the existing link
ages and the missing or needed linkages for an effective An attempt was made in this paper to explain the 
process of dissemination and utilization of dryland difficulties in the dissemination and utilization of dry
technologies. During the Innovation stage, researchers land technologies. The results of the rates of adoption of 

must understand that even though selected dryland technologies revealed that farm information, availability 
technologies may have a high payoff value in the long of inputs, and economic feasibility of dryland technolo
run, farmers will be slow in adopting these technologies gies largely determine the adoption at the farm level. 
if they require a high rate of initial investment and are Technical competencies of extension agents in location
not cost-effective in the short run. Sophisticated dryland specific water management techniques need to be im
technologies, such as construction ofa pond in a farmer's proved to help educate dryland farmers in adoption of 

field, though it would help farmers in irrigation to these technologies. Relevance of the dryland technolo

produce two crops in a year, will not be accepted by the gies to the farmers' local conditions is an essential 
farmers if there is a high initial cost. Hence, researchers criteria for acceptance of these technologies. Effective 

must concentrate on developing simple, low cost, and coordination among research, extension, and support 
viable technologies based on thorough feedback from service organizations would go a long waY in formulating 
farmers and extension personnel. an integraled approach for dryland technologies and, 

The technology developed at research stations should thereby, uplifting the socio-economic conditions of dry
be tested in the field through adaptive research tech- land farmers. 

niques, provided there is good interaction among farm
ers, extension agents, and researchers (Wirasinghe, 
1986). It is important that the feedback received from the References 
results of these trials be reflected in the final delivery of 
the technology. Presently, the zonal workshops in India Chambers. R. 1986. Rural Development: Putting the Last First. 
rarely concentrate on the cost-effectiveness or the eco- London: Longman. p. 234. 
nomic benefits of dryland technology. Training ofexten- Bhatnagar, L. 1981. Adaptability ofdryland technology farming 
sion agents should focus on dryland water management conditions. Proceedings of the International Symposium on 

technologies in addition to crop-specific technologies Development and Technology, Transfer for Rainfed Agricul

such as: a) identification of micro-catchment areas, b) ture and SAT farmer, ICRISAT, India. 28 August 1 to 

measuring water requirements for dryland crops, c) September 1979. 

State Department of Agriculture. 1986. Status Report. (Dep.
maintenance of watersheds. d) runoff retention. and e) Rep. No. 153). Tamil Nadu, India. 
construction of bunds and terraces.Re.N.13.Tmlad.Ii. State Department of Agriculture. 1987. Monitoring ,nd Evalu-

Conducting training about dryland crop technolo- ation Report. (M&E Rep. No. 46). Tamil Nadu. India. 
gies without developing the concepts of water manage- Wirasinghe, K. 1986. On farm validation In heterogenous 
ment would be of minimum value. Method demonstra- Srilankan environment. In M. Cemea and J. F. Russel (eds.) 
tions on water harvesting technology and run-off man- Research-extension-farmer: A two way continuum for agri

cultural development. Washington, D.C.: The World Bank. 
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Introduction 

In most of the less developed countries (LDCs), the 
emphasis to attain self-sufficiency in meeting domestic 
food and fiber demands has resulted in intensive use of 
limited agricultural resources, especially land. To meet 
this objective, even the less productive marginal lands 
have been brought under cultivation. This exhaustive 
use of land, particularly in rainfed areas, has resulted in 
serious problems such as soil erosion and water stress. 
The loss of organic matter and nutrient-rich top soil 
adversely effects the water-holding capacity of the land 
and, !-n turn, lowers farm productivity. The shortage of 
available soil water during critical periods of crop growth 
has severe implications lbr crops and varieties best 
suited for production (Colacicco and Setia. 1988). 

Evaluation of alternative farming methods is a must 
since the majority of farmers have scarce resources. To 
increase farm productivity and to meet family needs for 
food and fuel, farmers need to make the best use of their 
limited resources. Though the criterion for investment in 
new soil and water conserving technologies is to be 
based on economic evaluation, the financial implica-
tions of adopting these technologies requires considera-
tion of farmers' objectives and available resources. The 
recommended technologies must be appropriate for 
local physical. social, and economic conditions, 

In implementing new soil and water conserving 
technologies, there is increasing emphasis on having a 
complementary relationship between conservation and 
production. For example, adoption of conservation till-
age does not only conserve productive top soil and 
available water and reduce off-site damages, but also 
results in increased farm income (Crosson, 1981). The 
new focus to manage soil and water, insects, pests, and 
disease is to make farmers realize that ecologically and 
environmentally-balanced agriculture remains produc-
tive in the long run, particularly when the short-term 
adjustments do not significantly reduce profits. This is 
achieved by means of substituting more management 
and labor for less fertilizer and pesticides, as well as 
conserving productive soil and available water. The key 
to successful achievement ofthese goals is to identify the 
appropriate technologies which reduce production cost, 
on-site and off-site damages caused by soil erosion, meet 
farmers' expectations, and utilize available resources in 

the best possible manner while still maintaining or 
increasing income. 

A widespread adoption of new technologies poses 
some challenges and indirect costs to farmers and the 
society. During the transition period, there may be a 
drop in yields and, hence, lower revenue in spite of 
reduced production costs due to requirements of high 
managerial skills and strict operating schedules. How 
farmers perceive the risks in changing and adjusting to 
new technologies will have a direct influence on adop
tion. Since new alternatives require more information 
and a high level of management to substitute other 
inputs such as pesticides, etc., individuals with high 
risk aversion and/or limited management skills and 
labor may be slower in transition. Also, it is becoming 
clear that future agricultural and social developments 
will likely place heavy emphasis on conservation and 
environmental and food quality. Hence, it is important to 
develop strategies to meet these multiple goals to in
crease private and social welfare. 

it Is realized that the total impact of implementing a 
particular technology or public program is not always 
known in advance, but decision-makers, including farm 
managers and policymake,':, have to make choices when 
faceo with alternatives. More often than not, the decision 
analysis is attempted with incomplete information and 
stochastic outcomes. The analytical procedure followed 
tinder uncertain conditions serves to "aid" decision
makers in their efforts to sort through the complexities 
of their decision problems. Also, to reap full benefits of 
implementing new and improved technologies. it Is 
necessary to examine the farm, regional, and possibly 
national level impacts of those systems. An approach of 
building the analysis from the bottom up may provide 
useful insights in the successful implementation of a 
program. If alternative plans are evaluated on their 
physical and economic merits, it can help farmers in 
selecting the appropriate technology based on their 
resources and risk preferences. In addition, it prepares 
policymakers in facilitating the adoption ofthat technol
ogy and in predicting and dealing with the regional or 
national impacts. It Is quite possible that a change in 
farming systems may significantly alter input an'. out
put markets by changing the demand for crops, inputs, 
and services. Over time, an increase in income may lead 
to a rise in demand for consumption goods and services 
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Table 1. A scherr.itic representation of soil erosion control under risky environment (SECURE) methodology. 

STEP 1. Soil Productivity Characteristics Estimation 

Input: Location, soil type, topography, degree and length of slope, bulk density, erodibility, soil water rate, initial depth 
of soil layers, nutrient requirement for productivity rebuilding, yield-depth relationship. 

Output: Soil-specific production function and associated soil characteristics. 

STEP 2. Crop Yield Simulation (e.g., SOYGRO. CERES-MAIZE) 

inu Daily weather data, soil profile properties. soil nitrogen dynamics properties, soil profile initial conditions, 
irrigation management data, crop management data, genetic coefficients, and crop-specific coefficients. 

Output: Simulated biomass and water balance components at selected phenological stages, harvest (simulated and 
observed) summary, simulated variables vs time. weather variables and simulated soil water balance vs time, 
and simulated soil nitrogen variables vs time. 

STEP 3. Crop Enterprise Budgets (e.g., CBS, FEDS, MBMS) 

Input: Crop yields and prices, quantities and prices of inputs such as seed, fertilizer, pesticides, lime, machinery and 
equipment, drying cost. ownership costs, labor and management cost for crop rotations and tillage methods. 

Outu: Net income and total operating cost of each system. 

STEP 4. Erosion Control and Soil Water Management (e.g., SSOILEC. CAMPS) 

Input: 	 Discount rate(s), mean, variance and probability specification for crop prices, crop yields an R-factor (rainfall and 
nhnoff factor), covariance between crop prices, covariance between crop yields, crop residue production, yield 
adjustment due to tillage, mechanical control practice factor, cover and management factor, crop rotation, crop 
variety, total operating cost, soil types and depths. soil bulk density, length and slope, crop yields at various 
erosion stages, and exiting system. 

Output: 	 Mean and variamce-covu-iance of net Income and soil loss for selected management systems adjusted for 
weather, yield, and product price uncertainties. 

STEP 5. Optimum Farm/Region Plans (e.g., Quadratic Programming) 

Input: 	 Total land area suitable for crop production, land classification, soil loss quota for the farm/region, probabilities 
of meeting soil loss tolerance level(s), risk aversion factor, mean and variance-covariance of net returns, and 
mean and variance-covariance of soil loss, taxes, subsidies, conservation regulations. 

Output: 	 Mean and variance of net income for each management system adjusted for weather, yield, product price, and 
soil loss uncertainties (mean income-variance path). 

STEP 6. Policy Analysis 

Input: Policy controlled variables such as taxes, subsidies, soil loss quota. restrictions on land use, etc. 
Output: Changes in management system(s) and net farm income due to changes in policy controlled variables. 

which has important ramifications for overall develop- Physical and economic information regarding each 

ment in the region. The methodology proposed in this conservation system is linked with the help of a simula
paper can be applied in evaluating micro- and macro- UNTED STATES OF AMERICA 

level impacts of adopting selected technologies. T-..... l Analyis Poicy-P.cision Analysi 

Pysmcal-Ecaa* Lkfages V.=vk1da Lmral ,AggrgteMethodology 

The methodology I am proposing is called Soil Ero
sion Control Under Risky Environment (SECURE). An 
overview of all the analytical tools applied in this meth- c 
odology is briefly discussed in this section. As shown in 
Figure 1, the analysis is divided into two parts, I) 
technical analysis and ii) policy-decision analysis. 

The technical analysis includes site-specific physi
cal and economic characteristics. Physical chi acteris
tics take into account information on soils, crop growth 
and yields, weather, technology, and pesticides. The 
corresponding economics information consists of total Figure 1. Soil erosion control under risky 
operating costs and net income for each crop enterprise. environment (SECURE) methodology. 



656 Socioeconomic Issues 

tor. The output of technical analysis provides net in-
come, soil loss, variance-covariance of net income, and 
soil loss for each system due to the stochastic factors 
identified in the analysis. The results of this analysis 
provide the foundation for policy analysis, 

The policy-decision analysis is conducted at the 
individual as well as aggregate levels. At the individual 
level, various conservation systems are evaluated based 
on selected decision criterion, e.g.. profit maximization, 
safety-first, expected utility maximization, and stochas-
tic dominance to reflect the farmer's perception of risk 
and his attitudes. Aggregate analysis is conducted with 
the help of a specially designed quadratic or stochastic 
programming model to obtain an optimal combination of 
technologies for a given situation. The programming 
model is also capable of evaluating the impact of subsi
dies, taxes, land use restrictions, ow-iership status, etc., 
and can be modified to accommodate specific needs. The 
output of the programming model is utilized to design 
implementation strategies to know the final outcome toensufth esuprocessosed ons rvaionp ogr more nsu re s u cce ss o f the prop osed co nse rva tio n p rog ra m orerprojecterosion. 
project. 

A schematic representation of these analyses and 
various inputs and outputs is presented in Table 1, 
which shows the steps involved in analyzing soil and 
water conserving technologies using SECURE method-
ology. Input and output of analysis conducted at each 
step is also identified. 

Conclusion 

An important aspect of the SECURE methodology is 
to analyze the optimal conservation systems in the 
presence of weather, output price, crop yield, and soil 
loss uncertainties for the different risk aversion and soil 
loss levels. The impact of policy-controlled variables 
such as taxes, subsidies, regulations, etc. can be traced 
back to observe the farm as well as aggregate level 
implications. This can help in identify'ing the best corn
bination of options to achieve desired goals. Conversely, 
the consideration of available farm or regional resource 
base and socio-economic environment will provide aid in 
designing soil and water conservation programs to en
sure their successful implementation. 
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Economists and other social scientists are corn-
pelled by the nature of tIeir research to work closely with 
farmers. In dryland agriculture, the farmer's decision-
making about variables like choice of crop, timing of 
cultivation operations. labor allocation. and evenwhcther 
to crop at all or leave the land fallow is sometimes quite 
complex. One area in which the social scientist can help 
the physical or biological scientist is in using farmers' 
knowledge t ) model processes of decision-making. Sci-
entists will then have a better idea, for instance, about 
whether new plant or mechanical technologies coming 
from the experiment station are likely to meet farmers' 
real needs. 

No decision is more consequential for the dryland 
farmer, whether in the United States or in developing 
countries, than that involving the tradeoff between 
extracting immediate gain from the soil or conserving 
soil fertility by foregoing such gains. The great merit of 
the paper hy Hallam and Babu is that these authors 
attach an economic value to the improvement of soil 
fertility through use of a dynamic model. Basing them-
selves on previous work by McConnell, they optimize 
input use through two technical relations. In their 
model, the rate of change of the marginal value of any soil 
nutrient becomes the sum ofincreases in profit due to its 
use and of its contribution to the imprcvwment of soil 
fertility In any particular cropping cycle. This is much 
more consonant with the constraints the farmer actually 
faces than the private discounting preference tech-
niques economists have used in the past to model this 
particular tradeoff. Moreover, their model is eminently 
well suited to research work in so-called subsistence 
agriculture because the marginal calculus of optimum 
input use is not dependent on ratios of market prices, 
which are often non-existent, but rather is framed in 
terms of the implicit .ost of loss of soil fertility, 

Using a computerized crop simulation model (EPIC). 
Lacewell and co-authors estimate the tradeoffs between 
yields and protection from wind erosion for three crops 
in the Southern Texas High Plains-cotton. grain sor
ghum, anJ wheat. They find that with government 
programs included, cotton was a key crop in all profit
able options for the farmer. Ilowever, there were alterna
tives to monocropping that included wheat that provided 
a competitive net return and significantly reduced wind 
erosion. 

Scrimgeour's model uses stochastic dominance 
analysis to rank alternatives for investment in water 
harvesting and supplemental Irrigation systems. The 
model incorporates economic as well as physical vari
able relationships. It is interesting in that, although 
defined for a single watershed controlled by a single 
owner, it may be enlarged to model a whole region. 

liekkala's study comparing costs and returns from 
conventional tillage/summer fallow and no-till/recrop
ping of Alberta farmers finds that the latter system 
demonstrated a profit advantage in all three years. The 
results, however, were changed by excluding from the 
model government assistance and crop insurance pay
ments, which were especially important in yeaes of low 
crop yields or crop prices. 

Rajasekaran and Martin's case study of a World 
Bank-financed project in Chingleput District in India 
allows the authors to construct an empirical model of the 
relationships affecting delivery of new technologies to 
dryland farmers. Relevance of a dryland technology to 
local conditions is a sine qua non of adoption by farmers. 
they find. Tracing the paths by which such technology is 
developed and disseminated to farmers, they note an 
absence of feedback from farmers to researchers, which 
they see as affecting the ability of the research system to 
deliver useful technologies. 
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Introduction 
"Farming" is the process of harnessing solar energy 

in the form of economic products of interest to human 
beings, and "system" Implies a set of interrelated prac-
tices organized Into a functional entity. "Farming sys-
tem," therefore, designates a set of activities organized 
into a functional unit which harnesses solar energy in 
the form of consumable products. Because the term 
"sustainable" has a connotation ofpermanent existence. 
"environmental sustainability" refers to upkeep or main-
tenance of a high qudilty of soil, water, air, and other 
ecological components. The word "permanence," how-
ever, does not always imply stagnation. 

Considering these concepts, "Environmentally 
Sustainable Farming System" means a set of literre-
lated fanring activities organized to efficiently and eco-
nomically harness solar energy in the form of consum-
able products on a continuing basis while preserving soil 
productivity and maintaining a high level of environ-
mental quality. Sustainability must be dynamic because 
of the ever-changing demands on material resources 
brought about by increasing population, rising aspira-
tions of modern society, and changes in social values 
and needs over time. 

Over the last 50 years, application of the scientific 
principles of hydrology, chemistry, and genetics to agri-
culture has resulted in an unprecedented increase in 
food and fiber production. In the U.S., one farm worker 
now produces for and fiber for about 78 people, and I 
hour of farm Libor produces 14 times what it did in the 
1920s (Poincelot, !986). Crop and livestock output has 
more than doubled. This agricultural revolution has far-
reaching conscquences. Through this remarkable suc-
cess, mankind has demonstrated its ability to increase 
agricultural production and meet the challenge ofpopu
lation increases. However, this task is far from being 
complete because not all farming systems being used to 
achieve these production targets may be sustainable. In 
some cases, increased production is accompanied by 
accelerated erosion and degradation of soil quality. In 
some other situations, the quality ofwater and air can be 
adversely affected. To be truly successful, the agricul-
tural revolution must be based on Environmentally 
Sustainable Farming Systems. 

Agriculture and Environment 

Intensification of agriculture will be necessary to 
feed the earth's expected 10.5 billion inhabitants by the 

year 2110 (Dudal, 1982). Increases in production are 
technically achievable. The question remains whether 
production targets can be achieved with economically 
viable, environmentally sustainable systems, without 
causing degradation of soil, air, and water. Rather than 
intensification ofagriculture per se, it is the mismanage
ment, inappropriate land use, and indiscriminate and 
excessive use of some input that cause ecological and 
environmental problems. Some environmental prob
lems related to modern agriculture are discussed in the 
following paragraphs. 

Soil Degradation 

Soil degradation is the decline in soil quality caused 
by its use or misuse by humans. Soil degradation 
includes physical, biological, and chemical deterioration 
such as decline in structural condition and compaction; 
erosion, laterization, and hard-setting; leaching and 
acidification: salinization and alkalization; nutrient 
imbalance caused by deficiency of some elements and 
excessive concentration of others (A], Fe, Mn); reduction 
in activity and diversity of soil macro- and micro-fauna 
and flora; decreases in the quantity and quality of soil 
organic matter; and reduction in biomass carbon (Ri
quier, 1982). Ultimate soil degradation implies that soil 
is no longer useful as a growing medium and must be 
taken out of production. It is estimated that at present 
5 to 7 million ha of cultivated farmland is being lost 
globally every year to ultimate degradation-0.3 to 0.5% 
of the total cropland in the world (FAO/UNEP, 1983). 
Some soils are more sensitive to degradation than oth
ers. In addition, some properties may be more sensitive 
to intensive landuse than others. Symptoms of sensitiv
ity are expressed by the following indications. 

Accelerated erosion by water and wind 

Accelerated soil erosion is a symptom of land mis
use, and has become a major concern since intensifica
tion of conventional agricultural practices on marginal 
lands. The average annual rate of erosion in the U.S. 
ranges from 2.6 to 10.3 Mg/ha for water erosion and 4.4 
to 11.7 Mg/ha for wind erosion (OTA, 1982; Poincelot, 
1986). The annual amount of sheet and rill erosion on 
U.S. cropland in 1977 was estimated at less than 4.5 
Mg/ha for 48% of the land affected, 4.5 to 11.2 Mg/ha for 
28%, 11.2 to 22.4 Mg/ha for 14% of the land, and 
exceeding 22.4 Mg/ha for 10% of the land (USDA, 1987; 
Larson et al., 1983). More than 115 million ha or 41% of 
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the U.S. croplands are eroding at rates greater than the 
tolerable soil loss (USDA. 1987). The gross soi! erosion 
from arable lands now is 25% more than it was during 
the "dust bowl" years of the 1930s. If the erosion rate 
exceeds the tolerance level, a soil's productive life span 
(L) is gradually diminished as per the following equation 
(Stocking and Pain, 1983): 

(DI - D.) Pb [1] 

L = 
(A -T) 

where D is the existing depth of soil, Dmis the minimum 
depth of soil required to support economic production, 

Pb is the bulk density of soil, A is the mean annual rate 
of soil erosion (Mg/ha), and T is the soil loss tolerance. 
Excessive erosion rates can reduce soils' productive life 
span. In addition to the long term effects on soils' life 
span, the short term costs of both on-site and off-site 
environmental effects of soil erosion and water runoff in 
the United States are estimated at about $24 billion 
annually (Pimentel, 1987). 

Compaction and structural degeneration 

In comparison with soil erosion, economic losses 
due to soil compaction are not as well known. Soil 
compaction is a consequence of using heavy machinery 
and tillage and trafficking over soils at iri.,-ropriate 
watercontents. Soil compactionleads to reduction in the 
total porosity and an eventual predominance of micro-
pores. It decreases the infiltration rate (Fig. 1), increases 
risks of inundation, and accelerates runoit and erosion. 
In the U.S., Gill (1971) assumed a 1% reduction in crop 
yields due to soil compaction in regions where soil 
freezing In winter occurs to a depth greater than 25 cm. 
With these assumptions, Gill estimated the annual loss 
in crop yields to be about $1.8 billion. In addition to the 
direct effects on yields, compaction of the surface and 
subsoil aggravates losses of soil and fertilizers in runoff 
and erosion. 
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Figure 1. Effects of wheel tracks on infiltration 
rate of a clayey lake-beel soil in northwest Ohio. 

Chemical effects and decline in soilfertility 

Indiscriminate use of chemical iertilizers and pesti
cides may affect other soil functions, e.g.. mineralization 
of nutrients from organic matter, microbial biomass, etc. 
Abundance of one element over another may cause 
nutrient imbalance. It is usually either the excessive rate 
or untimely and inappropriate methods of fertilizer 
application that cause leaching ofnitrate into the ground
water or volatilization of N20 into the atmosphere (EPA, 
1988). Weather conditions over a given growing season 
can cause subsequent nitrate flushes to the groundwa
ter. Leaching of NO3 is a function of mineral nitrogen 
supply to the soil. Readily available organic N in ma
nures also cause N pollution problems. Excessive rate 
implies applications of fertilizers over and above crop 
requirements for expected yield levels. Intensive and 
continuous cultivation without replenishing the har
vested nutrients leads to rapid fertility depletion in soils 
of the tropics (Lal, 1987a). 

Water Contamination 

Fertilizer nutrients and pesticides carried off in 
surface runoff and drainage water contribute to non
point source pollution in most agricultural areas and are 
major causes of pollution and eutrophication of natural 
waters in certain ecosystems that are vulnerable to 
leaching and/or runoff. Fertilization of agricultural land 
is ranked as the second most important source of 
groundwater contamination in the Southeast and South
west U.S. (Pye et al., 1983). The concentration of NO 3 in 
groundwater should not exceed 5.6 g N/M 3 (or 25 g 
NOJm3 water). Leaching of N in a soil is a function of 
mineral N supply (both natural and synthetic), hvdraulic 
loading (rainfall), soil characteristics, crop yield relative 
to N-input, and land use. Leaching of nitrate to ground
water is often greater from croplands than pastures (de 
Haan, 1987). in some cases, annual leaching losses may 
be as high as 30 tc, 60 kg of N/ha. In Ohio, Logan (1980) 
measured leaching losses of NO 3 -N ranging from 2 to 16 
kg/ha. 

Phosphate movement within the soil and eventually 
to the groundwater is not a serious problem. Phospho
rus transport is either through sediments carried into 
waters or a process of relatively slow mobility within the 

soil profile. When additions of P exceed crop removal, the 
soil solution is eventually saturated. This phosphate 
saturation front slowly penetrates through the soil pro
file. The rate of movement of the saturation front can be 
estimated from equation (2) by Lexmond et al., (1982), 

- U) 
V 141 12J 

PbS 

where V is the velocity of saturation front (cm/yr), P Is 

the phosphate application rate to soil In kg P 2Os/ha/yr,is uptake and removal by "rop In kg P2 0/ha/yr, Pb iSdry soil bulk density (Mg/m), and S is the remaining P 

sorption capacity (m mol P/kg). The value of U depends 
on the type of crop and crop yield. In Ohio, Logan (1980) 



reported PO4-P losses ranging from 0. 1 to 15.5 kg/ha/ 
yr for surface runoff and from 0.15 to 0.3 kg/ha/yr for 
tile flow. Total loss of P in surface runoff is sometimes 
greater for no-till than plow-till treatments. 

Pesticides are another major cause of water pollu-
tion. The total quantity of pesticides used in the U.S. in 
1985 was estimated at 1.25 million Mg. It is estimated 
that as much as 5% of the pesticides used on agricul-
tural lands in the U.S. may enter water supplies (OTA, 
1982). Risks of surface and ground water contamination 
by pesticides should be carefully evaluated in relation to 

pesticide use on agricultural lands (OTA, 1982: Pye et 

al., 1983). 

Air Pollution 

In general, agricultural activities have lesser effects 
on air pollution than does industry: although dust may 
be a significant problem in certain localities. Intensive 
arable land use and excessive use of agricultural chemi-
cals may cause emission of some gases into the atmos-
phere. Most important among those related to agricul-
tural practices are N20, CH4. CO2. and CO. The fraction 
of fertilizer N lost to the atmosphere as nitrous oxide 
ranges from 0.001 to 0.05% for nitrate, 0.01 to 0. 1% for 
ammonium fertilizers, and to 0.5 to 5% for anhydrous 
ammonia (EPA, 1988). 

Methane concentration in the atmosphere has in-
creased steadily at the rate of 1% per year since 1982 
(EPA, 1988). Domestic animals and rice (Onjzasativa L.) 
paddies are the principal sources of methane emission. 
Methane production rates for cattle are estimated at 35 
to 55 kg/animal/year. Methane emission from rice 

paddies may range from 25 to 120 g CH 4/m" of flooded 

surface. Biomass burning and deforestation in the trop-

ics contribute substantially to the emission of CO 2 and 

CO into the atmosphere. The exact magnitude of these 

emissions is not known (Lal, 1987b). 

Need for Sustainable Agriculture 

It is because of the potential risks ofsoil degradation 

that thcre is presently an enthusiastic interest in envi-

ronmentally sustainable farming systems. Farming 

systems, the integration of different components to form 

economically and socially viable technological packages. 

are site-specific. Therefore, it is difficult to develop 

blueprints for such systems that may be widely appli-

cable for such systems. While technological packages 

cannot be transferred from one ecological region to 

another, some basic principles and individual compo-

nents or building blocks of packages are transferable 

and may be applicable over a broad range of soils and 

agro-ecological environments. Principles or relevant 

components of environmentally sustainable farming 

systems include the following, 

Soil Erosion and
Reducing Soie osera 

Preserving water where it falls embodies the prin-
ciples of both reducing soil erosion risks and improving 
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plant-availal le water capacity. In this connection, soil 
and crop management techniques are often more effec
tive than engineering measures for water management 
(terracing, diversion channels, etc.). Some of the rele
vant technologies for soil and water conservation in
clude the following. 

Erosin control 

Soil erosion caused by plowing can be drastically 

reduced by using one of many variations of conservation 

tillage (Moldenhauer et al., 1971; Laflen et al., 1978; 

Phillips et al.. 1980: Crosson, 1981: Lal, 1984, 1988a). 
No-till with residue mulch is an effective erosion control 

measure even on steep slopes (Lal, 1984). The effective
ness of a tillage practice in reducing losses due to runoff 
and erosion depends on the quantity of crop residue 
mulch. Burning the residue is not as effective in erosion 
control as incorporating it into the top few centimeters of 
soil layer. The effectiveness of incorporating over burn
ing in erosion control was demonstrated by the data of 
Marston and Donaldson (1984) from Australia. Similar 
results of the beneficial effects of residue mulches in 
erosion control are reported from many ecological re
gions. A practical limitation of this technique lies in the 
availability ofcrop residue mulch, poor soil drainage and 
low soil temperature. In addition, the most appropriate 
form of conservation tillage varies among soils and 
enviionments. 

Water conservation 

Improving water conservadon in the root zone im

plies increasing infiltrability, decreasing runoff, and 

reducing losses due to evaporation. Infiltrability de

pends on surface soil conditions and presence or ab

sence of crust. Adverse effects of crust can be minimized 

by mulching that prevents formation ofsurface seal orby 
mechanical means to break the seal already formed. The 
beneficial effects of mulch versus regular mechanical 
disturbance are demonstrated for Africa (Lawes, 1962; 

Lal. 1975) and elsewhere. In the U.S. usefulness of 

surface mulch for water conservation is demonstrated 

by the data from Bushland, Texas (Unger, 1978). If 

mulch is not available, mechanical measures of waier 

management are often successful. One of several useful 

measures is the practice of tied-ridging. Tied-ridging is 

a system of building cross ties across furrows to con

serve water in situ. Ridge cropping. widely adapted in 

rainfed or dryland farming, is practiced with a range of 

variations to suit local needs. The variations include 

ridges made along the slope to drain excess water from 

poorly drained soils, across the slope to conserve soil 

and water, with cross-ties in furrows to hold surplus 

water and allow longer time for water to infiltrate, and 

with gentle gradients !n furrows to facilitate water har
vest. Usefulness of a ridge system is demonstrated for a 
wide range of ecological regions in Africa (IITA, 198 1: Lal,
1987a). Ridge planting is also beneficial in Improving 
crop yields on poorly drained soils. On a lakebed soil 

(Mollic Ochraqualf) in northwest Ohio, Eckert (1987a) 
observed that corn (Zea mays L.) planted on ridges 
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Table 1. Effects of tillage and drainage on corn and soybean
yields following oats in 1984 (Eckert, 1987). 

Tillage Corn Soybean 

Tile No tile Tile No tile 

Mg/ha 
Moldboard plow

18-cm row - - 5.1 4.3 
-cm row 10.4 8.3 4.7 3.4 

Ridge 
Slot plant 11.2 9.9 4.7 3.7 
Till plant 11.4 9.7 4.7 3.6 
LSD (0.05) NS 0.8 0.2 0.4 

generally yielded as much or more than corn planted 
following fall plowing (Table 1). In this case, improved 
drainage by ridge planting Improved corn grain yield. 

Legumes and cover crops 

Considerable evidence exists that high yields at 
reduced rates of fertilizer application are achievable 
when corn and other grain crops are grown in rotation 
with established legume or other suitable cover. For 
example, at Princeton. Kentucky, Frye et al. (1983) 
reported substantial increases in yields of no-till corn 
seeded after rye (Secale cereale). crimson clover (Trifo-
lum incarnatum L.). or vetcn (Vicia sp.). Corn seeded 
after hairy vetch (V. sativa)with 50 kg/ha of supplemen-
tal Nyielded the same as that receiving 100 kg/ha N. but 
only with corn-stalk residue. Recent evidence (Ngalla 
and Eckert. 1987) indicates that a one-season red clover 
(T. Protense)cover crop can provide enough N to produce 
corn yields of 6 to 7 Mg/ha without supplemental N 
fertilizer-yields comparable to those seen by some 
farmers using a similar program (Table 2). Corn yields of 
10 Mg/ha have been demonstrated in Ohio when corn 
follows established alfalfa (MedicagosativaL.)(Shephard 
and Johnson. 1979). Fertilizer N rates could be reduced 
for up to 3 years on corn following alfalfa without 
sacrificing yield. Similar beneficial effects of cover crops 
in reducing N requirements have also been reported for 
soils of the tropics (Lal. 1987b, 1988a). In the Northern 
Territory, Australia. McCown et al. (1985) observed that 
corn sown after lightly-grazed pasture yielded twice as 

Table 2. Corn plant stand and grain yield as affected by 
clover and nitrogen treatment in 1986 (Ngalla and Eckert, 
1987). 

Clover Corn stand Grain yield 
treatment at N rate (kg/ha)of at N rate (kg/ha) of 

0 112 224 0 112 224 

1000 plants/ha Mg/ha 

None 55 
 51 57 5.4 11.1 12.3 
Spring 47 47 48 7.4 9.8 11.1 
Summer 43 47 51 6.4 10.0 11.0 
ISD (0.10) 2 1.5 

much as that sown after grass at 0 supplemental N. 
Contribution of N by legume pastures was equivalent to 
about 60 kg/ha of fertilizer N. 

In addition to supplying N. legume covers can also 
suppress weeds. In the tropics. Stylonanthes sp. are 
known to suppress some perennial weeds such as 
speargrass (Imperatacylindrica). In Pennsylvania, Pal
ada et a]. (1983) observed that overseeding legume 
covers of hairy vetch and medium red clover suppressed 
weeds for about 6 weeks after sowing corn. 

Rather than sequential cropping, cover and grain 
crops are alsogrown togetheras live mulches (Akohundu. 
1982). Live mulching can be agronomically successful 
as long as the host crop does not compete with the grain 
crop. In case of severe competition (for water, nutrients, 
or light), drastic cash crop yield reductions may occur. 
In Nigeria, for example, Wilson et al. (1982) reported 
severe yield reLuctions by unsuppressed leguminous 
cover crops guch as Centrosema. Mucuna, and Pso
phocarpus.In Ohio, Eckert (1988) conducted a set of four 
studies on a Canfield silt loam (Aquic Fragiudalfs) and 
Hoytville silty clay to evaluate the effects of planting a rye 
cover crop into corn and soybean (Glycine max L.) 
residue on yield of following no-till corn and soybeans. 
Rye was killed before planting corn. Rye cover increased 
no-tillage corn yields in only one site-year comparison 
and decreased corn-yield in 4 of 12 comparisons. Soy
bean yield was decreased in three of eight comparisons 
(Table 3). Yield reductinn was caused by reduced crop 
stands. The competition by the established legume cover 
(sod) can be reduced by manipulating row spacings and 

Table 3. Effect of rye cover crops on corn yields at Wooster and Hoytville (Eckerl. 1988). 

Wooster Hoytvlle 

Year Corn residue Soy residue Soy residue 
No rye Rye No rye Rye No rye Rye 

Mg/ha

1982 12.3 11.5 12.7 12.5 9.2 9.6 
1983 6.6 6.9 6.8- 7.9 7.7, 6.6 
1984 11.5.1 10.5 12.3 12.0 12.1 12.3 
1985 10.61 9.2 12.5 12.5 10.2" 8.8 

0Rye vs. no-rye means significantly different according to analysis of variance test. 



Table 4. Ammonla-N volatilization as percent of NH,-N applied 
in combination with sludge (Donovan and Logan, 1983). 

NH:, volatized 
Sludges Type of sludge over 24 h as percent 

of total NH3 applied 

Columbus Anaerobically digested 8.3 a" 
Dewatered 

Columbus Anaerobically digested 7.8 a 
Medina Aerobically digested 0.4 a 
Columbus 

compost Primary Alone detected 
Ashland Aerobically digested 15.8 b 

lime-stabilized 

Values followed by the same letter are not significantly 
different. 

planting patterns. In Pennsylvania, Palada et al. (1983) 
observed some beneficial effects of single over double 
row patterns. The best results are, however, obtained 
when cover crops are completely suppressed (Wilson et 
al., 1982). 

Agroforestry 

Agroforestry is a type of mixed cropping which 

involves growing food crops and animals in association 

with perennials. The perennials may be grown for direct 

economic benefits (fruit trees) or for indirect protection 

of soil from wind and water erosion, to improve soil 

fertility by adding biologically fixed N, and to create 

ecological stability in i-omparison with simplified mon-

oculture systems. Using the prunings of the perennial 
shrubs as a mulch for a no-till crop production is 

considered a viable option for some small farmers of the 
tropics. Perennial hedgerows established on the contour 
may reduce runoff and erosion and provide additional 
mulch with readily mineralizable N. Experiments con-
ducted in Nigeria indicate that 3-year old Leucaena 
hedgerows produced satisfactory corn yield and reduced 
soil erosion (Lal, 1988b). Leucaena hedgerows planted 
every 4-m may contribute as much as 60 kg/ha of N. The 
choice of appropriate species of perennial hedgerows, 
spacing, and management differs among soils and agro-
ecological regions. The practice of alley cropping is 
applicable more for humid and subhumid than for 
semiarid and arid climates. Furthermore, it is suited 
more for resource-poor small farmers ofthe tropics than 
for large scale commercial farms of North America or 

Western Europe. In North America, agroforestry may 
have some potential applications in steeplands or in the 
restoration of drastically disturbed lands. 

Organic wastes 

Similar to legume covers, judicious use of cattle 
manure can supplement Inorganic fertilizers. However, 
the potential of expanding its use is limited, both in 
temperate and tropical regions. In the Asian tropics, 
cattle waste and dung are extensively used for fertilizer 
and fuel. In the U.S., the USDA estimates that 90% ofthe 
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Table 5. Ammonia-N volatilization as percent of NJ 1,,-N applied 
under different soil conditions (Donovan and Logan, 1983. 

NH:,-N volatized over 24 h 
Vegetative cover as percent of total 

NHr-N applied 

A. 	Layer sludge particles 
Wheat straw 14.3 a" 
Sod 11.3 ab 
Bare soil 6.4 b 

B. 	Homogenized sludge 
Wheat straw 9.1 a 
Sod 0.1 a 
Bare soil 6.4 a 

Values within a group followed by the same letter or letters 
are not significantly different. 

available manure is already applied to the land (Poince
lot, 1986). Furthermore, substitution of manure for 
fertilizers works best if crops and animals are raised 
together. The present treiids in favor of crop husbandry 
rather than mixed farming do not leave much room for 
further expansion of this source of fertilizer. Besides, 
raising cattle and applying manure may lead to prob

lems of water and atmospheric pollution (EPA. 1988). 

Sewage sludge is also used on agricultural lands. Al

though sludge can supply plant nutrients, il is also a 

potential source of pollutants. Volatilization losses from 

sewage sludge may be as much as 15% of the NH3N 

applied (Table 4). The amount of volatilization is influ

enced by the quantity and nature ofvegetative cover and 

the size of sludge particles. For relatively large sludge 
particles, volatilization losses are more from covered 

(mulched) than bare soil surface (Table 5). 

Improving Fertilizer Use Efficiency 
Decreasing losses and enhancing fertilizer use effi

clency are major considerations in reducing fertilizer 
input and decreasing risks of environmental pollution. 
Major avenues of fertilizer losses are erosion, leaching, 
and volatilization. Similar to erosion control measures 
discussed in the previous section, agronomic practices 
of soil and crop management are better and more viable 
alternatives to reduce losses due to leaching and volatili
zation, than engineering techniques of land forming or 
water management. Apparently, split applications and 
dee lacement of some materials reduce losses com
pared

p
to one-time broadcasting. Experiments conducted 

in Ohio (Eckert, 1987b) indicated that injection, surface 
dribbling, and split applications of urea-ammonium 
nitrate solution produced higher yields on a more con

sistent basis than surface broadcasting (Table 6). Im
proved uptake of N is a reason for better yield by split 
application and soil incorporation. 

Reducing Atmospheric Pollution 

Little quantitative research data exist regarding the 
emission coefficients of important gases in relation to 
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Table 6. Corn grain yields and ear leaf N contents as affected 
by several N management strategies at Wooster and 
Springfield. Ohio (Eckert. 1987). 

Residue 

Treatment Corn Soybean 


Yield LeafN Yield LearN 

Mg/ha g/kg Mg/ha g/kg
No N 5.4 21.1 6.5 20.5 
Ammonia + UAN 9.7 30.4 10.9 30.3 
UAN broadcast 9.1 27.5 10.3 24.5 
UAN dribbled (30") 9.7 29.9 10.4 30.1 
UAN split (4-lear 

1/3 early 9.5 29.5 10.5 30.2 
2/3 early 9.5 28.6 10.5 29.0

[SD 10.05) 0.6 1.0 0.9 1.1 

agricultural practices. Important sources ofatmospheric 
pollution are volatilization losses of nitrogen and pesti-
cides. Apparently. losses are likely to be greater when 
manures, fertilizers, and pesticides are applied on the 
surface than when incorporated into the soil. In this 
connection, concern has been expressed regarding the 
impact of conservation tillage and the importance of 
biochannels in retention, movement, volatilization, and 
biodegradation of these chemicals, 

Role of Biotechnology in Developing 

Sustainable Farming Systems 
Agricultural problems that may potentiallybesolved 


by applications ofbiotechnology include: 1)safe disposalof pstiidewastwatrs.2) estiidemetbo-ehanedof pesticide wastewaters. 2) enhanced pesticide metabo-

lism in soils, 3) plants' resistance to herbicides, and 4)imrovedin fisc pat reisanco hevaluate 

improved efficiency of N-fixation.
 

Biotechnology holds great promise in improving our 
understanding of processes involved and in solving 

these agricultural problems. Genes can be used for the 
degradation of compounds used as pesticides, e.g..
chlorinated benzoic acids. 2,4-D [(24-dichlorophenoxy)aceticacid], 2 ,4,5-T[(2,45-trichlorophenoxy)acetic acid,
aetcti],
poss5-Tib to deve 
 hlo rpia capabletof using
etc. It is possible to develop bacteria capable of using 
chlorinated compounds as sources of energy and ren-
dering them environmentally safe. 

Perhaps the most important contribution ofbiotech-
nology lies in its potential role as a tool to develop 
improved cultivars that can utilize limited resources 
more efficiently. Production per unit area and time can 
be drastically improved by new crops or cultivars that 
can utilize soil water reserves and plant nutrients from 
the subsoil, have a short growth duration and can fit in 

weeds and other pests, and have a wide range of ecologi-
cal adaptability. The blueprint of such a crop or variety 
should be provided to molecular geneticists by agrono-
mists and soil scientists. 

Conclusions 

Agriculture is a systemic activity. To date, an im-
pressive amount of useful agronomic information has 

been obtained in terms of agronomic response functions 
for different components such as improved varieties, 
tillage methods, fertilizer and chemical amendments. 

and pest control. These components have not always 
been integrated into systems by researchers. It is the re
searchers that have neglected the system-oriented 
approach in favor of the component-based approach to 
production. Most farmers are system-oriented as they 
plan ahead for the next year's crop. A system-oriented 
strategy may be ecologically more compatible than 
component-based technologies. Intensive agriculture 
has, in some cases, caused problems of environmental 
pollution, soil degradation, and accelerated erosion. Soil 
degradation is generally related to tillage methods and 
accelerated erosion, especially on rolling or steeplands.Crop yields currently obtained are higher than ever 

before despite the problems of soil erosion. These high 
yields mostly have been achieved by intensive inputs of 
agricultural chemicals. In general, fertilizer use effi
ciency is usually less than 60 %. The remainder of the 
fertilizer is either volatilized, washed away in surface 
runoff, leached into the groundwater, or fixed in the soil 
for later use. Fertilizer washed away into streams and 
lakes can be a source of environmental pollution. 

In view of these environmental problems, there is a 
growing awareness of the need to develop resource
efficient and environmentally compatible farming sys
tems. Agronomic practices of conservation tillage and 
mulch farming, rotational cropping, use of legumes and 
cover crops to grow N and suppress weeds, and effi

ciently utilizing cattle manure and sewage sludge are 
possible options to reduce inputs. These options are,
however, not necessarily without problems. There isaneed to conduct long-term system oriented research to 
nedtcoutlngersyemritdrsacho

productivity, profitability, and environmental 

impacts of a range of low input and innovative cropping 
systems. 
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Introduction 

Arange ofgenetic variation Is needed for use in crop 
improvement. As a result, breeders maintain working 
collections. In recent decades, breeders have turned 
more and more to the genetic resources collections 
which conerve a wide range of primitive material. For 
dryland farming needs, this is shown by the collection 
and use of materials in the substantial collections held 
by several international centers of the Consultative 
Group on International Agriculture Research (CGIAR). 
Another center of CGIAR. the International Board for 
Plant Genetic Resources (IBPGR) has a global mandate 
to ensure the collection, conservation, detailed descrip-
tion and documentation, and use of primitive germplasm. 
This paper describes some of the international activities 
on genetic conservation and use of the materials con-
served in relation to dryland fanning. 

Types of Variation and Their Uses 

Depending on the use of the germplasm. we can 
distinguish between plant introduction on the one hand 
and use of genetic resources on the other. Plant intro-
duction is the transfer of germplasm to a new area to test 
for adaptations in nevi environments and to select 
variants for Immediate use. In many cases, breeding, in 
the modern sophisticated sense, does not occur. The 
history of plant introductions in recent centuries is 
replete with failures and successes, and movements of 
plants have always been related to ancient contacts 
between peoples. However, the major successes followed 
the voyages of discovery with resultant exchanges of 
plant materials between the Old and NewWorlds and the 
establishment of the plantation crops from simple selec
tions of introductions. Modem parallels are seen in 
forage improvement through the collection of numerous 
variants of a species and the testing of them for adapta-
tion in new environments. So too are parallels to be seen 
in fruit species, whether tropical or temperate, where 
most results have stemmed from plant introductions, 

Contrastingwith these situations are the germplasm 
activities related to staple food crops: cereals and food 
legumes, as well as vegetables. Most have a relatively 
long history of breeding and, because of their wide-
spread cultivation since the dawn of agriculture. have 
evolved Into extremely variable genepools in close asso-
ciation with peasant agriculture. Innumerable landraces 
evolved as crops spread away from their geographical 
points of origin some 10 thousand years ago and it Is 
these landraces, along with species related to the crops 
from which the cultivars were derived, that are consid- 
ered to be primitive (by contrast to the products of 

scientific breeding which results In advanced materials).
By the 1960s, it was apparent to the international 

scientific community that the genetic resources repre
sented by the primitive genepools were undergoing 
erosion largely due to agricultural development. includ
ing the release of new high-yielding cultivars over large 
areas and changes in land use patterns. 

The past two decades have also witnessed an accel
eration in habitat destruction, the extinction rates of 
wild species, and desertification. More recently, alarm-
Ing evidence from man's misuse of the planet point to 
climatic changes which in a matter of decades could 
totally alter vast areas of potential land use. Coupled 
with the explosive increase in human )oplati1on and 
current population pressure on the dryland areas, the 
past patterns of agricultural land use may no longer be 
applicable and specific international programs are abso
lutely necessary to develop appropriate technologies for 
the present and the future. 

Arid and semi-arid areas account for over a third of 
the world's land area, but desertiflcation, with soil de
struction and extinction of biological diversity, already 
affects the major part of those areas. Genetic diversity of 
plants, if exploited properly, is clearly a buffer against 
harmful environmental changes (IUCN, 1981) and is 
also an essential resource as an insurance for present 
and future plant breeding. IBIPGR was established in 
1976 as a scientific organization to stimulate and guide 
the world-wide efforts on conservation of genetic re
sources. Many of these efforts relate directly to dryland 
farming and a summary of these is provided below (see 
also IBPGR. 1988). 

A Global Program of 

Gernplasm Collecting 
In the first decade of the existence of 11PGR, a major 

program of germplasm collecting was launched. This 
was necessary to build up gerniplasm collections for the 
breeding efforts on major crops and also as a salvage 
operation to capture diversity from those areas where 
genetic erosion was occurring. This was not an easy task 
for a number of reasons. First, there were few genebanks 
in e;istence in which to deposit materials for long-term 
conservation and security. As a result, IBPGR placed a 
major effort on mobilizing support for the establishment 
ofa large number of national genetic resouces programs 
and a more limited number of genebanks. Second, 
whereas genetic erosion was advanced for staple cereals. 
it soon became apparent that food legumes, fruits, vege
tables, and forages were all affected (IBPGR, 1984a, 
1984b, 1985). Here, IBPGR needed to call on the diverse 
communties of scientists to provide guidelines and 



Diversity: Crops and Forages 669 

priorities for the collecting program. On the bas;s of The genus BrassicaIllustrates this. The major cultivar 
those priorities, field work was carried out in a very large groupings include the cabbages. coles, and their rela
number ofcountries.Third, programs hadtobeactivated tives and the tropical Chinese cabbage. Probably the 
to characterize and document the thousands of samples whole of the Brassicinae are of use as genetic resources, 
acquired, and this is an ongoing, long-term program. ranging from the wild Brassicaspecies found naturally 

The overall program has evolved on the basis of In diy areas of the Mediterranean (Sinapis. Diplotaxis, 
scientific and operational needs. For instance, once the and Erucastimm) and others of arid open habitats to 
collections became sufficiently large, targets for further others native to the frano-Turanian and Saharo-Sindian 
collecting have to be much more clearly defined and regions. Of the latter, no notable crop plants have ever 
relate to gap-filling (or to respond better to emergency evolved from those xerophilous forms, but they could 
situations). Also, as breeding becomes more advanced in have potential for animal feed in dry areas (Tsunoda, 
many crops, and the wider genepools are more and more 1980). IBPGR has had an active program for collecting 
used especially for specific gene transfers, the wild the Mediterranean Brassicinae for a number of years. 
relatives needed attention, especially since habitat de- The breeding of brassicas is ongoing in many parts of the 
struction is imposing threats on such species, world and genetic resources from arid areas will be used 

Table 1 provides summary data on accessions of a increasingly to improve cruciferous crops. Such im
number of crops of interest in arid and semiarid lands provement stresses the international nature of genetic 
and Table 2 provides data on the holdings in major resources work when. for instance, the wild progenitor 
germplasm collections. occurs in one part of the world and cultivation occurs in 

The data in Tables 1 and 2 are examples only. Much another, e.g., Eruca native to the Mediterranean and 
more of the IBPGR field work relates to arid and semi- cultivated in Iran. Pakistan, and India. 
arid areas. For instance, wild and primitive rice (Oryza Crisp (1975) even suggested that fuller understand
longtstaminata.0. barthii.and 0. glalsermnima)has been ing and exploitation of the genetic resources would lead 
collected from non-irrigated areas in the Sahel; materi- to new cruciferous crops. Certainly, intergeneric and in
als which may well act as sources for improvement of terspecific hybridization offers prospects for the im
upland or rain-fed rice. Tomato (Lycopersicon sp.) provement of the Irdian oleiferous cultivars (Prakash, 
germplasm has been collected in dry areas of Peru, Chile, 1980). 
and Ecuador; a range of Cucurbitaceae have been col- The exploitation of cruciferous genetic resources 
lected In dry areas ofMeso-America; wild wheat grasses contrasts with that of the tertiary genepool of wheat 
(Triticeaesp.) of the tertiary genepool of wheat (Triticum where the materials are currently used as single gene 
and barley (I-!ordeurn)have been collected in dry areas of scurces, although the same genepool being used for bar-
China; and perennial species of the tertiary genepool of ley improvement by Von Bothmer in Sweden (in part as 
soybean (Glycinesp.) have been collected In Australia. a follow up to IBPGR field work) shows parallels with the 

For breeding, it is not necessary to separate acces- wider exploitation potential of the cruciferous genepool. 
sions originating from dry areas because gene transfers Clearly, then, the exploitation of the collected mate
can be made with sophisticated breeding techniques. rials relates to the past history ofthe origin and evolution 

of the crop. Where there has been. throughout agricul-
Table 1. Crop germplasm collected by IBPGR. 

Table 2. Crop germplasm in collections., 
Type of germplasm 

Plant type Crop Cultivars Wild species Estimated Numbers of 
numbers centers with 

- no. of distinct significant 
Cereals Barley 2538 1501 Plant type Crop samples holdings 

Pearl millet 5014 920 
Sorghum 9867, Cereals Barley 40,000 28 
Wheat 6467, Pearl millet 15,000 5 
Maize 15100 Sorghum 20,000 15 

Wheat 120,000 31 
Legumes Cowpea 2114 1056 Maize 25.000 21 

Chickpea 1361I 
Faba bean 934, Legumes Cowpea 10,000 7 
Groundnut 1740 827 Chickpea 10,000 7 
Lentil 1048, Faba bean 5.000 5 
Phaseolusbean 6144 2496 Groundnut 11.000 15 
Lupin 746 792 Lentil 5,000 5 

Phaseolusbean 40,000 23 
Others Cotton 1722, Lupin 2,000 8 

Forage grassesb 5038 
Forage legumesb 15854 Others Cotton 35,000 12 

Forage grasses 68,000 30 
Mostly cultivars. Forage legumes 113,000 38 

bMost attention has been paid to genera known to be of potential 
in pasture improvement. I Updated figures for estimates in Plucknett et al. (19871. 
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tural history, a dynamic relationship between the culti-
vated species and related wild and weedy forms, as for 
Instance, in sorghum (Sorghumsp.) and lentil (Lenssp.), 
two important dryland crops. a fuller understanding of 
the patterns of variation in the landraces would repay 
dividends since reciprocal geneflow has been the norm 
for millenia (Harlan, 1984: Cubero. 1984). 

Follow-Up Research on Coliections 

The points made above show that there are immense 
possibilities for research on the germplasm collections, 
Assuming that screening of accessions is an ongoing and 
open-ended task which breeders can y out in association 
with germplasm curators, this in effect provides a user-
driver system. Yet genetic conservation goes well beyond 
the short-term needs of today's breeders. Genetic re-
sources-conservation collections must represent a resoure fr ftureandunkown nd,reeingobjetivs, 
source for future and unknownbreeding objectives,nt 
as these resources represent a significant portion of the 
world's biological diversity, they contain the raw materi-
als for much gainful scientific innovation. (There is. of 
course, the wider pool of biological diversity, largely un-
exploited, and from which scientists might be expected 
to draw a limited number of new crops or flbers and to 
make gainful industrial innovation for plant products). ' 

IBPGR has recently developed a sharply-focused 
research program in response to the fact that genetic 
resources work currently rests on a slender knowledge 
base. Some aspects of this program, and others, are 
described below with particular reference to arid and 
semi-arid zone genetic resources. 

Globally, mankind has to bc committed to aggres
sively expanding food production and use of biomass 
production for nonrenewable energy resources while not 
permitting soil degradation or adverse environmental 
effects through use of irrigation, fertilizers, and pesti-
cides (Witter, 1986). In other words, sustainable agricul-
ture is one of the greatest challanges facing agricultural 
research. Such a concept is already accepted by the 
CGIAR and those CGIAR centers actively working on 
crop improvement in arid areas, e.g., International Center 
for Agricultural Research in the Dry Areas and Interna-
tional Crops Research Institute for the Semi-Arid Trop-
ics or forage development, e.g.. International Livestock 
Center for Africa. Genetic resources conservation and 
use is an integral part of the adoption of such a concept. 
The following research areas are important in the fore-
seeable future, 

Expand Our Knowledge of Patterns of 
Variation in Crop and Forage Genepools 

While breeders will go on screening germplasm
Whilwllbredeso onscrenig grmpasm 
collections for genes for transfer to new cultivars or for 

potentially adapted forms of forages. Information on 

collected material is needed for cases where a breeding 
aim is for genetic alteration for wider climatic adaptabil-
ity or higheryields from soils which are infertile or saline. 
Has the genetic base of many staple food crops become 
too narrow to. easily capitalize on research identifying 
strains with higher protein levels? Planned strategies to 

broaden the genetic base. other than the introduction of 
a few individual genes, will require much more knowl
edge on the range of variation patterns in the crop 
genepools. Similarly, the combination of high yields with 
drought or salinity tolerance are needed continually in 
the short-to-medium term. Whatever the breeding strat
egy, climatc information aids the strategic planning. 
Since evolution has an eco-geographical background, 
research linking field collecting to follow-up descriptions 
of germplasm accessions must assume increasing im
portance in research and this should be carried out in 
parallel with the standard cytotaxonomical, biochemical, 
or molecular techniques in use for describing variation. 

Justification of Genetic
 
Conservation Programs
 

As genetic resources programs become more and 

more expensive.justifications will be required, and these 
cannot be based simply on the numbers of samples used 
in breeding since there is also a very long-term commit
ment Ir cinscrvation. Research on patters ofvariation 
Coupled ith assessments of the ecological impact of 
technologies (whether release of high yielding cultivars, 
irrigation.s {whaeter)r a se e o latedhyi en las, 
collecting targets. As a result, the representativeness of 
the germplasm collections will be increased. This type of 
work will form an invaluable input to future sustainable 
agriculture. However, at present, we lack the requisite 
research, research which might well help genetic conser
vationists bridge the unknown grey area between short
term goals and the longer-term needs of the twenty first 

century. 

Accessibility of Large Germplasm
 
Collections to Breeders
 

Since we lack so much information about the acces
sions !ncollections, their utilization should not have to 
involve the growing out and screening for one or more 
specific characteristics every time a breeder needs new 
materials. Rather, a strategy needs to be developed 
which provides a rationalization of numbers. Frankel 
and Brown (1984) proposed the concept of the "Core 
Collection", and this has been accepted by IBPGR. In 
essence, the core collection should include (I) a reason
able fraction of those variants present in probably most 
accessions, but always as and (it)rare components, a 
cross-section ofvariants present in very few accessions, 
but which are common in those accessions. Such cores 
are likely to be structured on bioclimatic and biogeogra
phical information and, once set up, meaningful evalu
ation can be carried out. Also, cores can be structured 

differently over time, but their establishment requiresresearch which can only serve to accelerate further 
useful research. 

Targeted Descriptions of Accessions Useful in 
Overcoming Agroclimatic Constraints or 
Reclamation of Saline and Other Soils 

Although the use of genetic resources for breeding 
crops in such areas as the semi-arid tropics or other dry 
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areas requires an interdisciplinary approach aimed at Nonetheless, attention is drawn to the fact that germplasm 
understanding climate, crop, ard soil, breeding aims collections are indeed major resources for further re
could be enhanced by better and relevant knowledge of search and, at the same time, represent the conservation 
the accessions. The development of appropriate strate- of much-needed genetic diversity for future use. Results 
gies could be helped by having set up special purpose of appropriately directed research will improve the value 
cores with data on sample origins being well defined, of the collections. 

The applied research in this type of strategic area is 
endless, but genetic resources will underpin the suc- References 
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The international program of IBPGR has, of neces
sity, paid attention to the needs of dryland farming. 
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Introduction 	 largest annual production of mats has been reported to 
be 7 million sheets, which is 40% of the national produc-

Lake Baiyangdian. the largest lake in the Plain of tion. 
North China, lies between 115" 45'E and 1160 06'E The lake is an important flood retarding structure. 
longitude apd 38"44'N and 38159'N latitude and 100 km In 1963 when a catastrophic flood occurred in North 
south of the city of Beijing. The lake is 39.5 kml in length China, (he lake stored about 3.8 km of flood water 
from east to west and 28.5 km in length from north to protecting Tianjin, the largest industrial city of North 
south. The total area of the lake k 362.8 km 2 and is China, the railway from Beijing to Shanghai. and a large 
comprised of 143 smaller lakes. 3700 canals, and 9,000 area of farmland. 
ha ofreed fields. Nine streamsofthe DaqingRiversystem The lake maintains the ecological balance of the 
from the Taihangshan mountain areaofthewestern part region surrounding it. When the lake is at its normal 
of the Hebei province, Shanxi province, and the city of' water level, the mean annual evaporation from the lake 
Beijing flow into the lake. The total watershed area is is 1,369 mm, and the total annual water contributions 
31,199 km2 . The lake discharges into the Zaolinzhuang to percolation and evaporation are estimated to be about 
sluice and converges with drainage water from the
 
Zhaowang canal and the Duliou tributary, and then to
 
the Bohai Sea (Figs. 1and 2). Lake Baivangdian is called f
 
the "bright pearl o4 North China" because it is very ,
 
important in maintaining the ecological balance in the - X-.n ty
 
region, In developing regional agriculture and industry, '
 

in providing habitats for aquatic aninals and plants.
 
and in controlling floods.
 

The lake is filled with fish, shrimps, and crabs due 
to the good water quality for micro-hydrophytes and A,-,, '..,:, 

aquatic animals. In the past. the mean annual fishery 
production was about 3.500 Mg with the largest annual J 

production reported as 11.600 Mg. Durable reed mats 
with soft texture are a special product from the lake. The 	 ' 

" 
.. 27 -r, 

'-.,,,.," ".,, . . W- Ar. at 

Figure 1. Map of the Baiyangdlan area and Daqing Figure 2. Lake Baiyangdian region. He Lang-Ting 
River system. He Lang-Ting et al., 1987. et al., 1987. 
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0.3 km3 .The lake influences the air humidity, precipita- the 1980s. 
tion, and groundwater In the surrounding regions. 2). Water demand in the area has increased dramati-

Crop failures caused by waterlogging and salinity in cally with the rapid development of industry and 
the low farmlands near the lake have occurred fre- agriculture. The irrigated area in the Baoding 
quently in the past. In 1949, the total yield of 28,000 ha region increased from 297,000 ha in 195*7 to 
of farmland was only 14,000 Mg. Since the 1960s, 22 63 1.000 ha in 1982. The annual irrigation water 
pump stations have been constructed near the lake to supply increased by over 1,400 GLduring the same 
pump excess drainage water into the lake from 67,000 time period. Meanwhile, the daily groundwater 
ha of farmland and to supply summer irrigation water to withdrawal by the city of Baoding increased from 
10.000 ha of farmland. 	 26 ML in 1956 to 42 ML in 1985. 

The lake is also an important hydro-transportation 3). Six large-sized. 10 middle-sized, and 134 smaller
system In North China. In tile 1950s, there were 180 km sized reservoirs were constructed during the late 
of inland navigated waterways from Baoding to Tianjin 1950s and early 1960s. The total storage capacity 
and many short waterways linking many towns and of the reservoirs is 3.62 km :', and they can store 
counties. The annual shipping capacity of the Baoding more than 90% of the flood runoff during the rainy 
port has reached 260.000 Mg. season and supply water for irrigation during the 

summer. It is reported that four of the reservoirs 
(Wangkuaih Xidayang, Angezhuang, and Longmen)

Present Situation stored 19.4 km' of water from 1966 to 1980, but 
16.1 kn 3 of the water was consumed, resulting in 

Since the 1960s, the region of North China has been decreased flows to the lake. 

in a dry hydrological cycle. The successive years of 4). Soil erosion in the mountain areas is the main 
drought have reduced the water resources of the lake source of sediment going into the lake. For many 
with even occasional complete lake dryups. According to years, denudation of Iorests. over-grazing, and 
national statistics, the lake dried up only once in the unlimited hillside reclamation have contributed to 
1960s and twice in the 1970s, but it has dried up already accelerated soil erosion. At present, vegetation 
seven times in the 1980s. A large quantity of sediment cover of soils in the mountain areas is only about 
has been transported and deposited into the lake by 11%. The total eroded area is estimated to be 8,882 
streams. This siltation is drastically reducing the water km 2 with an average erosion depth of 9.63 mam. The 
storage capacity of the lake. In the 1950s, the area of the annual soil losses amount to 0.016 km " . This 
lake was 3 1,000 ha at an elevation of 7.5 m above sea eroded soil is transported and deposited into the 
level with a storage capacity of 0.12 km3 . Currently, the lake mainly by the Tang River. Zhulong River, and 
area of the lake has been reduced to only 15.000 ha with the Baigou canal. At present, siltation of the lake is 
a storage capacity of only 0.08 km. The aquatic re- mainly from the Baigou canal. This canal has a 
sources (both fish and plants) are seriously disrupted large silt carrying capacity approaching 7.4 kg/ 
when the lake dries up along with negative impacts on MI. The largest silt transportation was 1.19 million 
other water projects. The economic value of losses in Mg in 1979. The Baigou canal has transported 3.17 
aquatic production has been reported to be up to 400 million mI ofsilt over an 11-year period and depos
million Renminbi yuan from 1984 to 1986. ited 2.15 million m :1of silt into the lake. This has 

The problem of water pollution is increasing due to reduced the lake area from 562 km 2 in the 1950s 
industrial development and the increasing human popu- to 363 km2 . The lake storage capacity was reduced 
lation near the lake. A large quantity of industrial and 0.22 kmI during 42 years from 1924 to 1966. 
municipal wastewater discharges into the lake. The 
present total daily wastewater effluent discharge from Corrective Measures 
upstream factories has reached 573 ML of which 59% is 
discharged into the lake. The main pollutants are phe- In recent years, much attention has been given to 
nol, cyanogen, mercury, chromium, and arsenic, the environmental deterioration of the lake. In 1983, the 

organization "Land Economics Research of Baiyangdian 
Association" was established Linder the sponsorship of 

Environmental Deterioration professional groups. Meanwhile, many policies and 

of the Lake 	 technical measures have been proposed to solve the 
water resource problems, and control soil erosion and 
water pollution. Based on these advances and research,fthe an ases llofs:t vwe 	 think the best possible and most feasible solutions 

1).theae runo fom thewatare 	 the following:
1). 	 Surface runoff from the watershed has been re- 1). Assign the water resources in the Daqing River 

duced due to the dry hydrological cycle. The mean watershed rationally. Establish a proper ratio be
annual rainfall in this region has decreased from tween storage in the upstream reservoirs, storage 

670 mm in the 1950s to 440 mm in the 1980s, and in the lake, and discharge into the lower streams. 
of the lake andthe mean watershed runoff has decreased corre-	 This will control the water level 

prit bettro the water resources.spondingly from 6.1 km" in the 1950s to 1.5 km 3 in 	 permit better use of the water resources. 
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2). 	 Control soil erosion from the watershed by plant-
ing trees, shrubs, and grasses in critical erodible 
areas; stabilize and protect stream banks using 
vegetative or mechanical means; and develop no-
till or minimum tillage farming practices including 
contour farming and ridge planting. These meas-
ures should minimize land area erosion and stream 
sediment loads. 

3). Conserve agricultural water by increasing the effi
ciencies of on-farm irrigation applications and irri-
gation water conveyance. In 1979, it was reported 
that in some irrigation districts four times as much 
water was diverted for irrigation as was needed 
based on computed water consumption. To con-
serve irrigation water, many policies and tech-
niques must be practiced such as limiting the 
irrigation supply, lining distribution canals to 
minimize distributional losses (using underground 
pipe in some cases), and using advanced irrigation 
tech~iiques like sprinkler, trickle, and/or microir-
rigation. In some cases, farming practices may 
need to be shifted toward dryland production, 
Other industrial water conservation techniquies as 
well as recycling wastewater must also be prac-
ticed. 

4). 	 Develop new water resources by importing water 
from other regions. A plan has been developed to 
import water from the Yellow River. Annual mean 

discharge of the Yellow River is 8.3 km " during the 
4-month winter period when no water is delivered 
in the watershed. About 2 km" of this water could 
be exported to the plain of North China and stored 
in the lake. If this plan is implemented, both agri

cultural and industrial water demands can be met 
along with solving many of the lake problems. 

5). 	 Strictly regulate or limit wastewater discharge into 
the lake. Industrial and municipal wastewater 
must be treated and/or used for irrigation before 
any discharges are made into the lake. New indus
try will need to be non-polluting. 

Summary 

After studying the past and present situation of Lake 
Baiyangdian, we believe that the environmental prob
lems mentioned above can be solved. Baiyangdian Lake 
will eventually store water year-around and become a 
large reservoir on the Daqing River system in the plain of 
North China. It will remain an important flood control 
structure as well as an industrial aid agricuIltural water 
supply. The lake and its streams will remain a hub of 
hydro-transportation linkingTianjin. Baoding, and many 
more towns and counties near the lake. The siltation of 
the lake must be controlled through improved soil and 
farming practices. Then, Lake Baiyangdian will retain its 
natural beauty and attract many tourists and visitors. 
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Introduction 

Significant increases in tte amount of carbon diox-
ide (CO,) and other gases in the atnizsphere that trap 
infrared heat - a condition known as the greenhouse 
effect - are expected to cause climate changc3 through-

out the world. "he greenhouse elfect will significantly 

impact agriculture through changes in temperature, 
precipitation, and the efficienc of biomass conversion, 
due to higher levels of C0 2. The increased levels of CO 2 
will improve the efficiency of biomass conversion for the 
world's major food crops - wheat (Triticum aestivum L.), 
rice (Oryza sativa L.), and maize (Zea mays L.l(Miller, 
1988). However, changes in temperature and precipita-
ton can impact positively or negatively on plant growth 
and yields. 

General circulation models (GCM) have been devel-
oped to simulate the impacts of increased levels of CO 2 
and other trace gases on global climate conditions, 
GCMs are designed to represent the physical processes 
of radiation, cloud formation, turbulent transfers at the 
ground-atmosphere boundary, precipitation. and trans-
port of heat by ocean currents. Results from several 
GCMs project that a doubling of atmospheric carbon 
dioxide will cause a global mean warming of 2.5 to 5.511C 
(Hansen et al., 1987). 

Various plant process modeis have been developed 
to simulate plant growth processes. This paper reviews 
the results of projected climatic changes on erosion and 
yields of wheat and maize for the Great Plains as 
simulated by the Erosion Productivity Impact Calculator 
(EPIC) and the Crop Estimation Through Resource and 
Environment Synthesis (CERES) models, 

EPIC is point specific, runs on a daily time step, and 
simulates the interaction of climate, soil, and plant 
growth processes. Each component was validated before 
and after incorporation into EPIC (Williams et al., 1984). 
The weather simulator in EPIC and the biomass conver-
sion efficiency coefficients in EPIC are easily adapted to 
evaluate the impacts of the projected greenhouse effect 
on erosion and yields (Robertson et al., 1987). 

The CERES models for wheat and maize are semi-
empirical crop models designed to predict yields for large 

areas. They are applicatle to many different manage
ment conditions by varying soil and cultivation charac

teristics. The models have been validated for a wide 
range of crop conditions and locations. CERES has been 
adapted to model the projected impacts of the green
house effect on wheat and corn yields (Rosenzweig, 
1987). 

Methodology
 

Base runs were made using historic mean monthly 
temperatures and precipitation by both models. A sec
ond set ofruns were made using projected mean monthly 
temperatures and precipitation data suppled by the 
Goddard Institute for Space Studies (GISS) GCM. The 
CERES wheat and maize models used changes in pre
cipitation and temperature. EPIC was adlusted as out
lined below to take into consideration various impacts of 
the greenhouse effect: 

1. 	Based on results of Charles-Edwards as noted in 
Robertson et al. (1987), the efficiency of energy/ 
biomass conversion was increased by 25% for cor'. 
and by 33% for wheat to estimate the effects of 
doubling current levels of CO 2 on plant growth and 
yields. 

2. 	 Heat units required for the crop to reach maturity 
were increased at the North Dakota site to simulate 
changes of crop varieties in response to a milder 
climate. 

3. 	Planting dates for corn were moved one month 
earlier at the Texas and North Dakota sites to 
evaluate the effects of a longer growing season due 
to the warming trend. 

Site Selection 

EPIC 

Three sites representing different weather gridboxes 
used in the GISS GCM - southern, mid-, and northern 
latitr des- within the Great Plains ar' .,ed for the EPIC 
runs. Bell County, Texas: Shermr 2ounty. Kansas; 
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and Pierce County, North Dakota, were selected from the 
southern, middle, and northern latitudes, respectively. 
Current and projected climate permit wheat to be pro-
duced under dryland conditions at each site. Corn is 
considered only at the Texas and North Dakota sites 
beause the temperature and precipitation regime at the 
Kansas site does not permit dryland corn production 
under either climate scenario. 

CERES 

prductes modweret reatrouulat he ado-
production .n 12 different areas throughout the South-

ern Great Flains - 2 in Texas, 2 in Oklahoma, 3 In
ernsaGreatd 5ainsNeb2an Tes, 2s in lhrom, thi 
Kansas, and 5 in Nebraska. These sites span three of the 
GISS GCM weather gridboxes. Direct effects of CO2, 
increased energy/biomass con.rsion efficiency, and 
changes in stomatal resistance were included in one set 
of runs. 

Results 

Projected Impacts on Climate 

In the GISS GCM double CO 2 runs, temperatures 
are projected to rise in all location'. Precipitation is 
projected to Increase at all locations except Texas. 

Projected Imzpacts on Soil Erosion 

Erosion is projected to decreasc at all sites for the 
projected weather scenarios in tl'e EPIC simulator. In-
creased biomass production prc ,ides more protection 

Table 1. EPIC: Change in wheat and corn yields under GISS 
climate scenario with combined climate and physiological 
effects of doubl,:d CO2. 

Wheat Corn 

Longer Early 
Current season Current planting 

Location variety variety variety date 

% 
Texas -7.7 25 6 30.8 

t I 
tb -

Kansas 25.0 
t. 


North Dakota 11.1 33.3 28.6 42.9 
t. 

tb __ S. S. 

'The t test is based on the differences betweer. the paired means 
of the annual yields for the base and doub ed carbon dioxide 
scenarios. 
bThe t test is based on the diffei nces between the paired means 
of the annual yields for the doubled carbon dioxide scenarios 
and the longer season variety or -rly planting. 
*'*, and "*represent significance at he 0. 10. 0.05. and 0.01 
levels of probability, respectively, 

from wind and water erosioii except for wheat at the 
Texas location. The decrease in erosion on wheat at the 
Texas location is due to reduced levels of precipitation. 

Projected Impacts on Yields
 

EPIC
 

The projected greenhouse effect significantly in
creased wheat yields at all locations except Texas. Water 

stress due to higher temperatures and lower precipitatior at the Texas location significantly reduced U'omass 
conversion efficiency and yields. The projected increase 
cneso fiinyadyed.Tepoetdices
in temperaturz at the North Dakota location permits the 
cultivation of a longer-season, higher yielding variety of 
wheat. Projected yields for the new variety are signifi
cantly greater than the current variety under the in
creased CO2 scenario. 

The projected greenhouse effect significantly in

creased corn yields at both Jocations. Adjusting planting 

dates to take advantage of the longer growing season 
significantly increased yields over the normal planting 
dates at both locations. (See Table I for more detail.' 

CERES
 

The CERES models were used to simulate the im

pact of projected changes in temperature and precipita

tion (i.e., climate change alone) and combined climatic 
and direct CO 2 effects on wheat and corn yields in the 
Great Plains. Results of climate change alone indicate 
that the increases in temperatures negatively impact 
wheat and corn yields throughout the area, with larger 
decreases in wheat yields toward the lower latitudes. 
(See Table 2 for more aetall.) Results of the combined 
effects show that wheat yields decrease at the southern 
locations, but are unchanged in Nebraska. Corn yields 
predicted with CERES increase at all sites with the 
combined effects (Table 3). 

Conpa.tIson of EPIC and CERES Results 
EPIC includes the combined cffects of temperature, 

precip!tation, and increased biomass conversion due to 
higher levels of CO The increased levels of CO 2 im
proved yields at all sites except for wheat at the Texas 
location. Wheat yields decreased due to water stress 
caused by higher temperatures and lower precipitation. 

The CERES simulations with climate change alone 
show decreases in corn and wheat yields at all locations. 
The CERES yields with combined effects are similar to 
the EPIC results. 

Results from both EPIC and CERES inuicate that 
wheat fares better under the GISS projected weather 

changes in the northern latitudes within the Great 
Plains than the southern latitudes. 

Conclusions 

The amount of CO 2and other trace gases that tend
 
to trap Infrared heat is increasing. The precise impact on 



Table 2. CERES: Change in wheat and corn yields under 
GISS climate scenario with climate change zone. 

Wheat Corn 

Changes Changes 
Location in yields t in yields t 

Nebraska 

Norfolk -10.5 -18.6 

Grand Island -17.1 -19.8 

Scottq Flufl -25.9 -33.2 

Omaha -13.9 * -24.5 

North Platte -27.7 -4.0 


Kansas 

Goodland -10.5 -26.7 
Dodge City -38.7 -42.9 
Wichita -33.6 * -26.6 

Oklahoma 
Tulsa -33.9 -10.5 0 
Oklahoma City -45.4 -12.6 a 

Texas 

Amarillo -55.4 -12.5 
Brownsville -45.3 -5.4 

global weather is not clear. GCMs have been developed 
to project the impact of the greenhouse effect on global 
climate. Plant process models have been developed that 
can be used to simulate the impact of projected climate 
and atmospheric levels of CO 2 on plant growth and 
yields. All models are simplifications of the real world 
and must be interpreted as such. Their value is to 
identify probable directions alr' changes in relative 
magnitudes. In this sense, they are useful tools for policy 
analysis. 

Given the need to promote the wise use of soil and 
water resources, it is imperative to identifyr the potential 
ranges and associated uncertainties of the greenhouse 
effect on agriculture. The modeling studies presented in 
this paper suggest that the direct physiological effects of 
higher levels of CO 2 may compensate for climatic changes 
in some areas but not in others. This Implies that the net 
effect of all changes will shift the comparative advantage 
of crop production among the various agricultural re-
glons. Further work needs to be done to identify and 
evaluate the consequences oi potential changes to ero-
sion and water quality. This will allow advance prepara-

tion for the implementation of necessary adjustments 
and delivery of essential conservation services to the 
agricultural sector. 
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Table 3. CERES: Change in wl"eat and corn yields under GISS 
climate change scenario and dw.,ct iTects of CO. 

Wheat Corn 

Change Change
 
Location in yields t in yields t 

Nebraska
 
v~orfolk 13.3 28.3
 
Grand Island 4.9 30.8
 
Scotts Bluff -1.6 96.3
 
Omaha 8.1 -8.5
 
North Platte -8.0 77.2
 

Kansas
 
Goodland 17.7 63.2
 
Dodge City -19.4 25.9
 
Wichita -15.9 8.4
 

Oklahcmp
 
Tulsa 33.0 * 11.9
 
Oklahoma City -3.1,5 * 55.1
 

Texas
 
Amarillo -41.4 * 69.6
 
Brownsvillr. -15.8 * 55.7
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Introduction 

Desertification is a term coined, apparently, by a 
French botanist and ecologist working in West Africa 
who wrote a book titled Climats. Forets, et Desertification 
de 1'Afrique Tropicale(Climates, Forests and Desertifica-
tion of Tropical Africa) (Aubreville, 1949). Although 
desertification is presently considered to be a phenome-
non restricted to dry regions. Aubreville - who never 
defined the term - worked in the humid and subhumid 
tropics and described desertification as the ruination of 
previously forested land by man-induced soil erosion. To 
Aubreville. the wastelands created by catastrophic cro-
sion became deserts. The immediate causes were tree 
cutting, indiscriminate use of fire, and destructive cul-
tivation practices. 

A widespread drought in West Africa beginning in 
1969 brought disaster to people of the Sahel region. 
including the loss of innumerable livestock and, indi-
rectly, the death of perhaps 100.000 people. That trag
edy led to the convening of the 1977 United Nations 
Conference on Desertification in Nairobi, Kenya. The 
conference, however, had a broader mandate than just 
seeking solutions to the Sahel catastrophe: it was to 
assess the knowledge base and propose an agenda for 
action to combat land degradation throughout the dry 
regions of the world. During conference preparations. 
desertification was defined as the "diminution or de-
struction of the biological potential of the land, and can 
lead ultimately to desert-like conditions." There are 
many stages of desertification. from slight to very severe 
(Dregne. 1983). 

In the early stages of preparation for the UN confer-
nce, drought was looked upon as the cause of deserti-

fication. As the consultations progresied, it became 
apparent that human misuse of the land was at least as 
important a contributing factor as drought. Now the 

Table 1.Global extent of moderate to very severe 
desertification, by continent (from Dregne, 1983). 

% 
Africa 28.3 
Asia 49.1 
Australia 63.4 
Europe (Spain) 100.0 
North America 90.1 
South America 56.4 
All continents 47.9 

opinion pendulum has swung to the point where hu
mans are blamed for the problem and drought is only an 

exacerbating factor (Dregne. 1987). Poverty, ignorance, 
or greed are the indirect causes of desertification. The 
direct cause is mismanagement of the land through 
practices such as overgrazing, tree cutting, improper 
tillage methods, poor water distribution systems, and 
overexploitation. This means that desertification control 
is a matter of natural resource management, with 
emphasis on croplands and rangelands. 

The principal desertification processes are: l) degra
dation of vegetative cover, 2) water erosion, 3) wind 
erosion, 4) salinization, 5) soil crusting and compaction. 
6) reduction in soil oganic matter, and 7) excess of toxic 
substances in the soil. As the list indicates, desertifica
tion is simply another word for land degradation, but in 
an arid land context. 

En-rv onmental Impact of 

Desertification 

A desertification hazard map of the world was con
structed for the 1977 UN conference by the Food and 
Agriculture Organization of the United Nations (FAO) in 
cooperation with the United Nations Educational, Scien
tific, and Cultural Organization (UNESCO) and the 
World Meteorological Organization (WMO) (FAO/ 
UNFSCO/WMO. 1977). Soil, relief, vegetation, climate, 
and human and livestock population were the criteria 
used to estimate the potential susceptibility of the land 
to degradation. No attempt was made to estimate the 
amount of land that had already been degraded. A map 
purporting to show the global status of desertiflcatlun 
damage was prepared by Dregne (1977) and distributed 
at the UN conference. 

Table I presents an approximation of the magnitude 
of the global desertification problem. Percentage figures 
are lower in Africa. Asia, and South America than in 
North America because extremely arid areas such as the 

Sahara, Takla Makan, and Atacama deserts are automatically placed in the slight or no desertification cate

gory. The reasoning is that the climate is so harsh and 
vegetation is so sparse in the hyperarid climatic zones 
that man has done little to abuse the land. There are no 
hyperarid regions in Australia or Europe and very little 
in North America. 

The environmental impact of desertificatlon Is more 
apparent in the data ofTable 2. About 80% of cropland 
and rangeland is estimated to have suffered moderate or 
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Table 2. Global extent of moderate to very severe lands. Wind erosion is in a special category because off
desertification in arid regions, by land use (from Dregne. site damage is much greater than on-site damage (Davis
1983). and Condra. 1985; Huszar, 1985). There may well be 

times when reducing wind erosion from unproductive 
Land use Area Area desertifled land has a high priority because of the magnitude of the 

ha % off-site damage. 
Irrigation 126.300.000 21 
Dryland farming 224,400,000 77 
Range 3,751.100.000 82 Obstacles to Desertification Control 
Total 4.l01.800,000 80 

The United Nations Environment Programme (UNEP) 
conducted in 1984 an assessment of progress made worse land degradation. For rangelands, the dominant since 1977 in combatting desertification. That assess

problem is overgrazing, for rainfed cropland, it is water ment concluded that there has been no discernible 
and wind erosion: and for irrigated land, it is saliniza- reduction in land degradation in the arid regions (Mabb
tion. A 1984 survey of the status and trend of global de- utt, 1984). Furthermore, trend estimates indicate that 
sertification conducted by the United Nations Environ- desertification ofrangelands and rainfed croplands would 
ment Programme came up with an estimate that 62% of be worse by the year 2000. 
all the area in arid and subhumid regions has been A bleak picture emerges from analyses of global 
degraded by human activity (Mabbutt. 1984). The sur- environmental conditions with industrial pollution, 
vey used the same kind of information Dregne (1977) agricultural contamination, waste accumulation, and 
did: a little data and much informed opinior. Attractive land degradation seeming to be intractable problems. 
though it might be to conclude that desertified land had Desertification probably is easier to handle than many 
declined from 80% to 62% from 1977 to 1984, there is no other hazards to the well-being of mankind. Technical 
good reason to believe that is true. Rather, the difference solutions are known for each of the major desertification 
points out the unreliability of the numbers. processes although the cost of some of them (e.g., 

Dryland farming lands face the most serious long- restoring vegetative cover in the drier rangelands) may 
term land degradation problems: water and wind ero- be excessive. Since farmers and pastoralists are rational 
sion. In the United States, the worst incidence of large human beings - despite being accused of an unwilling
scale water erosion is in the wheatlands of the Palouse ness to change - if they are presented with solutions that 
region in the Pacific Northwest, and the worst case of minimize risk and meet objectives which agriculturalists 
wind erosion is in the southern High Plains. In my think important, new practices will be accepted. The key 
opinion, water erosion is a much greater threat to long- to success is to provide, demonstrate, and pr)mote 
term soil productivity globally than is wind erosiGn. practices that generate support by the local people. As 
Wind erosion is almost ubiquitous on arid region crop- Spooner (1987) noted, the people who are trying to 
land but its impact on permanent soil productivity is control desertiflcation are not the people suffering from 
largely restricted to blowouts. it, for the most part. Advisors and practitioners must 

work together. And technological solutions are not enough 
if there are transportation, marketing, tax, and policy

Desertification Control constraints that restrict adoption. Also, government 
policy plays a major part in program success. 

Principles of desertification control are well known. 
What is frequently not known is how to apply those 
principles to local conditions in a manner that is eco- Improving Desertification Control 
nomically profitable and agriculturally acceptable to the 
farmers and pastoralists. Adaptation of introduced tech- The obvious research need for controlling erosion on 
nologies is almost invariably necessary since the great rainfed croplands is to develop practices that will both 
majority of cropland and rangeland management prac- control erosion and increase yields or reduce production 
tices are site specific. Large scale adoption without pilot costs in the short term. Acc-mnplishing that for water 
projects is a prescription for disaster, erosion on gently sloping land has been done using 

It is apparent that desertification is a human trag- various kinds of terracing techniques and conservation 
edy in which the people who cause desertification are tillage practices. Less success has been achieved in the 
those who, along with their descendants, are the main more sloping drylands where terracing is more expen
ones who suffer from it. sive to construct and maintain and water conservation 

My own feeling (Dregne, 1985) is that stopping and less probable, in the absence of bench terraces. Much 
reversing desertification of arid lands can best be done progress has been made in the development of tillage 
by directing technical and financial resources to lands practices to reduce wind erosion. Vegetative control 
having the highest potential productivity. This means methods are less successful because residue production 
that salt-affected irrigated lands should receive the Is low In semiarid regions, especially during droughts 
highest priority for improvement, followed by control of when crop growth is even lower than usual. Combining 
water erosion on rainfed croplands and improving range- wind erosion control with yield increases or production 
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cost reductions has not been very successful thus far. 
The challenge is daunting. 

Among the data needed to combat erosion damage 

are maps showing the location of problem areas. There 

is an abysmal lack of knowledge ofwhere water and wind 

erosion have adversely affected crop yields. Erosion 

equations are valuable for estimating soil losses, espe-
cially for water, but their accuracy is uncertain for the 
tropics. Also, high soil loss does not necessarily mean 
high productivity loss. Moderate erosion on shallow soils 
can be disastrous, whereas high erosion on deep soils 
may have little effect on crop yields. We need to know 
where the problem presents the greatest threat so that 

resources can be targeted to those areas. 
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Introduction 

Woody legumes form the dominant vegetation in 
natural ecosystems throughout the dryland regions. 
Traditional tropical farming systems have for centuries 
adopted many woody legumes for food, fodder, wood. 
and in many instances, for soil fertility maintenance and 
land stabilization. In the desert and savanna ecologies, 
the videly used multipurpose trees belong to the genera 
of Acacia sp. and Prosopissp. or mesquite; whereas in 
the forest and forest/savanna transitional zones, Leu-
caenasp. and Gliricidiasp. are more common (Gilfard. 
1964; Pelissier, 1967: NAS, 1977: NAS, 1979: Freeman 
and Fricke, 1985: Bonkcungou. 1985: Galindo and 
Garcia, 1986). 

During the past decades, drought. increased land 
pressure, and the introduction of modem farming tech-
nologies have all contributed to the drastic decline intree 
coverage from the landscape, particularly in the dryland 
regions of Africa. Thus, degraded soil and water re-
sources on the deforested landscape have become the 
major threats to agricultural sustainability. 

In forest ecosystems, the alteration of soil physical 
and chemical properties 1,y woody legumes is related to 
deep root distribution, litter decomposition, biological 
nitrogen fixation, and modification of soil water regimes. 
Trees can modify and improve soil environments by (I) 
enriching the surface soil with humus, organic nitrogen, 
and mineral nutrients through recycling a much larger 
soil volume than annual crops and grasses: (i1)improv-
ing water infiltration and minimizing runoff and erosion 
through effect!ve ground cover: and (1i)reducing evapo-
ration loss (Attiwill and beeper, 1987: Pritchard and 
Fisher, 1987). 

This paper reviews selected work on leguminous 
trees and soil improvement In tropical and subtropical 
regions with special reference to the principles and 
practices of alley cropping. 

The Problem 

In dryland regions, soil degradation occurs on 
unprotectedagriculturatlandinformsofwaterandwind 
erosion, compaction, loss of organic matter, acidiflca-
tion. and salinization. Among these, the loss of surface 

soil due to water and wind erosion is probably the most 

critical factor. The U.S. Soil Conservation Service sets 
the annual critical rate of soil loss due to erosion at 11.2 
Mg/ha (5 tons/acre). However, a survey conducted over 
I years ago indicated that 83% of the farms in the U.S. 
Great Plains, Corn Belt, and Northwest were losing 
nearly twice this amount (USGAO, 1977). One reason for 
the Increased loss of topsoil from the U.S. farmland was 
attributed to the removal of windbreaks during the 
1950s and 1960s to facilitate large-scale mechanized 
farm op ,rations. Global soil loss in dryland areas due to 
land - e at that time was estimated to be four times 
worse than in the U.S. (Tolba. 1977). Although these 
figures may only bear qualitative significance. they 
certain) point out the severity of the problem. 

In tr,.1. 'cUregions, when kaolinitic and lateritic soils 
under natural fallow vegetation are cleared for cropping, 
the cultivated soil loses Its organic matter rapidly and 
becomes compacted, structureless, and more acidic 
(Table 1). Hence, crop productivity declines significantly 
after a few years of cropping (IITA, 1980: IITA, 1982; 
Nlcou. 1986: Juo and Kang, 19871. Without an effective 
vegetation cover, most upland soils in tropical dryland 
regions exhibit high erosivity, severe surface sealing (or 
crusting), and compaction. The situation is fuiither 
aggravated by high rainfall intensity. It was estimated 
that 40 to 60% of the year's rainfall in semiarid and 
subhumid regions of Africa are erosive as compared with 
an average of 5% in temperate regions (Hudson, 1971; 
Kowal and Kassan, 1978). 

In attempts to improve soil and water conservation 
on monoculture farms in Africa, several land prepara
tion methods have been evaluated in recent years for 
their effectiveness. They include: (i)deep plowing at the 
end of rainy season to conserve subsoil water and to 
mirlmize compaction and crusting; (it) tied-ridges to 
improve crop water use during the growing season: and 
(iii) no-till-residue mulch to improve soil teml. erature 
and water regimes (Charreau and Nicou, 1971: Lal, 
1976: and IITA, 1980). In spite of the high costs of labor 
and purchased inputs (e.g., machinery and herbicides), 
the benefits derived from these mechanical and chemi
cal approaches to soil conservation have proven to be 
short-lived. In semiarid regions, plowing and ridging 
invariably promote wind and water erosion. In the 
subhumid and humid regions, International Institute of 
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Table 1. Changes in properties of a kaolinitic Alflsol after continuous cropping for 12 years. ibadan, Nigeria (Source: A.S.R. Juo 
and A. Dabiri. unpublished). 

Soil property Under secondary 
(0 - 10 cm) forest 

pH in water 6.3 
Total N (g/kg) 1.75 
Exch. bases (cmol/kg) 

Ca 7.07 
Mg 1.35 

Exch. acidity (crnol/kg) 0.09 
(N KCI extraction) 

Effective CEC (cmol/kg) 9.04 
Soluble Mn (mg/kgb 8.2 
Bulk density (Mg/m 3) 1.02 

After 12-yr 
croppinga LSD (0.05) 

4.6 0.26 
0.92 0.09 

1.20 2.04 
0.20 0.36 
1.12 0.34 

2.82 2.57 
33.0 6.2 
1.65 0.12 

"Continuous maize monoculture, NPKSZn fertilization. 2 crops per year. stover removed. 
bAmmonium acetate extractable. 

Tropical Agricultures (IITA) experiences showed that the 
no-tillage-residue mulch system was able to sustain 
crop yields for 4 to 5 years on newly cleared Alfisols (pH 
6) in a continuous maize (Zea mays L.) monoculture; but 
crop yield declined significantly thereafter due to soil 
compaction and acidification (IITA. 1980; IITA, 1982). 
Moreover. the no-till system has limited application in 
semiarid and dry savanna regions. This is because crop 
residues are often considered too valuable to be spared 
as mulch material unless alternative sources of fuel and 
fodder are made available to the rural community. 

A viable alternative to maintain the quality of the 
nutrient-depleted and easily compacted soils may be to 
mimic the natural ecosystems in a systematic manner 
by growing annual crops. trees, or perennials in a mixed 
culture. The alley cropping system which has been 
investigated at the IITA in Nigeria for more than a decade 
is a good example of an ecological approach to tropical 
soil management. 

Alley Cropping and Soil Improvement 

In the humid/sub-humid transition zone of West 
Africa where nonacid soils (i.e.. Alflsols) are dominant, 
sustainable crop yields have been demonstrated i,an 
"alley cropping" system (Rang et al.. 1984; Kang et al., 
1985). In such a system, annual food crops are inter-
planted between rows of fast-growing, deep-rooting le-
guminous trees such as Leucaerto leucocephala and 
Gliricidia septum. The hedgerows are pruned at the 
beginning of the rainy season or before planting the 
annual food crop. Woody parts of the hedgerow are saved 
for firewood or for staking yams (Dioscorea sp.) and 
beans (Phaseolussp.)in homestead gardens. Leaves and 
twigs are left in the field as green manure for the 
accompanying food crop (Fig. 1).The spacing between 
the alleys depends upon the inherent fertility of the soil. 
intended cropping systems, and slope of the land. 

In the case of leucaena/maize alley cropping on 
Alfisols (pH 6) at Ibadan. Nigeria, four rows of maize are 
sown in a 4-in leucaena alley. The following cropping 
schemes may be used: (I)two crops per year, i.e. maLe-

cowpea (Vignasinensis)rotation or maize-maize monoc
ulture. with four to six prunings of leucaena during the 
two cropping seasons followed by a 7-month regrowth of 
leucaena: (Hi)one maize crop per year with two or three 
prunings of leucaena as green manure during the crop
ping season followed by a 9-month regrowth of leucaena 
and; (iII) one maize crop every 2 years thus, allowing a 
2 1-month uninterrupted regrowth of leucaena. 

The choice among the three cropping schemes is 
determined primarily by the pressure on land, the need 

, 

(a)Leucaena alley at end of dry season 

I .-. 4m -. I 

Leucaena
 
Maize 

A" I| u 
Mulch 

(b)Pruned Leucaena alley two weeks after 
maize emergence 

1 
1__ _ _0_ 

(c) Alley cropped maize at sllking stage 
Figure 1. Simplified drawings depicting three 
stages of lucaena/maize alley cropping. 
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for wood, and the availability of additional nutrient 
inputs (e.g., fertilizers). By allowing longer fallowing 
period of leucaena, the system would produce larger 
quantites of fuel wood and green manure. 

The main feature of alley cropping is that the fast- 
growing. deep-rooting leucaena fixes atmospheric nitro-
gen (N). recycles subsoil nutrients, and utilizes soil water 
stored in the subsoil horizons for its growth during the 
dry season. Leucaena grown in a well-established alley 
system on Alflsols and in a wetter climate (i.e.. 7 to 9 
rainy months) can produce approximately 7 Mg/ha (dry 
weight) of green manure from five to six prunings per 
year. This green manure contains about 250 kg of N. 20 
kg of P, 185 kg of K. 100 kg of Ca, and 15 kg of Mg under 
an intensive cropping scheme. Experiments conducted 
at IITA's main station at Ibadan, Nigeria. over a 10-year 
period have shown that yield levels of 2 to 3 Mg/ha of 
maize grain can be sustained without additional fertil-
izer application. However, for higher maize yield of 4 to 
5 Mg/ha using improved high-yielding varieties, a top 
dressing of 45 to 60 kg of N/ha from a fertilizer source to 
each maize crop would be needed in an intensive crop-
ping scheme oftwo crops per year (Juoand Kang. 1987). 

Soil water measurements (Kang et al.. 1985) showed 
that well-established leucaena alleys extract water from 
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the deeper soil layers. thus minimizing water competi
tion with the shallow-rooting annual crop growing be
tween the alleys (Fig. 2). Furthermore, runoff plots 
established at IITA on a sloping land showed that the 
deep-rooting leucaena alley system was remarkably 
effective in soil and water conservation. Water runoff 
from the plowed plot planted with monoculture maize 
and from leucaena/maize alley cropping plots was 232 
and 10 mm. respectively: and soil erosion was 15 and 0.2 
Mg/ha/yr. respectively (Lal. 1987). It was also reported 
that surface soil in cropped plots receiving leucaena 
mulch maintained significantly higher levels of organic 
matter, exchangeable Ca and K. as well as higher 
concentration of nitrate-N in the soil solution during the 
cropping season than the plots without leucaena mulch 
(Kang eta 1., 1985). 

Research on alley cropping in Nigeria Kang et al.. 
1981;Kanget al., 1984) and elsewhere in the Philippines 
and Kenya (Lungren and Nair, 1985) has proven the 
effectiveness of using leucaena as a green manure tree 
to substitute for N fertilizer In cereals production and in 
controlling soil erosion on steep land. However, no 
published work to-date offers a systematic assessment 
of the changes in the physical, chemical, and biological 
properties of soils over a long period of time and their 

relation to yield sustainability or decline between alley 

cropping and conventional monoculture systems. 
Available evidence of soil management work con

ducted on kaolinitic Alfisols and associated sandy Enti
sols in Nigeria seems to indicate that yield sustainability 

under continuous cropping of maize and other cereals 
can be achieved through alley cropping. Conventional 

systems using chemical and mechanicalinputs alone have failed the test of durability against 

time (Juo and Kang. 1987). The schematic relationships 
of yield stability between the two systems are shown in 
Figure 3. 

RIt should be pointed out that soil improvement 

CROP YIELD 

A: Alley crop + frtllIzers 

B: Alley crop 

C: Monocrop + fertilizers 
D: Monocrop 

.....
A.......................
03.8. 
• 8.8 ..................--.---


12.8. 
...\
* 17.8. 

Figure 2. Patternsof soil water suction in a leucaena/ 
maize alley cropping fledi taken between rainstorms 
ding the period of June 27 to August 17. 1983 at TIME 
Ibadan. Nigen wo aeparate zones ofwr cer depletion, Figure 3. A schematic diagram showing yield 
0 to 40 cm and 0 to 100 cm, corresponding to zones stability of maize under maize/leucaena alley 
of water uptakeby maize and leucaena. respectively, cropping and maize monoculture on nonacid, 
(Source: Kang, Grimme and Lawson, 1985). kaolinitic soils. 

50 
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through alley cropping with leucaena is more suitable on 
nonacidic soils in humid and subhumid regions with 
annual rainy seasons of 7 rmonths or more. The system 
may be adapted on valley-bottom land In semiarid and 
dry savanna areaswhere available soil wateroraground-
water table occurs within the rooting depth of the tree. 
particularly during its early stage of establishment, 
Moreover, the system has limited applicability on Ca-
deficient and high P-fixing acid soils (i.e., pH less than 
5.2) unless lime and phosphorus are used in the initial 
stage of illey establishment to ensure normal growth 
and nodulation of leucaena. Other fast-growing woody 
legumes common in wetter tropical regions such as 
Gliricidia.Casia, Flemingia, Calliandra. and Tephrosia 
need to be studied regarding their suitability in alley 
systems under different soil conditions (i.e.. high acidity 
and phosphorus and calcium stresses). 

Co eMixed Systems
Crop/Treeral 

In Drier Regions 
The potential for using trees and perennials for soil

quality improvement is more limited in the drier regionsqualty iprovmenttence 
as the length of rainy season becomes shorter. In sa
vanna ecosystems, soil water and nutrient availability 
become more critical to the occurrence, establishment, 
and growth of trees and perennials (Goldstein and 
Sarmiento, 1987: Knoop and Walker. 1985). Although 

there are many drought tolerant trees that have been 
used for food, fodder, and folk medicine in traditional 
farming systems. two genera. Acacia sp. and the Prosopis 
spp. (mesquite) are among the most useful leguminoustrees in the dryland regions of Africa and Latin America 
(NAS, 1979). 

Acacia albida 

African farmers in the desert and savanna regions 
have long practiced a tree/crop mixed farming by plant-
ing sorghum (Sorghumsp.), millet (Pennisetumsp.), or 
groundnut (Arachis hypogaea) under the large Acacia 
albidatree (Pelissier, 1967; Freeman and Fricke, 1983: 
Mieche, 1986). An unique feature of the system is that 
Acacia albidasheds its leaves during the rainy season, 
thus annual crops planted directly under its canopy 
benefit from the temporarily enriched soil while avoiding 
detrimental effects of shading and soil water competi-
tion. Earlier studies conducted by French and African 
researchers on the sandy soils in the semiarid regions of 
West Africa showed consistently higher grain yields of 
millet and sorghum, and in some instances, groundnut 
grown within the coverage of the litter fall as compared 
to that outside the litter coverage. Soil analysis indicated 
that the contents of total N, organic C and exchangeable 
cations, and available water holding capacity were sig-
nificantly higher, whereas soil temperature was more 
than 100 lower (38 to 410 C) under the tree canopy as 
compared to the area away from the tree (55 to 600C 
(Charreau and Vidal, 1965; Jung. 1969: Dancette and 
Poulain. 1969). Most of the studies were conducted on a 
few well-established trees and crop yield was expressed 

in term of kg/ha. However. in order to produce the 
reported yield increase of 470 kg/ha of sorghum, it 
would require approximately 45 large. matured trees 
(i.e.. 20 years or more) to achieve a uniform soil coverage 
for 1 ha of land (Felker, 1978). 

The most significant factor contributing to the in
crease in crop yield is probably the large increase of 
mineralized nitrogen derived from the litter. On sandy 
soils in Senegal, Jung (1970) estimated that Acacia 
albida litter returns 4.3 kg of N, 0.089 kg of P. 1.74 kg of 
K. 5.12 kg of Ca. and 0.89 kg of Mg per tree annually. 

c o Assuming 43 trees per ha and a 231 m verage per tree, 
the above values correspond to 186 kg of N. 4 kg ofP. 76 
kg of K, 222 kg of Ca. and 39 kg of Mg/ha. Thus, the 
decomposition of litter beneath the tree canopies is 
responsible for the so-called -islands of fertility" in the 
traditional farming systems (M.L. McGahuey. personal 
communication). 
r Although there is a good indication that the tempo

advantage ofAcacia albidaand annual crop mixture 
could be used as a basis for dev 'loping a more sustain

able system. considerable rese-,ch is needed before any
substantial improvement cat be achieved. In subsissystems. farmers go to the naturally established 

trees: but in improved agroinrestry systems, trees need 
to be planted and maintained in suitable geometry in the 
farmer's field. Little is known about the environmental 
requirements for germination, survival, and establish

ment of Acacia albida in the harsh ard or semiarid 
climate. Specific questions such as critical soil nutrient 
status and water regime required for early establish
ment, environmental and physiological factors controlling the time of defoliation, and site requirements (i.e.. 
ground-water table and storage capacity) for sustaining 

more than 40 trees per hectare are yet to be answered. 
Moreover, in terms of soil improvement and land stabi
lization, tree-crop-soil-water relationships as a total 
system in a given land unit or watershed need to be 
studied in order to maintain long-term soil and plant 
productivity. 

Mesquite 

The major usages of mesquite (Prosopissp.) In soil 
improvement are windbreaks and control of desertifica
tion (Mann, 1985: Galindo and Garcia. 1986: Fagotto, 
1987). Mesquite is also used as shelterbelts for wildlife 
conservation. In the arid areas of Mexico, mesquite 
(Prosopislaevigata)is traditionally used for food, fodder, 
fuel, and folk medicine (Galindo and Garcia, 1986). The 
aggressive growth of mesquite in desert ecosystems is 
apparently associated with its deep root development. 
For example, rooting depth of matured mesquite can 
exceed 50 m (Philips, 1963 as quoted by Virginia. 1986). 
Thus, mesquite may best be used to rehabilitate de
graded land because the deep rooting systems allow the 
tree to tap the deep soil water and to recycle mineral 
nutrients. 

Few publications dealt specifically with soli proper
ties under mesquite woodlands. Virginia (1986) studied 
the soil development under a mesquite (Prosopisglandu
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losa)woodland in the Sonoran Desert of California and 
found that there were significantly larger amounts of 
extractable nitrate beneath the mesquite canopies as 
compared to the soils from the tree interspace, (Fig. 4). 
Annual litter fall can deposit about 135 kg N/ha/yr to 
the surface soil which is responsible for the marked 
increase in nitrate-N beneath the tree canopy at the 
onset of the rainy season (Rundel et al., 1982). 

Mesquite is also known for its salt tolerance (Felker 
et al., 1981). Because its root can exclude Na during ion 
uptake (Eshel and Waisel, 1965), mesquite growing in a 
salt-affected soil would have a lower relative abundance 
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Figure 4. Nitrate profile in soil beneath and out- 
side mesquite canopy (Source: Virginia. 1986). 

of Na with respect to other nutrient cations such as Ca, 
and Mg. Thus. the cation balance in the surface soil may 
be improved over time as a result of litter fall and 
decomposition. Experimental evidence reported by Vir
ginia and Jarrel (1983) showed that the sodium adsorp
tion ratio (SAR) of the surface 30 cm beneath Prosopis 
glandulosa was 8 compared to a value of 17 for soil 
outside the canopy. 

Several workers reported that soil organic C and 
total N contents were significantly higher under the 
mesquite canopy than that in the open field (Tiedemann 
and Klemmedson. 1973a: Virginih and Jarrel, 1983; 
Tiedemanti and Klelnmedson, 1986). Highest concen
trations of nutrients occurred in the surface layer (0 to 
4.5 cm) of the soil under the mesquite canopy (Table 2). 

Although the total organic matter and nutrient 
contents in sandy soils under mesquite are still very low 
by common standards of soil fertility, the amounts of 

increase of C and N were substantial in comparison to 

the soil in tile open field. 
Tledemann and Klenmmedson (1973b) showed that 

in desert ecosystems, yield of grasses growing under 
mesquite canopies was 15 times greater than that 
growing outside the canopies. This may be attributed to 

higher nutrient contents in tile soil beneath the tree as 
well as moie favorable soil temperature and water re

gimes. These researchers also considered the possibility 
of clearing mesquite woodland for forage production. 
The hypothesis was subsequently rejected because of 

rapid decline of soil organic matter (C and N) as a 
result of large increases in soil temperature after mes

quite removal (Tiedemann and Klemmedson, 1986). This 
suggests that sustained production of grass and other 

vegetation in desert and semidesert ecolo
gies may only be achieved in mixed systems including 
mesquite or other suitable woody legumes. 

General Discussion 
and Conclusions 

A review of relevant literature has led us to conclude 
that research on the use of woody legumes for soil 
improvement in dryland farming systems is still in its 
infancy. Although many Indigenous tree-based prac
tices of food production have been emphasized in recent 

Table 2. Mean values of soil properties beneath and outside the mesquite canopy (Sources: Tiedenmann and Klemmedson. 

1986). 

Location 

- Canopy 
So,I layer. cm 

Open 
So!l layer, cm 

Soil property 0-4.5 7.5- 12 15- 19.5 0-4.5 7.5- 12 15- 19.5 LSD 

Organic carbon (g/kg) 
Nitrogen (g/kg) 
Phosphorus (g/kg) 
Sulfur (g/kg) 
Bulk density (Mg/m) 

6.4 
0.4b 
0.27 
0.099 
1.45 

3.7 
0.32 
0.24 
0.051 
1.55 

3.1 
0.28 
0.22 
0.050 
1.56 

2.8 
0.25 
0.23 
0.039 
1.61 

2.6 
0.22 
0.23 
0.035 
1.60 

2.4 
0.22 
0.22 
0.041 
1.57 

0.054 
0.004 
0.002 
0.0008 
0.03 
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years. systematic improvement of these practices can-
not be achieved without a better knowledge base of the 
plant-soil-water relationships. 

Favorable economic assessments (Verinumbe et al., 
1984: Ngambeki, 1985) indicate that the leucaena/ 
maize alley cropping system may be ready for on-farm 

adoption within a suitable range of climate and soil 
conditions. But further research is required as manage-
ment problems of leucaena such as pests, diseases, and 
rejuvenation would invariably develop once leucaena 
planting become more widespread, or after the alley 
fields have been cropped for an extended period of time. 
For example, recent reports indicate that a new devas-
tating pest of leucaena, the leucaena psyllid. or the 
Jumping plant louse (Heteropstyllaincisal. is spreading 
throughout the regions of the Pacific islands and South-
east Asia where leucaena is being planted on a massive 
scale for fuel, wood, fodder, and steepland stabilization 
(Ooi. 1986; M.D. Benge, personal communication). 

In humid regions. initial establishment of fast-
growing species such as leucaena and gllricidia in an 
alley system on nonacid soils requires only 2 to 3 years. 
However, in arid and semiarid regions, establishing 
acacia and mesquite in agroforestry systems may be a 
long tem endeavor (i.e., 10 to 20 years). ImportantlongermIssue as h~e..e10t of vs temprate 
re search issues such as the effects ofso',l temperature
and water regimes and phosphorus availability on 
rhizoblum nodulation. mycorrhizal association of woody 
legumes, and the environmental and physiological fac-
tors controlling the time of defoliation of Acacia albida, 
are yet to be resolved. 

For Acacia albida - based food production systems, 
perhaps the most needed research is to establish a 
watershed management study using an entire land unit. 
It is only through such studies that sustainable soil and 
dryland management can be systematically developed 
and evaluated. 
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Introduction 

Gully erosion in mountain and hill areas and sheet 
erosion are among the most serious soil erosion prob-
lems in India. Sheet erosion has a severe effect on 
agricultural production on "red soils" (mainly Alfisols), 
covering an area or about 700,000 km 2 or 40% of the 
agricultural land of India. The depth of these soils is less 
than 1 rn in most areas (Das Gupta, 1980). The annual 
soil loss estimate from water erosion observed for the 
traditional cultivation system [sorghum (Sorghum sp.). 
pigeonpea (Cajunts cajan Millsp.)] on Alfisols at the 
ICRISAT Center, Hyderabad, was about 3.6 Mg/ha from 
1975-1983 (EI-Swalit' et al., 1985: Rego, pers. commun., 
1987). This loss totals 2.5 cm per 100 years. The annual 
soil loss under natural conditions (forest) is estimated 
between 0.5 and 5 Mg/ha (Dhruva Narayana and Ram 
Babu, 1983); higher rates seem to be initiated by man. 

On the other hand, according to geomorphologists, 
e.g., Budel's (1982, 1986) theory of the "mechanism of 
double planation," even recent deep weathering of the 
peninsular gneiss below the soil at the "basal surface of 
weathering" is assumed to be very intense. This recent 
deep weathering is supposed to be faster than the ero-
sion of the surface soil even under semiarid conditions. 

Field observations including a literature reviewcould 
not confirm this statement (Bronger, 1985). Our chemi
cal and (clay) mineralogical investigations should con-
tribute information as to which weathering features can 
be regarded as relict and which are due to present day 
climate. 

Materials and Methods 

A climatic sequence of Alflsols and Ultisols from 
South India was sampled: 

hunid 
Seriei area precip. months 

Vandipertyar. Idukki Dist./Kerala 2500 mm 8 
Karpurpallam. Idukki Dist./Kerala 
Palghat. Palghat Distr./Keraia 

2500 mm 
2115 mm 

8 
5the 

Annaikatti, Mysore Plateau 1550 mm 4 
Channasandra. Bangalore 
Patancheru I, ICRISAT/Hydrerabad 

890 mm 
760 mm 

3 
3 

Patancheru II.ICRiSAT/Hyderabad 760 mm 3 
Palathurai, Coimbatore Distr. 590 mm I 
irugur. Coimbatore Distr 590 mm 1 

All soils are developed in saprolite weathered from 
granitic gneiss. (peninsular gneiss, esp. charnockte). 

Mainly benchmark soils (Murthy et al., 1982), developed 
in situ and in plateau position, were preferred. and 
samples were taken from each horizon including the 
saprolite, which is considered to be the parent material 
ofthe overlying soil.The saproliteitselfisdevelopedfrom 
the gneiss by deep weathering, a weathering process. 
which is different from soil development (Folster. 1971). 
The samples have been subject to chemical and (clay) 
mineralogical investigations. Base saturation was deter
mined after Thomas (1982) using ammonium a,-etate to 
extract the exchangabie bases and barium chloride
triethanolamine to extract the exchangeable acidity. 
Base saturation is considered to be a good indicator for 
weathering intensit,.,,, especially (feel) weathering in the 
saprolite (F61ster, 197 i) 41 th base saturation indicates 
that the bases remain in :. system and slow down the 
hydrolysis. Low base saturation indicates high weather
ing intensity. After a careful pretreatment with H202, HCl 
(pH 4.8), and DCB (Mehra and Jackson. 1960), the 
mineral composition of the sand and silt fractions was 
determined by optical methods. Coarse clay (2-0.2 pm) 
and fine clay (<0.2 pm) were examined by X-ray defrac
tion (XRD) using a PHIILIPS PW 1710 unit with 
CoK radiation. The semi-quantitative estimation fol
lowed Laves and Jihn (1972). The results were cross
checked h-i t - CEC of the clay fractions. 

Re.,ults and Discussion 

Although a good negative correlation between the 

number of humid months and the base saturation of the 
saprolites can be observed (r=-0.85. n=9, cf. Fig. 1), in 
order to set certain thresholds of weathering Intensity, 
the (clay) mineralogy of the saprolites as well as that of 
the overlying soils is ofeven more importance. Figures 2 
and 3 show results of a complete mineral weathering 
balance of the Vandiperiyar Series and the Patancheru 
I Series, v.-bich are almost end members of the chosen 
climatic s ,uence.

In the Vandiperiyar soil (Fig.2), recent weathering is 
quite intense, and pedogenetically formed kaolinite is 

predominant clay mineral. But also vermiculites 

(probably hydroxy interlaycred) are stable in the upper 
horizons. Gibbsites are mainly inherited from the sapro
lite although some are form d in the soil. The deep 
weathering is significant. 

The Patancheru I soil (Fig.3) is formed in an environ
ment. which today is much dryer than in the past. Relict 
and recent features are present. Although kaolinite is 

http:Olshausenstr.40
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from phyllosilicates-mainl, biotites. Smectites are Figure 3. Mineral composition of the Pataneheru I 
formed already in the saprolite and, therefore, are inher- soil.ited in the soil. The presence of smectites and the
 
accumulation of secondary carbonates in the Cr horizon 
 Rfrne 
leads to the conclusion that deep weathering in this

profile has slowed 
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Introduction 

Technological change has sign' cantlyimpacted the 
ability of the IJ.S. to provide food and fiber for domestic 
and export needs. This secLor, once a major employer of 
human and animal resources and provider of energy for 
agricultural production and transportation, now repre-
sents about 2% of the nation's population, animals are 

a negllgiblh: -Irce of power. and petrole-um is the major 
source 6i energ y for agriculturil production nd trans-

portation. Change in the structure of t.,e agricultural 
sector will contiruw'. Without change, the sector will 
stagnate. r -- w techn.ilogy will continue to be adopted 
and will impact the use of soil and water resources..1 

the developrwent and adoption of technology has 
provided the agr , ultural sector with the meai.s to easily 
supply demand for agricultural products, even during 
the 1970s whe demand was growing very rapfdly. 
Farmers respon led .o the Administration's recommen-
dation to plant fence row to fence row. Fences and wind 
breaks were torn down in order to increase production. 
A.xea harvested from 1970 through 1981 grew by 28.7 
million hectares. This contrasts with 1969 when 25.4 
million hectares were put into set aside and conservation 
reserve programs. In 1986. 18.9 million ha were taken 
out of production and placed hito set aside and conser-
va0on reserve programs (English and Robertson, 1987). 
By 1938, some 30.7 million ha have been put into 
consrvation reserve and set aside -rograms. 

An analysis of projected changes ir the agricultural 
sector through the year 2030 has recently been com-
pleted for the second Resource Consei-,ation Act ap-
p'aisal. This paper is based on results of the analysis for 
the appraisal. 

Projected Acreage Needs 

National Level 

Three alternatives for estimating the demand or 
need for cropiand are used in this paper. Alternative I 
(historic trend) is based on the difference between the 
historical rate of growth in agricultural productivity and 
the demand for agricultural products as estimated by 

Edwards (1987) for the past 50 years. The annual rate of 
growth in productivity in agriculture over the past 50 

years has been approximately 2% compared to 1% in 

demand for agricultural products. This implies that all 

else remains constant and if this differential were to be 
maintained over the next 50 years, by the year 2030, we 
could satisfy the demand for agricultural products with 
only 76.9 million ha of cropland. This alternative is 

included as a comparison to the projections based on 
expected levels of demand and technology. 

Alternatives 2 and 3 are based'J on scenarios devel
oped for the Agricultural Res-urce Interregional Mod
elling System (ARIMS) as ised in the Secono RCA 
Appraisal.

ARIMS is a standard cost minimizing linear program 

with a transportation sector to account for the cost of 
transferring agricultural products among regions and to 
ports for export (Robertson etal., 1987). The model has 
the foclwing sec tors: 

The crop sector Incudes the pr.uctlon of barley 
(Hordeum ,,..agare), corn (Zea mays) for grain and 
silage, cottcn naium legume and(Goss hirsutum), 
nonlegume hay. tAvena sativa), peanuts (Ara
chis hjpiyaea), sorghum ISorghurn bicolor (L.) 
Moench] for grain and silage, soybeans (Glycine 
max. sunflowers (He!ianthusannuus). and spring 
and winter wheat (Triiicum ui7stivum L.). Double 
cropping and irrigation activities areincluded asap
propriate. 

The livcoiock sector which includes the produc
tion of beef, dairy. and pork. This sector also sup
plies manure for fertilizer for crop production. 

The range sector provides forage for livestock pro
duction. 

The d..'mand sector reflects the levels of pi oduc
tion required to meet projected domestic and export 
needs. Projected demands were developed by the 
Economic Research Service for thL second Resource 

Conservastion Act (RCA) appraisal (Roberts et al.,
1987). 

The transportation sector includes rail and barge 
transportation for the crop commodities - barley, 
corn for grain, oats, sorghum for grain, and wLeat
%adtruck transportation for beef, milk, and pork. 

The input purchases sector provides irrigation 
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water, commercial ferti:lzers, agricultural chemi-
cals, and other purchased inputs. 

The land sector provides the amount of land of a 
given quality available for both crop and forage 
production. 
The model includes eight land groups based on the 

U.S. Soil Conservation Service land capability ratings; 
four tillage and four conservation practices; adoption of 
technology; summer fallow as required to model crop/ 
fallow rotations; erosion and its effects on crop yields: 
and a land conversion activity. The model accounts for 
approximately 95% of the cropland in the United States. 
The model was calibrated to simulate 1982 levels of 
production, less stock accumulations. It was then run 
for the the years 1990. 2000, and 2030. The constraints 
required to calibrate the model to 1982 levels of produc-
tion and areas are relaxed, so that by the year 2000 and 
beyond, the model approximates a free market situation, 
i.e., no commodity programs. For more detail, see Eng
lish and Robertson (1987) and Robertson et al. (1987). 

Results 

Land use is projected to decrease under all three 
alternatives. The relationship between land require-
ments and availability is given in Table 1 for the three 
alternatives for selected years through 2030. 

Land Use 

The GreatPlains with respct to the nation 

Te share of land in major crops in this area is 
projected to drop from 33% in 1990 to 26% in2030. This 
implies that technology improves the comparative ad-
vantage of agricultural production in the rest of the 
nation at the expensc of the Great Plains. 

These projections were in process prior to the im-
plei.ientation of the Conservation Reserve Program. The 
results are consistent with what is now happening to 

Table 1. Projected cropland availability and needs. 1990-2030. 

Projected land availability 

Baseline 
moderate Conservation 

Year exports reserve 

1990 150.0- 150.0 
2000 163.2 i47.4 
2010 161.01, 145.11, 
2020 158.71 142.8" 
2030 156.4 140.4 

land use in the Great Plains. According to the 1985 
National Resources Inventory, there were about 46.6 
million ha of dryland and 8.8 million ha of irrigated 
cropland. Since 1986, approximately 8.8 million ha, or 
9% of the 1982 cropland base, have been idled through 
the Conservation Reserve Program and commodity set 
asides. The 2030 solution indicates that only one-half of 
the land base within the Great Plains will be required to 
meet expected levels of domestic and export demands. 
Additionally, the 2030 solution indicates that as irriga
tion equipment depreciates and pumping costs increase, 
fanrers will tend to place their irrigated land under 
dryland farming practices. (See Table 2 for more detail.) 

The projections for the Northern Great Plains indi
cate a drastic decrease in area irrigated. This results 
from a significant increase in pumping depths based on 
current draw down rates and a lower relative increase in 
crop yields as projected for the second RCA appraisal. 

Environment 

The Great Plainswith respect to the nation 

The total value of agricultural chemicals applied in 
the Great Plains states are projected to decrease by 7% 
compared to an increase of42% at the national level. Per 
hectare application rates are projected to increase by 
about 27% ccmpared to a 50% increase at the national 
level. Table 3 gives the relationship of land use, agricul
tural chemical use, and erosion with respect to the rest 
of the nation for the time frame of this analysis. Agricul
tural chemical use for the analysis is defined as the
composite value of nitrogen, phosphorus, and pesti
cides. Potassium is not included because it is not a major 
contaminant of water. 

Eros!on is projected to decrease by 26% compared to 
a 15% decrease at the national level. This implies that 
technological growth may have a favorable environ
mental impact on the Great Plains states in general. 
However, there is a potential for higher agricultural 

Projected cropland needs 

Baseline 
Historic moderate Conservation 

trend exports reserve 

ha (millions) 
114.9 118.5 117.4 
103.8 98.0 88.4 
93.8 102.6b 88.4b 
85.0 107.2 b 88.4b 
76.9 111.8 88.5 

This number has been reduced by 18.2 million ha to reflect the current policy of the Conservation Reserve Alternative.
 
Projections for 2000 ar. I beyond assume that the conservation reserve area will be available for crops.
bProjections for 2010 and 2020 were not done In the original analysis. These data are straight line interpolations between 2000
 
and 2030.
 



Table 2. Actual and projected agricultural land use data for 
1982 and 2030. 

1982 2030
 

Dry Irrigated Dry Irrigated 

ha (thousands) 
Northern Plains 33,013 4,441 18,096 333 
Southern Plains 13,592 4.377 5,405 1.952 
Total 46,605 8.818 23,501 2,285 

chemical loadings in runoffand percolation in the higher 
rainfall areas that can support more intensive cropping 

patterns. 

Conclusions 

The development of technology, in its current trend 
to increase production per unit of land, should have a 
positive impact on the environment for humans, fish, 
and wildlife in the Great Plains. Erosion will be signifi-
cantly reduced. This implies that there will be less 
agricultural chemical pollution in surface waters. Land 

area under irrigation is projected to decrease signifi-
cantly. This should have a strong positive impact on 

improving ground water quality. 
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rable 3. Projected relationships in land use, agricultural 
chemiceJ applications, and erosion for the Great Plains. 
1990-2030. 

Area 
of major 

crops 

Area of 
cropland 

not !n 
crops 

Change 
in $/ha 

ag-chemicals 

Change 
total 

erosion 

United States 
1990 
2000 
2030 

ha (millions) 

107.1 
87.0 
102.1 

29 
40 
28 

% 

57 
50 

-28 
-15 

Great Plains 
1990 35.6 32 
2000 23.9 53 10 -35 
2030 26.3 47 27 -26 
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Introduction 

The Southern Plains represents a vast expanse of 
farming and ranching activities. This region, much of 
which is characterized by.erratic weather and fragile
soils, continues to experience increasing rural and urban 
demands on its water resources (Collins, 1984). These 
resources, thus, require protection, while maintaining 
soil fertility and crop production at acceptable levels, 
This protection involves knowledge and understanding 
of the effects of varied dryland agricultural practices on 
.fie amounts of chemicals transported In surface runoff 
(3harpley ct al.. 1987: Smith et al., 1988). For the past 
decade, we have participated In a series of cooperative
watershed studies in Oklahoma and Texas to obtain 
such information. Presented here are results for nitrate 
nitrogen (NN), ammonium nitrogen (AN), total nitrogen 
(TN), soluble phosphorus (SP), total phosphorus (TP), 
potassium (K), calcium (Ca), magnesium (Mg), and sul-
fur (S) transported in watershed runoff. 

Watersheds~ ~ ~ ~ehd 
Watersheds and Methods 

Specific information about the 27 subject water-
sheds has been provided previously (Sharpley et al.. 
1987; Smith et al., 1988). Suffice it to note here that the 
watersheds comprised a range of sizes (1. I to 8.4 ha), 
soils (Alflsols, Inceptisols, Mollisols, and Vertisols). slopes
( to 9%), native grasses (tall and mid-grasses), intro-
duced grasses (bermuda, Cynodon dactylon L.: klein, 
Panicum coloraturnL.: and winter-green hardinggrass, 
PhaartsacquaticaL.),crops (cotton, Gossypiumhirsutum 
L.: oats, Avena sativaL.: peanuts. Arachis hiipogaeaL.:
;;orghum, SorghumbicolorL. Moench; and wheat, Triticum 
cestiouni L.), tillage (conventional and low-till), fertilizer 
application rates (N,0 to 133; P, 0 to 33; K, 0 to 20 kg/ 
ha/yr), and study periods (3 to 10 years). Watershed 
runoff was measured using pre-calibrated flumes with 
FW- 1 stage recorders and automated sampling lor the 
duration ofeach runoffevent. After comparison with thc 
runcff hydrograph, composite samples were made in 
proportion to total flow to provide a single event repre-
sentative sample of runoff for each watershed. Chemical 
concentrations in the runoffwere determined by analyti-
cal procedures outined by Sharpley et al. (1985, 1987). 

Results and Discussion 

Concentrations of Chemicals 
Transported in Surface Runoff 

Mean annual concentrations of the N and P forms, 
K, Ca, Mg. and S are summarized by location and land 
use inTable 1A. These concentrations, mainly ofinterest 
from a water quality standpoint, represent dissolved 
levels of the chemicals in surface runoff waters, except
for TN and TP which are associated primarily with 
suspended sediment. Mean annual values ranged from 
0.1 mg/L AN and SP for certain grassland and cropland 
watersheds to 18 mg/L TN for the peanut/sorghum 
rotation watersheds at Fort Cobb. In the case of NN, 
concentrations below 10 and 100 mg/Lare considered 
acceptable for human and livestock consumption, re
spectively. Ammonium-N concentrations below 0.5 mg/ 
Lare recommended for humans while levels above 2.5 
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Figure 1. Comparison of predicted and measured 
mean annual chemical yield SP = soluble 
phosphorus, TP = total phosphorus) in suface 
runoff from grassland and cropland watersheds. 

10 



Runoff ofAgriculturalChemicals 695 

Table 1. Mean annual concentration and amount of N. P, K, Ca, Mg, and S transpired In surface runoff from 27 Southern Plains 
watersheds. 

Number Chemical concentration and amounts 
Water- of 

Site' shcds yearsb NO,-N NH4-N TN SP TP K Ca Mg S 

A. Concentration (Mg/L) 
Native grass 

Ft. Reno 4 10 0.6 0.6 2.6 0.1 0.2 8.0 6.3 2.2 5.2 
Lt. Washita 2 , 0.2 0.2 2.0 0.1 0.4 - - - -

Woodward 2 10 0.2 0.2 3.8 0.2 1.0 3.6 4.5 0.6 3.6 
Introduced grass 

Riesel 3 8 1.6 0.4 3.8 0.1 0.5 - - - -

Cotton/oats/sorghum rotation 
Riesel 3 8 3.1 0.1 7.7 0.1 1.2 - - - -

Peanut/sorghum rotation 
Ft. Cobb 2 4 0.6 0.1 18.0 0.2 6.9 9.1 6.1 1.2 7.2 

Wheat 
Ft. Renu 4 8 1.9 0.7 9.0 0.3 1.7 7.9 3.2 1.3 4.8 
Lt. Washita 2 4 1.5 0.3 4.8 0.1 1.0 - - - -

Woodward 2 8 1.1 0.3 17.2 0.4 3.4 6.1 11.4 1.8 3.3 
Wheat/sorghum/fallow rotation 

Bushland 3 8 1.4 0.1 4.4 0.2 1.7 5.1 5.7 1.9 3.1 

B. Amount (kg/ha/yr) 
Native grass 

Ft. Reno 4 10 0.43 0.34 1.59 0.09 0.16 11.1 6.7 2.8 5.8 
Lt. Washita 2 4 0.02 0.01 0.18 0.01 0.05 - - - -

Woodward 2 10 0.02 0.02 0.42 0.11 0.15 0.4 0.4 0.1 0.2 
Introduced grass 

Riesel 3 8 1.62 0.78 4.84 0.13 1.49 - - - -

Cotton/oats/sorghum rotation 
Riesel 3 8 3.42 0.06 7.17 0.22 1.51 - - - -

Peanut/sorghum rotation 
Ft. Cobb 2 4 0.34 0.07 14.98 0.10 4.80 2.0 2.6 0.4 4.2 

Wheat 
Ft. Reno 4 8 1.35 0.45 7.42 0.22 1.68 9.6 3.6 1.3 4.7 
Lt. Washita 2 4 1.84 0.42 5.70 0.13 1.22 - - - -

Woodward 2 8 0.56 0.17 9.48 0.24 2.53 8.0 13.6 1.8 2.0 
Wheat/sorghum/fallow rotation 

Bushland 3 8 0.44 0.07 2.03 0.06 0.76 1.6 1.8 0.4 0.8 

,Ft. Cobb. Ft. Reno, and Little Washita are in Reddish Prairies: Woodward is in Rolling Red Plains; Riesel is in Blackland 
Prairies; and Bushland is in High Plains. 

Represents years for N and P data; other data represent 3+ years. 
Peanut phase of the rotation received some supplemental irrigation. 

mg/L may be harmful to fish (Environmental Protection over, P concentrations in rainiall often exceed the "criti-
Agency, 1973). The results In Table IA show that mean cal levels" (Sharpley et al., 1985). It would, thus, appear 
NN concentrations (<3 mg/L) were well within these unrealistic to attain or maintain P concentrations in 
limits and the AN concentrations were either within or runoff from the watersheds below the "critical levels". 
close to recommended limits. In fact, NN and AN concen- With regard to the other chemicals (i.e., K, Ca, Mg, and 
trations were often below corresponding values in rain- S), all concentrations were too low to be of concern from 
fall (Sharpley et al., 1985), indicating the watersheds a water quality standpoint. 
acted as filters in removing soluble N in runoff. It should be emphasized that the summary concen-

Soluble P concentrations above 0.01 mg/L and TP trations in Table IA represent flow-weighted annual 
concentrations above 0.02 mg/Lhave been proposed as averages. Considerably higher concentrations were 
levels that, if exceeded, may accelerate the eutrophica- observed for certain individual runoff events. Usually, 
tion of impoundments and lakes (Vollenweider, 197 1). this resulted only if an intense rainfall occurred within 
The P levels observed here (Table IA) were generally a few days after surface application of fertilizer without 
above these "critical levels". This was the case even in incorporation. For instance, in the case of the native 
runoff from the unfertilized, moderately grazed native grass watersheds, the relatively high AN value at Fort 
grass watersheds (e.g., Little Washita), suggesting that Reno is due, in part, to an April 1979, storm that 
such "critical levels" may be natural occurrences. More- occurred shortly after a broadcast application of 45 kg 
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N/ha as ammonium nitrate to one watershed. For that 
particular event, respective AN and NN runoff concen-
trations from the watershed were 11.5 and 1.4 mg/L. 

Amounts of Chemicals Transported in 
Surface Runoff 

Mean annual amounts of the chemicals are summa-
rized in Table 1B. These values, mainly of interest from 
a soil fertility and conservation standpoint, ranged from 
0.01 kg/ha/yr AN and SP on the Little Washita native 
grass watersheds to 15 kg/ha/yr TN for the clean-tilled, 
peanut/sorghum rotation watersheds at Fort Cobb. For 
all watersheds, mean annual runoff losses of NN. AN, SP. 
K. Ca, Mg and S were <4. <0.8, <0.3. < 12. < 14, <3 and <6 
kg/ha, respectively (Table 1B), Comparable amounts 
received in rainfall were about 3, 3. 0.06, 2, 16, 2 and 20 
kg/ha (Sharpley et al.. 1985). Net amounts of soluble 
chemicals lost in surface runoff from the watersheds 
were small and, in many cases, rainfall contributions 
exceeded runoff losses. The TN and TP losses, which 
reflect erosion, were < 15 and <5 kg/ha/yr. These higher 
particulate amounts were associated mainly with tillage 
practices that left little crop residue on the watershed 
st 'e. For instance, the clean-tilled peanut/sorghum 
waersheds at Fort Cobb had annual erosion losses 2.5 
times the recommended limit of 4.4 Mg/ha. 

While the annual amounts of chemicals lost in 
surface runoff are fairly low from a soil fertility/conser-
vation standpoint, they do provide some insight regard-
ing variations within and among chemicals that may be 
expected from a range of treatments. In most cases, 
amounts of the major plant chemicals (i.e., N, P, and K) 
transported were somewhat greater from the fertilized 
cropland watersheds, particularly if the tillage practice 
resulted in high erosion losses. Overall. however, the 
small magnitude of tihe variations would indicate thatsmal manituetu varatins oul thto inicat 
losses ofany applied fertilizer chemicals from the water- 
sheds were not too important. 

Prediction of Chemical Losses in Surface 
Runoff 

Accurate prediction of chemical losses in surface 
runoff Is important from both water quality and soil 

fertility standpoints. A recently developed desorption 
equation has been proposed to predict soluble chemical 
losses in surface runoff (Smith et al., 1986). The equa
tion Is more versatile than conventional transport equa
tions involving partition coefficients or equilibrium rela
tions. Briefly, it incorporates parameters describing 
depth of surface soil-runoff interaction, storm size, and 
runoff water/ suspended soil ratio. In the case ofchemi
cals attached to the suspended sediment, a relationship 
between enrichment ratio (chemical content of sedi
ment/souroe soil) and soil loss is used (Smith et al., 
1986). Only results for SP and TP are depicted in Figure 
1, but similarly good predictions are anticipated for 
various other agricultural chemicals. The prediction 
equations used appear to be valid for Southern Plains 
watersheds. 
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Field Modeling as a 

Management Tool 


Modeling has been used extensively as an aid to 

understand physical phenomena, and to develop and 
test new theoiies or methods. Use of modeling for 
making management decisions is a relatively new idea. 
Although there are many gaps in our knowledge. the 
theories of water and chemical transport are developed 
well enough to enable us to achieve near optimum use of 
resources while maintaining or improving environmental 
quality. Examples of the use of two field-scale models are 
presented below. Both are one-dimensional, physically-
based simulation models of the movement of water and 
chemicals over and through the root zone. Either model 
can be used with frequency distributions and trends to 
account for spatial variability, 

NITWAT: A Nitrogen and 
Water Management Model 

This is a soil-water-nitrogen (N) model for irrigated 
corn (Zea mays L.) on sandy soils, developed at the Uni-
versity of Nebraska (Mclssac et al.. 1985). Water flow and 
uptake, and N transformations, uptake. and transport 
are treated in relation to crop growth under given 
weather and irrigation conditions. The transformations 
include mineralization of organic matter, hydrolysis of 
urea, and nitrification. Soil temperature Is calculated 
with depth. A potential N uptake function developed 
from field data is used to determine maximum uptake for 
nonlimiting soil water and N conditions. Uptake is 
calculated as less than potential when soil water and/or 
mineral N limit convective and diffusive movement of 
nitrate to the root system. The model results for plant 
uptake of water and N, N distribution in the soil, and 
leaching of nitrate from the root zone compared favora-
bly with field tests. 

The model was used on a real-time basis to predict 
the amount of irrigation and fertilizer needed to achieve 
a specific N uptake based upon a yield goal. This process 
was termed the best management practice (BMP). The 
BMP was compared to simulation of two common fertil
izer practices (Fig. la). The leaching loss from the BMP 
was also compared to other irrigation-N treatments 
using 5 years of data (Fig. 1b). Irrigation in the BMP was 

applied when 40% of the available water was depleted 

(IRR = 0.4 DEPL), and at a 4-day interval in other 
treatments. The BMP significantly reduced leaching 

during the 5 years while maintaining N uptake. 

RZWQM: The ARS Rootzone 
Water Quality Model 

This is a comprehensive model oi'soll-water-chemi
cal-plant relationships that is currently being developed 
by a team of USDA-ARS srientists* for assessing agricul
tural management impacts on root zone and groundwa
ter quality. The model can, however, also be used for op
timizing soil-water-chemical management. The model 
incorporates nitrogen, phosphorus, and pesticide proc
esses, and several crops. Several impi ovements over the 
existing root zone models are introduced, most notably 
in the effects of tillage, residue cover, and crops on soil 
properties (including crusting, sealing, and layering)
and processes such as preferential flow in soil macro
pores and retardation by micropores, chemical transfer 
to runoff, soil chemistry, pesticide degradation, nutrient 
cycling, and plant growth. The model shows that 1% by 
volume of the macropores increases infiltration (Fig. 2a) 
and transports a significant amount of a chemical from 
surface to deeper layers (Fig. 2c), whereas the micro
pores hold back some chemicals near the surface (Fig. 
pcac 

Estimation of Soil Hydraulic 

Properties from Soil Bulk Density
 
and 33-kPa Water Content
 

in Untilled and Tilled Zones
 

Recent work in our laboratory (Ahuja et al., 1984. 
1988) with nine different soils indicates that the satu
rated hydraulic conductivity (Ks) of a soil layer is strongly 
related to effective porosity (0,.) (see Fig. 3a) as: 

K =764.5 o,3 21 

*Members of the team are: D. G. DeCoursey (Coordinator), L. R. 
Ahuja, J. D.Hanson, R.Nash. R.D. Wauchope. A. IIjelmnfelt. 
M.J. Shaffer, J. S. Schepers. K.Rojas, Ed Sealy. G.Oliver. 
and D. A. Farrell. 
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Figure 1. (a) Simulated nitrogen uptake vs. fertil
izer nitrogen applied to corn using three applica
tion methods: 1) the model-selected best manage-
ment practice (BMP), 2) sidedress anhydrous am-
monia plus pivot inject urea ammonium nitrate 
(UAN), and 3) preplant anhydrous ammonia; 
(b) Nitrate leaching potential for five treatments 
and 5 years on the Valentine fine sand. 

(N = 473, R"= 0.67**. signif. at 99% level, RMSE of log K 
= 0.613) [1, 
where 

Porosity (calc. from bulk density) 
- water content at 33-kPa suction [21 

04 BETHANY..... 
E 

"E 

NO MACROPORES 
PRESENT 

00 
MACROPCOES
 

PRESENT 
h 001 mnr105B0 I_ 
4 025 

-J0
 
(/~) 02 , . . . . .
 A01 611 16 21 26 31 56 41 46 51 56 61 66 71 7661 86 91 

SOIL DEPTH(cm) 
ESO 

7ICNOhORE00 BETHANY SOIL 

z 
-60 0 

Z 400 MESOPORES 

0 
U 

200 

AVERAGE 

-
0 

6 II 16 21 26 31 36 

SOIL DEPTH 
41 46 51 

0 BETHANY SOILU 1 vSETHANY SOIL @ 
U 

o 

° 
(13 

0 . . . . . 
I- I 6 II 16 21 26 31 36 41 46 51 56 61 66 It 76 81 86S D ( 

The measurement of saturated hydraulic conductivity is 
normally subject to a large error (an order of magnitude). 
because of the unknown effects of air entrapment and 
presence of macropores. Considering this limitation, Eq. 
111 provides a good means to estimate K where meas-
ured data are not available. Tests of Eq. III for three new 
data sets have shown good results. 

In a related work (Ahuja et al., 1985). we have also 
shown that the soil water content-suction curve. 0(S), 
can also be approximated from bulk density and 33-kPa 
values, using a known reference curve for a related soil. 
The similar-media scaling theory is utilized for this 
purpose. The procedure is illustrated in Fig. 3b. 

The changes in the above properties as a result of 
tillage and consolidation can be estimated with the 
above scheme. Data in the literature indicate that tillage 
and consolidation change soil porosity mainly in the 
larger pore region above 33-kPa suction. Hence. know-
Ing only the changes in soil bulk density will provide the 
new total porosity (0s) as well as the new 33-kPa value. 

Figure 2. (a) Infiltration in Bethany soil with and
without macropores; 
(b) Nitrate transport in soil meso- and micropores 
during infiltration; 
(c) Amount of a pesticide transferred from macro
pore flow to soil matrix at different soil depths. 

The new water retention curve can thus be estimated 
from knowing only the bulk density change. 

The unsaturated hydraulic conductivity function, 
K(S), needed in our modeling approach, can be obtained 
from K and O(S) using commonly used methods (Mualem, 
1986). 
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The 10 papers on environmental issues associated 
with dryland farming were presented by persons from 
North America, Africa, China, and India. The plenary 
raper by Lal et al. pointed out that while much progress 
has been made in terms of improved varieties, cultural 
practices, chemical amendments, and pest control, these 
components have not always been integrated into sus-
tainable systems compatible with environmental protec-
tion. Consequences of not doing so are exemplified well 
in Zhang and Xu's paper concerning severe sediment 
accumulation problems and drastically reduced water 
resources of Lake Baiyangdian, the largest lake in the 
plain of North China, and Bronger and Bruhn's paper 
showing that soil erosion is not balanced by deep weath-
ering in the semiarid tropics of South India. Dregne's 
paper is right on target when he notes that desertifica-
lion, a major world-wide agricultural/environmental 
problem, is more man-induced than drought-induced. 

Impacts ofagricultural technology on environmental 
issues in the Great Plains are treated in papers by 
Robertson, Fuglestad et al., and Smith et al. These 
impacts are generally positive, although the compara-
tive advantage of Great Plains agriculture with respect to 
the rest of the U.S. is projected to decrease, 

Constraints to achieving a sustainable dryland 
agriculture in harmony with the environment include a 
lack of water, fragile soils, social customs, and inade-
quate econo,ilc resources. Typically, once severe agri-
cultural/environmental problems develop in dryland 
regions containing only marginal natural resources, 
solutions are not quickly attainable. Therefore, it be-

comes extremely important to test adequately innovative 
agricultural practices before implementing them on a 
wide-spread basis. Agroforestry, or al!ey cropping (Juo 
and Meyer's paper) is a practice that shows particular 
promise for resource-poor, small-scale farmers of the 
humid and subhumid tropics. For large-scale commer
cial farming enterprises, conservation tillage farming 
practices provide an acceptable alternative for a sustain
able agriculture. 

International agencies concerned with technology 
transfer include the International Board for Plant Ge
netic Resources, which maintains a germplasm base for 
dryland areas (J.T.Williams et al. paper) and the United 
Nations Environment Programme (Dregne's paper). 
Technology applications cannot work, however, where 
transportation, marketing, and government policy are 
major impediments. 

There appears to be general agreement that dryland 
farming research should focus on practices that com
bine soil degradation control with yield increases or 
production cost decreases. In this regard, models to 
predict the impact of management (Ahuja et al.), and 
climatic (Robertson, Rosenzweig et al.) scenarios provide 
assistance. One issue not covered in most such models, 
however, is that involving sociological and political 
impacts. This Issue is considered of particular impor
tance for the more fragile and marginal dryland farming 
areas with poor, small-scale farmers. The new farming 
technologies and cropping systems that seem to hold the 
most promise are those that mimic the natural ecosys
tem in a systematic manner. 
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Introduction 

For annual crops, which are the subject of this 
paper, the term cropping system usually refers to the 
number and distribution of crops grown on a given piece 
of land in a given year. A cropping system may be as 
simple as a single crop or it may be a more complex 
multiple cropping system in which two or more crops are 
grown throughout the year. 

Multiple cropping systems are important because of 
their potential for producing greater overall yields than 
single crop systems. This potenial exists mainly be-
cause ajudicious combination of crops may make better 
use of growth resources than a single crop. Viewed very 
simplistically, this can occur in two ways. First, crop 
combinations in time (i. e., successions of crops) may 
make fuller use of resources by increasing the period of 
crop growth. In dryland areas, the potential cropping 
period is of course limited by availability of water, but 
combinations in time may increase the proportion of this 
period that is properly utilized. Second, crop combina
tions in space (i.e., interplanting of different crops, 
usually referred to as intercropping) may make better 
use of resoturces at a given point in time because of 
complementary effects between the crops. In practice. 
some cropping systems may provide elements of both of 
these temporal and spatial effects and the ideal system 
is one that gives efficient use of resources for as long a 
period as possible: in particular, the ideal system in 
dryland areas is one that efficiently uses both the rainy 
period and the period of residual soil water. 

This paper describes the different types of cropping 
systems and discusses some key aspects of resource 
use, yield, and practical management. For intercropping 
systems, it also discusses some of the interactions other 
than resot!rce use that can occur between the compo-
nent crops. Finally. it considers some of the parameters 
that can be used to compare different systems; these are 
examined in terms ofproductivity and the risk of failure. 

The paper tries to emphasize the basic principles 
that are likely to be widely applicable over a range of 
different dryland environments. However. the specific 
examples have necessarily been drawn front the author's 
experience of resource-poor farming in the developing 
tropics. 

Single Cropping Systems 

In the developing tropics, many single cropping 
systems are particularly well adapted to the length of the 
potentlalcroppingperiod; typically, the crops make their 

major growth during the rains and then mature in sunny 
conditions on the residual soil water. If potential crop
ping periods are short, such single cropping systems can 
be relatively efficient because they inevitably involve 
rapid-growing, early-maturing crops that can make 
good use of the short period of available water. With 
longer cropping periods, however, good environmental 
adaptation does not alvays mean efficient production 
for the farmer. Many long-season crops such as pigeon
pea (Cajanuscajas Mill sp.), castor bean (Rieiinus com
munis), cotton (Gossypium sp.), or cassava (Manihotsp.) 
are very slow-growing initially and make very poor use of 
resources in their early stages. Other long-season crops 
such as the late-maturing cereals may be biologically 
efficient in that they are rapid-growing and make good 
use of resources, but this results in large amounts of 
vegetative growth to the detriment of more urgently 
needed grain. 

Temporal Cropping Systems 

Sequential Cropping 
Sequential cropping is when two consecutive crops 

are grown, a second one being sown after the harvest ofAfirst. This is potentially a very productive system: it 
produces two "full" crops in the sense that each is a sole 
crop that does not experience any competition from 
another inierplanted crop. 

The possibilities Ior sequential cropping. or for any 
other temporal system, have been greatly ir.,reased in 
recent years xvith the introduction of earlier-maturing 
genotypes. But high-yielding sequential systems are 
likely to require 80 to 100 days for each crop. which 
means a minimum of 170 to 180 clays in total: this is 
longer than is available in many ryland environments. 
This total period can of course be reduced if either, or 
both. of the crops is earlier-maturing, but yields are then 
likely to be lower. Andrews (1972) has emphasized that 
lie ofo thebe problemsle. with early-maturinge genotypess ta ofone ws9 mpha 
the first crop is that this crop then matures in unfavor
able conditions during the rains. 

An ideal environment for sequential cropping is the 
higher ainfall areas (>750 mm) on the deep Vertisols of 
monsoonal India (Reddy and Willey, 1982). The first crop 
matures under good conditions about the end of the 90 

to 100 clay rainy period and a second crop grows on 
residual water for about 90 to 100 more (lays. In this 
environment, seqluential cropping can be extremely 
productive, with high yields of maize (&ea mays L.). sor
ghum (Sorghum sp.), or soybean (Glycirne max L.) being 
followed by high yields of chickpea (Cicer ciretinum). 

~.''..' * 
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safflower (Carthamustinctorius), or sorghum. 
For resource-poor farmers in the develo-',ig tropics, 

a major practical limitation of sequential cropping is the 
need for a rapid turn-around between the crops. This 
turn-around is during a severe labor bottleneck when 
the farmer may have to spend several (lays harvesting 
the first crop (and quite probably threshing and storing 
it) before any attention can be given to sowing the second 
one. A delay in sowing the second crop can substantially 
increase the risk of low yields, or outright failure, be-
cause of drier conditions at sowing and greater drought 
stress at the end of th- season. 

Relay Cropping 

In relay cropping. a second crop is sown about 2 to 
3 weeks before the harvest of the first. The system is 
distinguished from intercropping by the fact that the 
period of'overlap is not longenough tocause competition 
between the crops. This is a very attractive system in 
theory because it still produces two full crops, but 
requires a total cropping period 2 to 3 weeks shorter than 
a sequential system of the same crops. Moreover, the 
second crop is much more assured than in the sequen- 
tial system because of the reduced risks of dry sowing 
conditions or end-of-season drought stress. 

A major practical advantage of the rclay system is 
that the sowing of the second crop is complete before the 
labor bottleneck of harvesting the first crop. But the 

practical feasibility of the system is dependent on how 
easily this sowing into the standing first crop can be 
carried out. Mechanized sowing is not normally possible, 
although in operational-scale trials at ICRISAT, second 
crops were successfully sovn into a first crop ofmungbean 
(Phaseolus aureus) with animal-drawn equipment 
(ICRISAT. 1984). A very common example of relay sys-
tems. though not a dryland example, is the broadcasting 
of a variety of relay crops into paddy rice about 2 to 5 
weeks before harvest. 

Ratoon Cropping 

In ratoon systems, the stubble of a first crop is 
allowed to re-grow to produce a second, or "ratoon." 
crop. Compared with tile sequential or relay systems. 
the attraction of the ratoon system is that it avoids both 
the costs and problems of establishing a second crop. It 
also has a relatively short growing period requirement 
for a two-crop system because the ratoon crop can 
mature in up to 20 to 25 days less than the first crop. 
However, relatively few annual crops will produce ratoon 
growth. Sorghum and pearl millet [Pennisetunrarnerico-

num (L.) Leeble] will ratoon, but typically their ratoon " 

yields are much lower and more variable than the first 
crop, especially when pest and disease carry-over is a 
problem. Screening trials of sorghum genotyi pes at 
ICRISAT. when pests and diseases were controlled and 
water supply was good. produced ratoon yields that were 
at best two-thirds of first crop yields: operational scale 
trials, in which there was no control of pests and di-
seases and a variable water supply. produced sorghum 
ratoon yields that were seldom as much as 50% of the 
first crop (ICRISAT, 1984). 

A new possibility for ratoon cropping is the develop
ment of very early pigeonpea genotypes which can ma
ture in 90 to 100 days and which can produce good 
ratoon yield. Operational-scale trials in India have given 
ratoon yields of 65 to 80% of the first crop across a range 
of soil types (ICRISAT, 1984): in Australia, ratoon yields 
as high as first crops have been reported (Wallis et al. 
1980). 

Temporal Intercropping 
One of the commonest forms of intercropping in 

farming practice is when a rapid-growing, early-matur

ing crop is interplanted with a slow-establishing, later 
maturing one. Such temporal systems are typified by the 
sorghum/pigconpea combination which is one of the 
commonest systems in India. The pattern of temporal 
resource use in this system is illustrated in Figure la, 
which shows light interception of a two-rows sorghum: 
one row pigeonpea planting pattern, with the within-row 
spacings decreased to make the plant population for 
each crop the same as a full sole crop. The sorghum was 
a 90-day hybrid and the pigeonpea a 170-180-day 
selection. Figure la shows that growing only sorghum 
achieves good use of early resources, but obviously no 
use of resources after harvest at 90 days. Conversely, 
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Figure 1. Light interception and dry matter 
accumulation in sorghum and plgeonpea grown as 
sole crops and as a 2-row sorghum: 1-row 
pigeonpea Intercropping system (means of 3 years) 
(after Willey et al., 1985). 
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growing only pigeonpea achieves good use of later re- scribed above, the high population of the dominant 
sources, but very limited use of resources in the first 7 sorghum ensured virtually a full sorghum yield (95%of 
to 8weeks. The intercroppingsystern achieves both good a sole crop), but the slower-growing pigeonpea suifered 
use of early resources because of the presence of sor- severe competition and produced a dry matter y. 'Ij 

ghum and at least reasonable use of later resources equivalent to only 53%ofth1 solecrop (Fig. Ib). However, 
because of the presence of pigeonpea. because sorghum competition occurs only during the 

Total lighit energy intercepted by the intercropping early vegetative growth of pigeonpea. the harvest index 
system during the season was in fact appreciably higher of intercropped pigeonpea (30%) was higher than in sole 
than by sole cropping and was exactly proportional to a cropping (22%), giving a final seed yield in intercropping 
greater overall dry matter p:oduction. Thus this sor- that was 72% of the sole crop. 
ghum/pigeonpea system typifies the major feature of Tempo,'al intercropping also has a very special role 
temporal intercropping which is to exploit temporal where the potential.cropping period is too short for 
differences between crops to achieve a fuPer use of temporal sole crop systems. This role is exemplified on 
resources throughout the season. the medium-deep Alfisols of Central India where, after a 

An enormous practical advantage of temporal inter- rainy period of about 100 days. the residual water will 
cropping systems is that of having an already estab- sustain only about a further 50 days of cropping. Under 
lished "second" crop when the first is haivested. Thus, this 150-day potential cropping period, temporal sole 
there is more flexibility in maturity period ofthe first crop crop systems can only be attempted with very short
and none ofthe problems or risks associated with sowing season, and therelbre, low-yielding crops. Even then, the 
a second crop. risk of failure is likely to be high. At the same time, ail 

In contrast to the temporal sole crop systems (se- efficient single crop of.say. 100 to 110 days. leaves the 
quential, relay, or ratoon cropping). there is competition period of residual water inutilized. Intercropped sor
between the crops in temporal intercropping and, thus ghum and pigeonpea grow very well under these condi
the yield ofone or both of the crot-.: is usually less than .ions, the pigeonpea providing an assured "second" 
full sole crops. in the sorghum/pigeonpea system de- crop, though only a partial one, after a good sorghum 

first crop. Willey et al. (1985) reported average intercrop
pingyields equivalent to 89% of a sole sorghum crop plus

aLight l(.,to 59% of a sole pigeonpca crop. In effect, this kind of 
temporal 	 intercropping provides the opportunity to 

80. 	 produce "one and a half crops" where the only realistic 
sole crop alternative, single cr,"-lping, can produce only 

Go. one. 

40 Spatial 	Cropping Systems 
S-- actO.millet 

20 . legroudt 	 Spatial Intercropping
7 comobined l~rtwoo Spatial intercropping systems are typified by combi

o, 	 nations in which there is little or no difference In 

maturity periods of the crops, but there are differences 
in the spatial distribution of canopies arid/or root sys

b. Orymat.,r acumulatn, tems. These differences can provide a complementary 
,ounidnut milll use of resources which at any given time results in better 

use of resources than is possible b-, ;ole cropping. 

110 	 -- sol MCC Millet/groundnut (Arachis sp.) i-. a typical spatial 
- *t.d"nrop' intercropping system which comhines a tall cereal with 

800. actual,ts,o, a low-canopy legume and which is comnmon on light soils 
Mho / in India and West Africa. Figure 2b shows the dry matter 

00/ accumulation patterns of a one-row millet: three-rows
/ "' groundnut system whei the within-rwv, spacing of each 

/ crop was the same as its sole crop and p!ant populations 
200 / .--.. were, therefore, equivalent to row proportions (25%:75%) 

/ For most of the growing period, tie dry matter accumu
0 2 lation of the intercropped groundnut was a little less 

4 
 o 0y 0 40 60 ;0 than the "expected' tevel of 75% of the sol, crop because
days.atersowing of competition from the millet. But later recovery re

sulted in a final dry matter yield equivalent to the 
Figure 2. Light interception and dry matter expected 75% level. In contrast, dy matter accumula
accumulation in millet and groundnut grown as tion of the more competitive millet was much greater 
sole crops and as 1-row millet: 3-row groundnut than its expected 25% level, reaching 62% of the sole 
intercripping system (means of 3 years) (after crop by final harvest. Combining these relative dry 
Willey et al., 1985). matter yields lor the two crops gives a combined inter
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cropping yield 36%more than sole cropping (I. e., a Land 
Equivalent Ratio of 1.36 - Willey, 1979); for seed yields 
the advantage was less, at 25%, because of small de-
creases in harvest indices in intercropplng. 

Despite the higher combined yields in this intercrop-
ping system (and the higher combined leaf area index -
Reddy and Willey, 1981), the total light energy inter-
cepted during the season was no greater than would be 
achieved by proportional sowings of the two sole crops 
(Fig. 2a). Thus the higher yields were achieved not 
because of greater interception but because of an im-
provement in the efficiency with which the intercepted 
light was converted into dry matter. This improvea 
conversion may have occurred because of a better dis-
persion of light throughout the "two-tier" intercrop 
canopy, and perhaps because the C4 millet occupied the 
well-illuminated uppi:r part of the canopy and the C3 
groundnut the more shaded lower part of the canopy. 
Whatever the mechanisms, this millet/groundnut com-
bination provides an excellent example ofthe way spatial 
complementrarity may improve the efficiency of resource 
use, in contrast to temporal complementarity which 
typically inceeases the amount of resource that is util-
ized throughout the season. As emphasized earlier, 
however, spatial and temporal effects are seldom so 
clearly distinguishable and many intercropping systems 
may display a complex combination ofboth these effects. 

The complexity of resource use in intercropping 
systems is especially evident when considering water 
use. In theory, intercropping can effect almost all the 
mechanisms that determine water use. Where inter-
cropping provides a greater canopy cover because of 
higher leaf area index, it may protect the soil surface 
from the impact of rain and so improve infiltration and 
increase the amount of water available in the soil (Lal, 
1974). Several intercropping systems have been shown 
to extract more water than their sole crops (Lakhani, 
1976; Mazaheri, 1979: Reddy and Willey. 1981). The 
reason most commonly proposed for this greater extrac
tion is that different crops explore different soil horizons, 
giving a better dispersion of roots througheat the whole 
profile. There have also been suggestions that a shallow-
rooting crop, by drying out the upper soil layers, may 
force a deeper-rooting crop even deeper, thus increasing 
the total depth of profile that is exploited (Fisher, 1977). 
Greater extraction could also be due to greater root 
concentrations (Gregory and Reddy, 1982). A further 
effect of increased canopy cover in intercropping sys-
tems can be a reduction in evaporative loss from the soil 
surface and, therefore, an increase in the amount of 
water that passes through the crop as transpiration; this 
was shown to occur in the millet/groundnut system 
described above (Reddy and Willey, 1981). It has also 
been suggested that, although the production of dry 
matter per unit of transpiration is likely to be a relatively 
inflexible character in crops, the sheltering of one crop 
by another could Increase this conversion efficiency by 
reducingwind speed oi turbulent airmovement (Rogers, 
1987). The same author has suggested that for lower-
canopy C3 species which reach light saturation at 
relatively low intensities, moderate shading may In-

crease water conversion efficiency by reducing transpi
ration without reducing photosynthesis. 

When specifically considering seed yields, some 
studies on a spatial combination of sorghum/ground
nut have shown that water conversion efficiency can be 
markedly affected by changes in harvest index (Natara
jan and Willey. 1986). In-reasing water stress decreased 
harvest index in both crops, but much less so in inter
cropping than in sole cropping. Thus the extent to which 
intercropping seed yields exceeded sole crop seed yields 
increased from 14% under least water stress to a very 
considerable 93% under the severest stress. This effect 
on harvest index could have been because some comple
mentarity in water use (e.g., different rooting depths) 
reduced inter-species competition at a time which par
ticularly favored reproductive growth. Or, for the ground
nut, reproductive growth may have been favored be
cause of a reduction in plant temperatures due to 
shading (Harris and Natarajan, 1988). 

Considering the use of nutrients, many intercrop
ping studies have shown higher yields to be associated 
with greater nutrient uptake. As with water uptake, this 
greater nutrient uptake is usually presumed to be 
possible because of greater root concentrations or some 
complementary exploration of the profile. Although it 
may be possible that greater uptake is at least partly due 
to the uptake ofsome nutrients unavailable to sole crops 
(e.g., because of greater rooting depths), it seems likely 
that increased uptake also means greater uptake of 
nutrients that could be utilized by sole crops. The impli
cation of this is that higher yields from intercropping 
may make greater demands on the soil than sole crop
ping and may be maintainable only by higher fertilizer 
inputs. This long-term nutrient effect of intercropping 
has yet to be explored. 

Other Interactions Between Crops 
in Intercropping Systems 

Legume Benefits 

The net return of nitrogen (N) to the soil by legumes 
grown as sole crops. or in grass/legume pasture sys
tems, is well known. But there is much less certainty 
about their contribution in annual intercropping sys
tems where they are often grown as "partial" crops and 
are subject to competition from other crops. In particu
lar, Nambiar et al. (1984) have shown that the N fixation 
process, at least for groundnut, may be very susceptible 
to shading in intercropping and that fixation may be 
reduced by a moderate level of shading that is insuffi
cient to reduce dry matter yields. 

In the vast majority of experiments, there has been 
no evidence of a legume transferring any appreciable 
amount of N to a non-legume intercrop during the 
legume's active growth period. However, such transfer 
has been indicated in a few instances (e.g.. Agboola and 
Fayemi, 1972; Singh, 1977), and lack of evidence in 
other instances could be because of the difficulties in 
separating N transfer effects from other competitive 
effects. A more probable transfer effect seems to be that 



after senescence, or harvest of the legume some residual 
N may be left for a later-maturing interplanted crop or for 
a subsequent crop. In a series of experiments at ICRI-
SAT, the residual N left after intercropping and sole 
cropping systems that incorporated different propor-
tions oflegumes was quantified with a sorghum test crop 
grown the following year (Fig. 3). In comparison with a 
non-legume sequential system of sorghum + safflower, 
the replacement of safflower by chickpea improved the 

residual N status by about the equivalent of a 20-kg/ha 
application of fertilizer N. The comparable improvement 
in N status after a sorghum/pigeonpea intercrop was a 
very worthwhile 40 kg/ha, probably because of the 

heavy leaf fall that occurs in pigeonpea prior to harvest. 
Not surprisingly, a cowpea/pigeonpea intercrop left an 
even larger residual effect of 60 to 70 kg/ha of N. 

Control of Weeds, Pests, and Diseases 

There are many quoted instances of intercropping 
giving better control over weeds, pests, or diseases, but 
it must be emphasized that such effects are dependent 
on the particular intercrop system and are in no way 
automatic to intercropping in general. 

Betterweedsupressionmostcommonlyoccurswhen 
total plant populations in intercropping are higher than 
in sole cropping (Rao and Shetty, 1977); in practice. 
farmers often achieve these higher populations by hav-
ing "additional" low-canopy intercrops such as cowpeas 
(Vigna sinensis) or melons (Cucumis or Citrullus sp.) 
specifically to suppress weeds. But even when intercrop-
ping populations are no higher than in sole cropping, 
better weed suppression may still be achieved because 
of the greater overall growth and leaf area development 
that is possible (aswas seen, for example, in the millet/ 
groundnut system described earlier), 

For pests and diseases, the most commonly quoted 
effect is that one crop can provide a barrier to the spread 
of a pest or disease of another crop. One of the best 
known examples of this is the reduction in thrip attack 
on cowpeas in West Africa if they are intercropped with 
cereals. But a rather different mechanism must operate 
where a sorghum intercrop reduces the soil-borne wilt 
disease of pigeonpea. This can occur even when patho-

gen levels throughout the soil are already very high and 
a simple barrier effect does not provide a plausible 

explanation of control (Natarajan et al. 1984). The most 
likely explanation seems to be that the sorghum pro-

duces some specific root exudate that reduces the vigor 
or population of the pathogen, an explanation that Is 

supported by the fact that a maize intercrop appears to 
have no effect. 

Comparing Different 

Cropping Systems 


Productivity 

In addition to aspects of practical management, the 
major factor that will determine a farmer's choice of 
system is productivity. But where different systems are 
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made up of different crops, productivity comparisons 
will usually have to involve more than a simple compari
son of yields. Table 1 gives some productivity data for 
four possible cropping options, one temporal intercrop
ping combination, and three sequential combinations 
for a deep Vertisol site in Central India. A simple yield 
comparison could be useful for the sorghum/pigeonpea, 
mung + sorghum, and maize + chickpea systems which 
are all cereal-plus-legume combinations. But a similar 
comparison with the sorghum + safflower would involve 
trying to equate a legume yield with an oilseed yield and 
would not be very meaningful. Therefore, other bases of 
comparison are needed. 

In subsistence situations, it can be useful to com
pare different systems on the basis of nutritional values 
(Table 1), but this does not cater for a comparison of food 
and non-food crops. Biological efficiency (i.e., the effi

ciency with which systems utilize the environmental 
resources) can be partly indicated by biomass productiv
ity; this can help to identify, for example, whether a low 
economic yield for a given system is due to poor overall 
growth (and thus poor use of resources) or poor parti
tioning. The low economic yield of mung + sorghum in 
Table 1 was obviously attributable largely to low bio
mass, which was no doubt attributable to the short 
growing period and low biomass of the mung. An even 
better biological measure is the net total energy that has 
been accumulated during growth. On this basis, Table I 
shows that the lower biomass of sorghum + safflower 
compared with, say, maize + chickpea was not due to 
poorer biological efficiency but presumably to the high 
energy needed for oil synthesis in the safflower. 

Whatever yield or biological comparisons are made, 
it is almost always worthwhile to carry out an economic 
assessment, using monetary values. Apart from the 
obvious financial implications, the great merit of mone
tary values is that they provide a common unit for 
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Figure 3. The nitrogen response of a sorghum test 
crop following different intercropping and 
sequential cropping systems grown in the previous 
year (ICRISAT unpublished data). 
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equating crops of any kind. The approach has most 
relevance for cash crops. but it can still be useful in 
subsistence situations, provided of cour , .that mar,et 
values can be assigned. 

The most critical economic aspect Is likely to be net 
returns. However, particularly for resource-poor farm-
ers in the developing tropics, net returns must be 
considered in association with input costs. In Table 1, 
sorghum/pigeonpea has slightly lower net returns than 
maize + chickpea. but because of lower input costs 
(mainly because of not having to establish a second 
crop), It has a greater rate of return to inputs and could 
be a more attractive proposition. In contrast, although 
sorghum + safflower has high gross returns, it alse has 
high costs (mainly because both crops have a high 
fertilizer requirement) and, therefore, a lower net return 
and a lower rate of return than the above two systems; 
it, therefore, appears a poorer proposition. 

The Risk of Failure 

In the developing tropics, the risk of crop failure can 

be as important as the actual level of production. One of 

the problems in trying to ensure full use of the potential 

cropping period is that, as the required growing period 

for given systems increases, so too does the probability 

of end-of season water stress. Also, it was emphasized 
earlier that some systems may have particular manage-
ment constraints which may make them more risk-
prone.

There has been little quantatative work on the risk

Thererghas/beenolittlexquantanativeaworkoonatheqrisk 

of failure, almost certainiy because of the difficulties in 

obtaining long-term experimental data, butTable 2 gives 

the results of a predictive approach using long-term 

rainfall data in conjunction with a water-balance model. 

For the example 990 mm Vertisol location, after a 91-day 
rainy-season sorghu.- crop, there Is still quite a high 
probability (73%)of having sufficient water stored in the 
soil profile for a sequential second crop (assumed to be 
100 days). After taking into account those years when 
there is sufficient stored water, but surface soil condi
tions are too dry to establish the crop, this probability 
drops to 60%. If the rainy-season sorghunn has a 105
day growing period, the probability of wet harvesting 
conditions is slightly reduced, but so too Is the probility 
of getting good sewing conditions or sufficient stored 
water for the second crop: the overall probability of 
success, therefore, drops substantially to only 27%. 
Table 2 also shows that a relay 3ystem based on the IC j
day first crop and a 14-day overlap does of course give 
the same probability of success as a sequential system 
based on a 91-day crop. The advantage of the sorghum/ 
pigeonpea system in which the pigeonpea acts as an 
already-established second crop is very striking: there is 
an extremely high probability of success and the 105

day first crop can be accommodated as easily as the 91 
day one. 

A rather different aspect ofinsurance against failure 

provided by intercropping systems in comparisonwith 

growing the same crops as sole crops. Probably the main 
mechanism bringing this about isthe compensation in 

ecans brngng that is the co m aininresource use and growth that can occur by a remaining 
cr 

opifonecropinthentercroppingsystemfailsorgrows 
poorly. As an example ofthe degree ofinsurance that can 
be achieved, Rao and Willey ( 1981) concluded from over 

9 sorghum/pigeonpea experiments that, for a required 

minimum level of production. sole pigeonpea would fail 

1 year in 5, sole sorghum 1 year in 8,but a sorghum/ 

pigeonpea intercropping system only 1 year in 35. 

Table 1.Evaluation parameters for some example cropping systems grown on a deep Vertisol In operational-scale plots at ICRISAT 
Center (means of 4 years): after Willey. 1987. 

Cropping System 
Parameters Intercrop Sequential Sequential Sequential 

1st crop 
2nd crop 
Cropping period (days) 

Sorghum 
Pigeonpea 

180 

Mung 
Sorghum 

150 

Maize 
Chickpea 

190 

Sorghum 
Safflower 

190 

Yields (Mg/ha): 

Nutrient value/ha 
M. cals 
kg protein 
kg oil 

Ist 
2nd 

2.88 
0.94 

11032 
508 

71 

0.65 
2.07 

7956 
371 

48 

2.44 
1.31 

10120 
494 
157 

3.34 
0.79 

10765 
453 
271 

Biomass (Mg/ha) 9510 6776 9363 9023 

Energy (M.cals/ha) 
seed yields 
biomass 

17351 
41567 

12407 
29821 

17250 
41094 

19464 
44287 

Gross returns (Rs/ha) 
Costs (Rs/ha) 
Net returns (Rs/ha) 
Rate of return (%) 

6727 
1600 
5127 
320 

4770 
1750 
3020 
173 

7490 
2200 
5290 
240 

6900 
2450 
4450 
182 
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Table 2. Prob.ability of success of different cropping systems at Indore. India, calculated from 37 years' rainfall data using a 
water balance model. 'Ibis location has an average annual rainfall of 1000 mm and is on deep Vertisols with a moisture-storage 
capavity of 250 mm (after Willey et al.. 1982). 

First crop 

Stfficient Wet week at 
Cropping moisture harvest 
system for growth (> 50 mm) 

Sequential system
 
(first crop 105
day sorghum) 100 24 


Sequential system
 
(first crop 91
day sorghum) 100 30 


Relay system
 
(first crop 105
day sorghum,
 
overlap 14 days) 100 24 

Sorghun/pigeonpea
 
intercrop
 

(sorghum 105 days,
 
pigeonpea 180
 
(lay 100 24 
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Breeding for Yield Stability 

The task of plant breeding for dryland conditions 
encompasses the issues of what is a dryland environ-
ment, what plant ideotype is most appropriate for that 
environment, and how to achieve the proper genetic 
modification in the shortest time and at the lowest cost 
possible. 

The prediction ofplant performance under the influ-
ence of an array of environmental variables is being 
attempted by scientists involved with plant growth 
models. As models are generalized beyond a given envi-
ronment. more complex software and larger data bases 
are required to meet the challenge. On the other hand, 
the plant breeder is supposed to have such a model in his 
head in order to be able to design a variety adapted to a 
given set ofenvironmental conditions -which is of course 
impossible. While plant growth models carry a huge 
potential for the future of plant breeding. the present 
state of knowledge leaves the breeder with a highly 
empirical system of operation that is being used very 
widely and almost exclusively. This system consists of 
several statistical-biometrical approaches that attempt 
to analyze genotypic perfoi mance relative to the environ-
ment and to conclude on the type and level of plant 
interaction with or adaptation to the environment. While 
the environmental scientist is able to measure and 
define a given environment rather accurately, the 
breeder's target environment is still undefined. It is 
undefined largely because the number of environments 
to which the released variety will be exposed when grown 
by farmers is in principle infinite (Comstock and Moll, 
1963). The problem is amplified in the semi-arid region, 
where temporal and spatial variations in the environ-
ment are intrinsic. Statistics is the most well equipped 
science for dealing with infinite probabilities. The envi-
ronment is being commonly addressed in the breeding 
program as a random occurrence - fitting a statistical 
treatment. 

More than 20 years ago, pioneers in this area such 
as Comstock and Moll (1963) made the observation that 
further knowledge of how the genotype responds biologi-
cally to the environment may reduce the need for com-
plex statistical designs, though they were doubtful 
whether statistical designs for plant selection would 
become completely obsolete. No one appreciates better 
than the breeder the limitations of the biometrical 
approach in the analysis of the genotype's adaptation to 
the environment, reminding us of Samford's note in 

Plackett's (1960) paper that the biometrical analysis 
"should be regarded as an art-form rather than a sau
sage machine." 

The intricate statistical and biometrical designs 
developed for measuring of and selecting for plant per
formance under different environments were required 
also because of genetical considerations. The inheri
tance of yield. which is the major selection criterion in 
such programs. is defined by quantitative geneticists as 
complex." The "complexity" of the inheritance ofyield is 

not derived only from genuine genetic consequences. It 
is also a function of the fact that yield in itself is not 
under direct genetic control. It is the multitude of 
physiological and biochemical plant processes that af
fectyield, which are under directgenetic control. Whereas 
the genetics of those processes is largely unknown and 
even their exact association with plant productivity is 
unclear, yield is assumed to be inherited as a function of 
the integrated unknown genetic effects at lower plant 
organization levels. Yield is therefore approached as a 
complex" genetic entity not as the result of scientific 

knowledge, but rather as a result of the need to workwith 
imperfect biological knowledge. The problem is crystal
ized by the fact that the heritability of yield is reduced 
under conditions where yield is reduced, namely, under 
conditions of stress (e.g., Johnson and Frey, 1967). 
Selected genotypes that appear to yield relatively well in 
one cycle of selection under stress may not perform as 
well in the next cycle, because the variation in the 
population under stress is largely environmental rather 
than genetical. Therefore, selection for drought rests
tance by the use of yield as a selection index under low 
yielding (dryland) conditions is inefficient. In order to 
overcome the low efficiency of such selection programs, 
plant breeders resort to growing huge populations and to 
performing repeated testing over years and locations to 
secure results. In order to successfully affect selection 
for a "complex" trait such as yield, it must be initiated in 
earlier generations under as many as possible environ
ments. The cost ofsuch programs is, therefore, immense 
and the probability for success becomes a function of 
investments rather than a function of science. 

In his pursuit of the genetic improvtment of yield in 
different environments, the breeder faces one of the 
main corollaries of plant breeding, as stated by Reitz 
(1974): "Varieties fall into three categories: (a) those with 
uniform superiority over all environments, (b) those 
relatively better in poor environments, and (c) those 
relatively better in favored environments". In his attempt 



to develop for the dryland farmer better varieties of types 
(a) or (b), the breeder is left with the nearly ridiculous 
task of finding a variety with uniform superiority over"all 
environments" or a variety fitting undefined "poor" 
environments. The simple but effective solution was 
found in the blometrical design which defines the envi-
ronment by the performance of the plant population 
grown in it. A low yielding variety test indicates a "poor" 
environment while a high yielding test indicates a "favor-
able" environment. The biological effects of the different 
undefined environments are integrated into one statis-
tical parameter of stability In yield performance over 
changing environments (Finlay and Wilkinson, 1963). 
With this analysis, yield of a genotype is regressed on the 
mean yield of all genotypes in each of the test environ-
ments (the "environmental index"). If the major cause of 
variation in the environmental index is identified as 
being the water regime, drought resistance is evidently 
a component of yield stability. Such cases were identi-
fled, where stable genotypes according to this analysis of 
yield performance were indeed more drought resistant in 
physiological terms (Blum, 1982; Blum et al., 1983b; 
Agarwal and Sinha. 1984). When the major cause for 
variation in the environmental index was temperature, 
stable genotypes of wheat were identified as being more 
heat tolerant (Shpiler and Blum. 1986). 

In spite of the objective difficulties in yield improve-
ment under poor conditions by the current breeding 
approach, achievements are on record. For example, 
Wilcox et al. (1979) showed that yield improvement of 
soybean (Glycinemax) over 50 years in the USA accom-
plishedsignificantgainsunderbothfavorableandpoorly 
yielding conditions. When single-cross maize (Zeamays) 
hybrids released between the 1930s and the 1980s were 
tested under irrigated and dryland conditions (Castle-
berry et al.. 1984). it was found that yield improvement 
was realized in both environments. On the other hand, 
Feyerherm et al. (1984) noted that while genetic gains 
were realized in wheat in the USA, progress was inversely 
related to environmental constraints. 

It is only now that one realizes that past yield 
improvements under stress conditions may be partly 
ascribed to the genetic improvement of yield potential 
rather than to specific stress adaptation. This explains 
the common opinion among experienced breeders that 
the problem of lowyield under stress would be alleviated 
by the general increase in the genetic yield potential of 
the varieties (e.g., Arnon, 1975). Undoubtedly. some 
varieties perform relatively well under drought stress 
because of their higher potential yield (e.g., Bidinger et 
al., 1982; Fischerand Maurer. 1978). However, the route 
of yield improvement under stress by raising the genetic 
yield potential does not constitute a durable solution if 
one accepts that potential yield is close to being achieved 
or is very difficult to improve. 

It can be concluded that while dryland adapted 
varieties were developed by the use of empirical breeding 
methods that employ yield as a major selection index, 
these methods are too costly and require a long period of 
testing and evaluation. As expectations from dryland 
yields increase, further improvements by such methods 
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entail still greater investments in selection and testing. 
The present state of knowledge in stress physiology and 
its application to plant breeding allows us to embark on 
selection methods that address plant physiological reac
tions to the dryland environment in addition to the 
essential criterion of yield performance. 

Breeding for Drought Resistance 

It is impossible to provide in this limited space a 
comprehensive review of the physiological approach to 
breeding for drought and heat resistance. The interested 
individual is referred to the many reviews on the subject 
(e.g., Hall et al., 1979; Aspinall and Paleg, 1981; IRRI, 
1982; Asay and Johnson, 1983; Turner, 1986; Blum, 
1988). Only the highlights will be briefly mentioned here. 

Earlier notions of plant ecologists and some breed
ers that drought resistance is synonymous with plant 
survival under a catastrophy have placed drought resis
tance outside the context of crop improvement, to their 
opinion. It is now realized that drought resistance in
volves any plant reaction to water deficit which may 
develop when potential crop evapotranspiration is not 
met, even under supplemental irrigation as the case may 
be. For the most part. the drought resistant crop plant 
must, therefore, gain carbon in spite of stress rather 
than merely survive. The major physiological attributes 
that support net carbon gain for economic yield under 
conditions of drought stress can be approached by 
examining the association between crop biomass and 
water-use (de Wit, 1958: Hanks, 1983) and by under
standing how economic yield relates to biomass and 
water-use (Kanemasu. 1983; Passioura, 1983). It then 
becomes evident that plant production under conditions 
ofwater stress will increase iftranspiration under stress 
is sustained, if water-use efficiency (WUE) is high, and if 
harvest index (HI) is improved. 

Transpiration 

Transpiration under stress will be supported by any 
factor that would allow a plant to sustain stomatal and 
mesophyll conductance-, in spite of soil or atmospheric 
water stress. With the commonly used terminology, this 
involves mechanisms of"dehydration avoidance", which 
support water flux through the plant without a critical 
loss of leaf turgor or "hydration". Maintenance and 
optimization of stomatal conductance and transpiration 
(McCree and Richardson. 1987) rather than maximiza
tion is required, especially during a prolonged period of 
stress. 

Root growth and development are evidently critical 
for sustaining transpiration, especially under condi
tions of high soil resistance to root growth. This is, of 
course, under the assumption that water is available in 
the deeper soil layers. The role of roots in soil water ecx
traction is evident and need not be proven here. For some 
crops such as upland rice (Oryza sativa), which are 
characterized by a potentially shallow root system, 
appreciable gains in drought resistance were achieved 
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by the genetic improvement of root development (e.g., 
IRRI, 1982). The selection for a better leaf water status 
in maize brought about an improvement in root develop-
ment (Fischer et al., 1983). 

Osmoregulation has been found in recent years to 
play an important role in drought resistance of several 
economic plants such as wheat (Blum et al., 1983; 
Johnson et al., 1984: Morgan, 1984). sorghum [Sorghun 
bicolor (L.) Moench] (McCree et al., 1984: Blum and 
Sullivan. 1986), rice (Hsiao et al.. 1984), and Brassica 
species (Kumar et al.. 1984J. The role of osmoregulation 
in drought resistance could not be an evolutionary 
coincidence, as it is important also under freezing and 
salinity stresses (Blum, 1988), both of which involve a 
component of water stress. Apart from the role of os-
moregulation in sustaining leafgas exchange and growth 
under stress, it may also enable continued root growth 
and subsequently lead to a deeper soil water extraction 
(Sharp and Davies, 1979; McGowan et al., 1984; Morgan 
and Condon, 1986). 

Root development cannot be addressed directly in 
selection work. Not only does the methodology present 
an immense problem, but the fact remains that soil 
conditions are largely involved in affecting phenotypic 
differences amonggenotypes in rootgrowth (IRRI, 1982). 
While the pressure chamber is considered as a relatively 
fast technique ifor estimating plant water status, as 
affected by root and other plant attributes, it is still too 
slow for selection work. The measurement of osmotic 
adjustment, as done by thermocouple psychrometry or 
by the pressure-volume relationship of leaves is also 
impossible for the screening of large populations. 

A better root. development or efficiency, the mainte-
nance of a higher leaf water potential, and a better 
osmotic adjustment may all sustain transpiration under 
stress. Variation in canopy transpiration under stress 
can be sensed rapidly and remotely by the infrared 
thermometer. Sufficient information has been accumu-
lated for several crops (Blum et al., 1982: Fischer et al., 
1983: Harris et al., 1984; Hofmann et al., 1984: 
Chaudhuri et al., 1986; Turner et al., 1986; Hatfield et 
al., 1987) showing that the remote sensing of canopy 
temperatures by infrared thermometry is a very useful 
tool for revealing genotypic variations in plant water 
deficit in the field. The details of the method can be found 
in the various reports. The interpretation of canopy 
temperature data should be carried out cautiously when 
the drought profile is considered. While genotypes of 
lower temperatures are generally preferable, genotypes 
of higher temperatures (indicating lower transpiration) 
may be advantageous when water must be conserved for 
later and more critical developmental stages under very 
dry conditions (Hatfield et al., 1987). 

"Leaf-firing" or the rapid senescence of leaves is a 
well known symptom ofwater and heat stress. Leaf firing 
as an expression of leaf death is a direct result of the high 
and lethal leaf temperature reached when transpiration 
ceases. Leaf firing may, therefore, be taken as a simple 
visual criterion for drought injury, whereas the suscep-
tible genotype is unable to sustain transpirational cool-
ing under stress. Leaf firing scores are used extensively 

in the selection for drought resistance in maize (Castle
berry, 1983 Fischer et al.. 1983), and sorghum (Rosenow 
et al., 1983). 

Leaf rolling is a well recognized symptom of water 
stress in the cereals, which is directly related to the loss 
of turgor. Specific leaf movements as a reflection of 
turgor loss were also identified in the legumes. It has 
often been observed that some genotypes roll their leaves 
more readily than others under drought stress. Leaf 
rolling has often been suggested to be a positive attribute 
under stress, as it may reduce the energy load on the 
leaf.While this may be true, leaf rolling is still a manifes
tation of turgor loss. Leaf rolling was found to predict 
osmotic adjustment (Hsiao et al., 1984) and leaf water 
potential (OToole and Moya, 1978) in rice and leaf water 
potential in sorghum (Blum, In preparation). Thus, 
whatever is the actual ecological significance of leaf 
rolling, its relative delay can be taken as an indication of 
turgor maintenance, either through osmotic adjustment 
or through the maintenance of a higher leaf water 
potential in the field. Leaf rolling is, therefore, being 
visually scored and used in the selection for drought 
resistance In rice (IRRI. 1982) and sorghum (Rosenowet 
al., 1983). 

Water-use Efficiency (WUE) 

Without embarking on an elaborate literature sur
vey here, it may be stated that an extensive controversy 
exists whether the association between crop transpira
tion and biomass can be modified genetically and whether 
the ratio of leaf assimilat!on to transpiration can be 
improved within a species. Contrary to the solid case 
made in the past for such fixed ratios within a species, 
an increasing amount of evidence is emerging lately to 
the effect that intra-species genetic variation in assimi
lation per unit water-use may be expected if the proper 
investigation is pursued. The most encouraging results 
were obtained by Farquhar and his associates with 
respect to the isotopic carbon discrimination method as 
a test of WUE in wheat (e.g., Farquhar and Richards, 
1984) and other crops. Additional evidence for genetic 
variation in transpiration ratio (assimilation/transpira
tion) of single leaves is scattered throughout the recent 
literature. The establishment of a relationship between 
the single leaf and the whole canopy in this respect is an 
urgent issue now. 

Transpiration ratio may vary in different plant or
gans. The most outstanding example is that of awns in 
the cereals. Awns were long believed by cereal breeders 
to be important under dry conditions, but sufficient 
proof was not available. Recent data for wheat and barley 
(Hordeum vulgare)showed (Blum, 1985) that photosyn
thesis per unit area in awns was lower than that in 
glumes or the flag leaf. However, transpiration in awns 
was riisproportionally lower than in glumes or in the flag 
leaf. Thus, transpiration ratio in awns was greater by 
several orders of magnitude than that in the glumes or 
the flag leaf. Furthermore, photosynthesis was more 
heat-stable in awns than in either glumes or flag leaves 
(Blum. 1986). A large amount of awns is, therefore, a 
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drought adaptive feature in the cereals. It was, therefore. Breeding for Heat Tolerance 
not a coincidence, perhaps, that awned genotypes of 
sorghum had a selective advantage in mass selection For most dryland environments, heat stress is an 
under dry conditions but not under irrigated conditions important factor in reducing yields. The interaction of 
(Keim et a., 1983). heat and drought stress in affecting yields is critical, but 

A simple plant attribute that may improve transpi- regretfully not well-studied. A proper review of plant 
ration ratio is high cuticular resistance as influenced by breeding for heat tolerance is Impossible here, and the 
the amount and composition of epicuticular wax (Chat- interested individual is referred to a more comprehen
terton et a!., 1975). Because of its reflective properties sive treatment of the subject elsewhere (Blum, 1988). 
(Blum, 1975). cuticular wax may also reduce canopy net The most outstanding feature of breeding for heat toler
radiation (Blum. 1988) and leaf temperature to the ance is our lack of knowledge. 
extent that heat-induced leaf senescence under drought Two types of heat stress are recognized, though they 
stress may be delayed (Johnson et al., 1983). The are not sharply delineated with respect to the tempera
selection of glaucous genotypes is relatively efficient, as ture scale. One involves moderately high temperatures 
the genetics involved is often simple. which are above the optimum temperature for photosyn

thesis and are below the optimum for respiration. Under 
Harest Index (I) such temperatures, plants enter a situation of carbon 

"starvation", which immediately affects the carbon pool 
In grain crops, harvest index (the ratio of grain and the subsequent processes of growth and sink devel

weight to total above-ground biomass) is affected by the opment. Under the direct effect of heat (and perhaps also 
size of the reproductive sink and by the rate and duration through an effect on the carbon pool), growth phases are 
of assimilate partitioning to this sink. Among the many accelerated by high temperatures and the organs devel
different physiological processes affected by water stress, oped during each phase (the yield components) diminish 
translocation was indicated to be a relatively tolerant in size. This type of moderate heat stress is common in 
one (Hsiao, 1973). In several of the cereals, grain growth temperate crop plants (such as wheat and barley) which 
is supported partly by transient photosynthesis (by the are generally characterized by the C3 metabolism. Tol
flag leaf and the inflorescence) and partly by transloca- erance to this type of heat stress is hardly known, 
tion of stored stem reserves. Different reports ascribed especially with respect to heat-accelerated development 
very different values to the contribution of stem reserves (Shpiler and Ilum, 1986). The effect of heat towards 
to grain filling. It is evident now that when transient carbon "starvation" may perhaps be reduced through 
photosynthesis is limited by water stress during grain heat stabilization of photosynthesis. Genetic variations 
filling, stem reserve mobilization assumes an important in the temperature respopse of photosynthesis do exist 
relative and absolute role in grain filling. A large stem and may be related to sustained growth under moderate 
reserve and/or a great capacity for its mobilization heat stress. 
would, therefore, support a large Eil under drought The other type of heat stress involves critically high 
stress after anthess. temperatures, which are generally associated with se-

Selection for the capacity of grain filling by stem vere functional disruptions in the plant. It is more 
reserve mobilization under a post-anthesis water stress common (within a range of about 40 to 451C) in warm-
Is difficult. It is nearly impossible to apply the proper season crops such as rice, maize, sorghum, soybean, 
selection pressure by affecting the same level of water and cotton (Gossypiun sp.). The most prominent effects 
stress during grain filling over a phenologically variable of such a heat stress take place during the flowering and 
germplasm. An indirect simple method was developed seed-set stages. The effect often results in flower drop in 
for the small grains in order to reveal the capacity for vegetables or in pollen sterility and poor seed set in many 
grain filling in the absence of transient photosynthesis crops. The problems of pollen sterility are aggravated 
(Blum et al., 1983a). With this method, plants are grown especially in those plants where the pollen is more freely 
in the field under well-watered conditions. The photo- exposed to the hot atmosphere, such as in maize. Heat 
synthetic source is destroyed after anthesis by spraying tolerance at the flowering stage has been revealed in 
the plants with a solution of magnesium (or sodium) various crops, and specific mechanisms of pollen toler
chlorate. This chemical bleaches the plants without ance to heat were !dentified, such as in rice. Various 
killing them. The spray is applied to all genotypes at the other types of heat injury may take place at such high 
same developmental stage (14 days after anthesis), temperatures. which may involve cellular and sub
when grain filling is into its linear growth phase and the cellular structural and functional disruptions, causing 
demand for assimilates is high. Genotypes are then even lethal effects. 
evaluated by comparing kernel weight between desic- Various ("heat shock") proteins were found to accu
cated and control plots and by calculating the rate of mulate in plants (and animals) under heat stress. Their 
reduction in kernel weight by chemical desiccation. role In heat tolerance is receiving much attention lately. 
Wheat varieties, for example, differed within a range of Qualitative and quantitative genotypic variations in heat 
about 5 to 50% reduction by this treatment and the shock protein accumulation under heat stress were 
response in kernel weight reduction to chemical desicca- already revealed in economic plants. However, the impli
tion was correlated with the response to a late season cations of heat shock proteins for plant selection and 
drought over genotypes. breeding are yet to be resolved. 
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Conclusions 

The conventional and empirical approach in plant 
breeding have resulted in better crop varieties for dry-
land conditions. Undoubtedly, progress has been slow 

and expensive. The expectations from molecular biology 
and genetic engineeringwith respect to the improvement 
of dryland adaptation must be scaled down to reality. 
The complex physiological and genetic background of 
drought and heat tolerance in crop plants will hinder 
progress by genetic engineering methods for many years 
to come. In this context, it must be understood that the 
problem lies in the critical lack of knowledge in stress 
physiology rather than in furthering progress in molecu-
lar biology techniques. 

For the time being, it must be clear thatifthe breeder 
departs from the breeding for high yield and general 
stability as a mean for raising dryland yields and instead 
(or in addition) concentrates on an Ideotype specifically 
adapted to the dryland environment, he may require 
further support by the sciences. The integration of 
knowledge of physiology and environment with respect 
to designing a breeding program for dryland conditions 
would be enhanced by the development of plant growth 
models. The present state of the art in plant growth 
models has reached a point where the effect of genetic 
plant modifications on yield in given environments must 
be allowed in simulations. Further work in model devel-
opment is extremely important for plant breeding, if the 
genetic component would be addressed. While the devel-
opment of plant growth models is usually justified by 
their potential utility for crop management decisions, 
their justification for plant breeding is often overlooked. 

Finally, the breeder in the less developed county 
may be at loss when the conclusion drawn here is that 
various sciences must be integrated into the breeding 
work on what appears to be a high level of sophistication. 
However, several points should be considered in such 
countries. First, selection for drought resistance may be 
performed by using (in addition to yield) relatively simple 
and effective criteria (such as plant stress symptoms), 
depending oi the crop and the environment. A major 
requirement is knowledge combined with common sense. 
Second, many developing countries are rich with local 
germplasm and landraces which offer excellent genetic 
resources for improving drought and heat tolerance, 
Third, experience on record shows that excellent drought 
resistant varieties were developed in such countries, 
when hard and thoughtful work has been invested. This 
is exemplified for upland rice in the Philippines, India, 
and West Africa: for wheat in Mexico and India; for barley 
in Syria: for cowpeas in Africa; for maize in Mexico and 
Africa: and for sorghum and millet in India. 
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Overview 

Stress screening is a hazardous exercise at best, yet 
the need for production Improvement in stressful envi-
ronments is enormous. How can the problem be best 
approached? In search of a reasonable answer, let us 
first recall (1) the nature of the environments in question 
and (2) consider the nature of the yield reductions 
experienced. Stress environments vary greatly from one 
to another. However, they have one common denomina-
tor, which is their high level of variability between years 
at the same location in both the severity of the stress and 
often the crop developmental times at which stresses 
occur. These variations make progress in overcoming 
yield reductions difficult but not impossible. We will 
briefly describe the rationale behind our sorghum [Sor-
ghum bicolor(L.) Moench] stress screening program for 
the Central US Great plains and the apparent progress. 
The goal has been to minimize yield losses in the worst 
years and achieve good genotype water responsiveness 
to maximize production in relatively good years. Prog-
ress can be classified only as apparent since the program 
is very young and testing under stress of our most recent 
hybrids (where we have generated both the A and R 
parent lines) has been very limited. Remarks are not 
intended to be a stress screening review since that has 
been done recently (Blum, 1988). 

Our approach has been predicated on the notion 
that we must understand the development and physiol-
ogy of sorghum well enough to favorably manipulate the 
crop (1) culturally and (2) genetically. Understanding 
developmental physiology is particularly critical. Cul-
tural manipulation is mentioned In this discussion on 
genetic screening because effective genetic manipula-
tions cannot be readily achieved independently. For 
example, cultural manipulations to avoid particularly 
stressful time periods (developmental stages) are often 
enhanced by genetic manipulation of maturity in addi-
tion to manipulating planting date, etc. In other words, 
cultural manipulations can usually be considered to 
have a genetic component and vice versa. Any genetic 
manipulation or alteration must function productively 
within the confines of cultural limitations imposed by 
the environment. Based on these thoughts, it is appar-
ent that effective s -ess screening for genetic manipula-
tion must take Into account a knowledge of the most 
stress sensitive developmental stages for the crop plus a 
knowledge of the average severity of stresses during the 

calendar periods coinciding with the sensitive crop 

developmental stages. From this, one can deduce some
thing about the most damaging combinations of stress 
periods and sensitive developmental stages for a given 
environment. The screening approach then should be to 
try to amplify the usual stress, and impose it during 
selected sensitive stages over a large number of geno
types in order to expose those genotypes with higher 
levels of stress resistance (either stress tolerance or 
avoidance). 

Growth Stages and
 
Stress Sensitivities
 

An example of how we used this approach in screen
ing sorghum for the Central US Great Plains follows. 
Explanation of the screening technique requires a brief 
definition of sorghum development in terms of growth 
stages (GS, 2, and 3) as follows (Eastin and Sullivan, 
1974): 

GS, - vegetative development from planting to panicle 
initiation (P1), 

GS 2 - reproductive development from PI to anthesis 
(A), and 

GS 3 - grain filling from A to dark layer (physiological 
maturity). 

Before we started a screening effort, a good deal of 
research went Into determining what the most sensitive 
developmental stage is in sorghum because literature 
citations were not in agreement (Musick and Grimes, 
1961; Shipley and Regier, 1970; Lewis et al., 1974). 
Ogunlela (1974) (Table 1) manipulated night tempera
ture in the field on RS 671 and showed that the most 
sensitive time was just preceding and during microspo
rogenesis. Dhopte (1984) found the damage site to be the 
tapetum. Megasporogenesis is also quite sensitive at a 
slightly later time. Figure I illustrates the comparative 
sensitivities during GS 2. 

The main stress period in the Great Plains is midsea
son when the temperatures are the highest and rainfall 
is lowest. This coincides with GS2 when seed number 
potential Is set. Growth Stage 2 events relate closely to 
the seeds/m 2 component ofyield which correlates more 
positively with grain yield than the seed size component 
ofyield (Table 1and Kambal and Webster. 1966; Stickler 
et al., 1961; Blum, 1967; Quinby, 1963; Doggett and 
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Table 1. Influence of night temperature on yield and other 
characteristics of RS 671 grain sorghum at Lincoln, Nebraska. 
Night temperatures in the field were regulated at 51C above 
ambient. Values in parenthesis are percent reduction from the 100- --- L 
control except for weight per 1000 seeds which is change from 
control (from Ogunlela. 1974). 

Grain rate
Time of 
temperature accumu
treatment Grain yield Seeds Wt. of seed latlon 

g/plant no./plant g/1000 GS, day/
 
seed plant


Control 66.9 2659 26.6 2.09 70 	 L0 

P11 to PI7. 59.3 2333 27.2 1.85 
(II%) (12%/) (2%) (I1%) 	 MIcROeO.UNEsIS 

bPl. to FDA 53.4 2174 27.8 1.71 
(20%) (18%) (5%) (18%) , 

Pi P 1 FD FD 7 FD0 14 8 1 

DAYS DAYS () DAYSFD, to FD7 48.0 1855 29.7 1.49 DAYS 

(28%) (30%) (12%) (29%) Figure 1. Developmental sensitivities in grain sor
ghum in response to night temperature elevation. 

FD8 to B1I 52.7 2176 27.8 1.66 Stages are panicle initiation (PI), floret differentia
(2 1%) (18%) (5%) (2 1%) tion (FD - stamen and stigma initiation) and bloom 

(B).25.5 1.80 
BI, to BI, 55.9 2223 

(16%) (16%) (-4%) (14%) 
Re!u;lts 

PI Ispanicle Initiation (subscripts are days). 
bFD is floret differentiation (stamen and pistil primordia). This relatively simple approach is based on sound 
BIisbloom. developmental information and appears to be working 

well for us. Figure 2 illustrates an obvious visual differ-
Jowett, 1967; Bell and Atkins, 1967; Fisher and Wilson, ence between CK6 and a new B line selected at moder
1975; Eastin and Sullivan, 1974; Eastin et al., 1983; aes~eslvl.Dt r ie nTbe o6 

Selected slress screening results span the period of 
Heinrich et al., 1983). The stress screening procedure for 

o1983 t 1987. Popula in 	 s lt s p a ri 
testing yield stability and seed/M 2 stability follows. 1983 to 1987. Population selections, primarily from SV ,
 

Table 2. Yield ranks, bloom, 	 and height data for selected 

Screening Methodology for 	 genotypes in a 144 entry grain dryland sorghum test. 1984, 
Garden City. KS.Midseason (GS2) Stresses 

Time to 
The screening was done in the relatively hot, dry Rank Genotype Yield bloom Height 

climate (450 mm precipitation) of Garden City, KS. 

Specific treatments were: kg/ha days cm 
1) Overplant the optimal production population for I Ms348 x 3-17724 5810 61 93 

this test area by 25% or more to establish a high 2 Tx623 x 820151 5800 70 115 

water use canopy by panicle initiation (PI). 3 TX623 x 820156 5510 71 130 

2) Withhold H20 at PI or earlier to impose stress about 4 820143 5440 72 123 

2 weeks after PI at floret differentiation (FD). 5 820138 5440 69 128 

6 Tx623 x 820146 5360 67 128
3) Maintain stress from FD to anthesis (A). 

4) Relieve stress at A If irrigation is available. 	 8 Tx623 x 820145 520 71 118 
Tx623 x 820145 5250 71 1185Fulirgto.8

5) Full irrigation. 9 820138 5230 71 128 

6) Treatment combination uses: Treatment 5 tests 10 820152 5230 74 118 

yield potential. 18 Tx623 xTx430 4970 69 100 
Treatments 1-2-3 together compared to Treatment 5 44 Commercial 1 4400 65 95 

exposes yield and seed number stability. 45 Commercial 2 4390 70 66 

Treatments 1-2-3-4 compared to Treatment 5 tests 51 RS 671 4330 72 90 

seed size compensation capacity. 55 Commercial 3 4300 66 95 
61 Cornmerc;-Al 4 	 4210 73 93 

2550 74 80a low population (low 	 137 Tx430If irrigation is unavailable, 139 CK 60 2500 67 83 
stress) could be compared to high population (stress) LSD (0.05) 1810 

performance. 

http:aes~eslvl.Dt


+
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Table 3. Yield ranks, bloom, and height data for selected and crossed to A lines for testing. Table 2 containsyields
genotypes in a 144 entry irrigated grain sorghum test, 1984, of two general kinds of population derived lines grown on
Garden City, KS. dryland. The 820000 group contains late stress resis

tant white seeded generally 	 B lines from an ICRISATRank Genotypt Yield bloom Height 	 population. The F, hybrids are sterile. The 3-17724 line 
is a cool tolerant, earlier population selection. Hybrids of 

kg/ha clays cm this kind of material are earlier and generally are found 
1 Whtl x 820158 11010 75 145 closer to the top of the tests as stress severity increases. 
2 Whtl x 820152 10740 77 155 However, they remain in the lower yield rankings under
3 Tx623 x 820148 10240 69 163 irrigation because of their comparative earliness. Under 
4 Whtl x 8201-16 10020 76 145 dryland conditions, LSD's are especially high in thesc 
5 Tx623 x 820154 9950 71 163 single row augmented block design trials forcing on, .o

27 820149 	 8940 70 155 iely more heavily on yield ranks and comparative per
28 820137 8750 69 163 formances with known checks. The best dryland popu32 Tx623 x T430 	 8520 68 12836 Commercial 4 	 8380 70 118 lation-derived line y1elds (about 5300 kg/ha avg.)48 	 areRS 671 7900 75 115 about double the 2500 kg/ha yield for CK60 and Tx430. 
51 Commercial 1 7830 64 120 The best six hybrids averaged 5509 kg/ha compared to 
75 Commercial 3 7210 65 120 a 4325 kg/ha average for the four commercial checks. A 
89 Commercial 2 	 6870 12367 plot ofyield vs seeds/n 2 (Fig. 3) illustrates the expected

123 Tx430 5360 71 103 positive relationship in keeping with the selection em
126 CK 60 5110 68 115 phasis placed on seed number. The two highest yielding

LSD (0.05) 1790 	 lines had about 25 and 29 thousand seeds/n 2. respec
tively, indicating the former had a 16% larger seed size 
which, if realized in the second genotype, would increase 

yield 16%. Research on the control of seed size should be 
pursued as part of a stress screening program.

t I The five best hybrids under irrigation averaged 
10,390 kg/ha compared to a 7,570 kg/ha average for the 
four commercial hybrids (Table Tlvo lines averagedT. 

- 8,840 kg/ha while Tx430 and CK60 averaged 5,322 kg/ 
ha. A 1984 Purdue University Regional Nursery test (3 
reps of 3 row plots) contained Tx623 hybrids of line, 
820147, 820151, 820154, and 820156. The yield of 
these averaged 9.690 kg/ha compared to 8,350 kg/ha 
for the four next best hybrids (16% superiority). The LSD 
0.05 for the test was 914 kg/ha. High yield potential in 
the Kansas and Purdue tests was obvious. Stress resis
tance was obvious to the eye, but is harder to document 
statistically due to high CV's in stress tests. 

The 1986 Kansas test plot results (one irrigation) 
complement these data. Hybrids (940) had pollinators 
developed from TP2, TP3a, a cold tolerant population, and 

I 

++ 
+ +* + + 

++ + 

++ ++++ 4 * 
4 

A5f .5 	 +*+4 

Figure 2. A stress resistant B line (820147) from a 
field drought screening program compared to CK 5 

60 (left). 
4 12 10 20 24 28 

(Thou.nd.)

DRYSEEDSPER METER SQ.S2. and occasionally S3 families, were made visually 

emphasizing seed number (seeds/M2 ) under dryland Figure 3. The relationship between sorghum grain
conditions. The best families were chosen and individual yield and seeds/m 2 from a 1984 Garden City,
head selections were then taken to an S , S4 , or S5 status 	 Kansas, dryland test. 
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Table 4. 1987 Sublette, KS tall drought resistant female selection test (3 reps). 

Time to Plant Seed Test 
Genotype Yield bloom height weight weight Seeds 

kg/ha days cm g/100 seed kg/m 3 no./m 2 

DRT6 X M3-17476 8700 69.0 160 2.62 762 32980 
DRT4 X M3-17476 8600 69.0 160 2.65 757 32350 
DRT6 X 852005 8560 66.0 145 2.55 749 33630 
DRT3 X M3-17476 8500 69.7 131 2.66 761 31940 
DRTI X M3-17476 8350 67.7 150 2.65 757 31330 
DRT6 X P5-1613 8200 64.0 145 3.27 770 25120 
DRT5 X P5-1613 8200 62.3 145 3.25 772 25200 
DRT2 XM3-17476 8150 68.0 143 2.55 748 31820 
DRT5 X M3- 17476 7900 70.0 142 2.62 762 30210 
DRT2 X P5-1613 7850 61.7 132 2.97 777 26200 
DRT4 X P5-1613 7740 61.0 144 3.42 768 22690 
820139 7610 66.3 121 2.83 761 26810 
820151 7470 68.7 128 3.02 757 24680 
DRT5 X 852005 7360 63.0 144 2.63 722 27920 
DRT4 X 852964 7330 62.7 133 2.45 770 29740 
DRT2 X 851683 7210 62.7 143 3.04 773 23560 
DRT4 X M5-42565 7150 61.7 124 2.26 771 31390 
DRT5 X 852964 7080 65.7 136 2.54 763 27920 
DRTI X 852964 6960 62.3 128 2.35 767 29282 
DRT5 X 852059 6950 66.3 138 2.66 759 26320 
DRI2 X 852005 6900 64.0 142 2.42 735 28120 
DRTI X M3-17672 6880 60.7 134 2.58 759 26790 
D I2 X 852964 6870 62.0 135 2.33 752 29190 
DRTf2 X M5-42565 6860 62.3 118 2.30 757 29370 
DRT5 X 852066 6820 61.0 144 3.36 767 20270 
DRT2 X 852059 6720 60.3 119 2.76 762 24230 
DRT4 X 852005 6710 65.7 141 2.43 735 27560 
DRT3 X 852005 6570 64.3 105 2.47 727 26320 
DRT2 XTX432 6460 61.0 146 2.94 767 21860 
DRT3 X M5-42565 6410 62.0 130 2.27 754 28380 
DRT2 X M3-17672 6380 59.7 144 2.54 749 25120 
DRT4 X M3-17672 6350 61.0 144 1.98 767 31770 
DRT6 X M5-42565 6310 60.3 130 2.23 768 28200 
DRT6 X 852066 6100 59.7 125 3.14 764 19470 

DRTI X 852005 6080 64.3 145 2.43 743 25090 

DRT6 X 852964 6040 62.0 133 2.45 762 24710 
DRT6 X 852059 6020 61.0 132 2.81 758 21240 
DRT6 X 851683 5950 66.3 128 2.84 757 21080 
820152 5850 71.0 123 2.93 737 19810 
DRT3 X TX432 5790 61.7 125 3.01 763 18940 
DRT6 XM3-17672 5500 63.7 130 3.14 746 17540 
WHEATLAND X 852005 5170 64.7 101 2.02 470 25170 

LSD (0.05) 1210 

CV (%) 10.7 

anICRISATpopulation.Threecommercialhybrldchecks Sublette, Kansas, in 1987. Rainfall was only average 
averaged 6,600 kg/ha with 169 hybrids ranked above (450mm), but was timely so stress was modest. Hybrids 
their average. Fifty-five hybrids ranked above the top from that group were the highest yielding (8,700 kg/ha) 
check(7,3 10 kg/ha) with 20yielding signiflcantly greater of any in all of the Sublette, Kansas, dryland tests. They 
(> 7,990 kg) than the high check. Most of these high appear to be water responsive. Three A lines from this 
yielding hybrids would not have all the necessary traits group will be released for potential overseas use and for 
to be acceptable commercial hybrids. However, results US breeding use as described in the next paragraph. 
from these rough rapid screening tests are encouraging. A second series of new A lines is being developed 
Some were entered in replicated tests in 1987. from crosses of a tall white B line (preceding paragraph) 

Several of the tall white drought resistant 820000 x a stress resistant commercial B line. Hybrids of third 
series B lines (Tables 2 and 3) have been sterilized and back-cross A lines (for sterility) were dryland tested (3 
their hybrids (DRTs of Table 4) were first tested at replications) in 1987 at SuNette, Kansas. Three males 
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Table 5. 1987 Sublette, KS short female/stress tolerant male sorghum test. Three males were crossed to 5 females. 

Male yields averaged across females 
Seed Time to Grain RelativeMale Yield Seeds weight bloom fill rate efficiency 

2kg/ha no./m g/ 100 seeds days kg/ha/day
3-17474 7970 25200 3.16 63.7 125.2 1.31
3-17672 6070 25600 2.36 60.9 99.7 1.05
Tx432 6040 20600 2.99 63.3 95.3 1.00
LSD (0.05) 580 0.09 

Female Female yields averaged across males 
61x60-1 7280 25800 2.86 62.0 117.4 1.23
59x58-2 6870 22930 3.00 61.0 112.3 1.18 
61x60-2 6520 22980 2.86 61.2 106.5 1.12
 
59x58-1 
 6410 22820 2.83 61.3 104.5 1.10 
Wheatland 6440 23610 2.71 67.6 95.2 1.00 

LSD (0.05) 740 0.12 

Table 6. Regional yield trial data for sorghum planted June 6. 1987. in 6 m rows with 0.92 m between rows at the Fort Hays,
Kansas, Experiment Station. 

Grain fill rate 
Time to Grain Test based onPedigree 1/2 bloom Height yield weight days to bloom 

- days  - cm - kg/ha kg/m3 kg/ha/day
A1/R3334 62.7 102 7470 807 119.1 
A I/Tx430 61.3 115 7210 790 
 117.7
 
A4R/Tx430 60.0 
 97 7020 795 117.0
 
348/850315" 55.7 
 97 6990 782 125.6

Al/Tx433 60.7 112 6950 785 114.5 
A35/Tx430 58.7 
 110 6940 804 118.2 
RS 671 63.7 93 
 6830 766 107.2
 
348/850316, 56.0 105 
 6640 780 118.6
 
348/8502961 55.3 100 6590 801 
 119.2 
AI/Tx435 59.3 117 6580 '788 110.9 
G 550 58.7 95 6550 
 802 111.6
 

LSD (0.05) 1.1 770 8 

Nebraska pollinators 

were crossed to four new A lines and Wheatland for a the seed) and associated grain fill length.
total of 15 hybrids (Table 5). The 7,970 kg/ha yield of 3- Characteristics of fer. ales averaged across males 
17474, averaged across females, exceeded yields of show that the four new Alines developed give hybrids 5 
Tx432 hybrids by 32%. Also, based on bloom date as a to 6 days earlier than Wheatland hybrids and still give
maturity Index, the grain fill rate of the 3-17474 hybrids equal or greater yields (Table 5). There was not much 
averaged 31% faster. This probably is an inflated com- stress in these tests. In years of water stress, tte yield
parative grain fill rate because a preliminary test sug- differences will likely widen in favor of the earlier hy
gested grain fill is longer on the 3-17474 hybrids even brids, especially in this case since both parents of the 
though the bloom date average is the same as for Tx432 new A lines are stress resistant. Wider testing next 
hybrids. Longer grain fill is likely associated with the season may catch drier areas to permit evaluation of 
larger seed size of 3-17474 hybrids (3.16 g/100) com- stress resistance.
 
pared to Tx432 hybrids (2.99 g/100). This needs to be Table 6 contains data collected by Dr. Ken Kofoid in
 
evaluated. Note that the 3-17672 hybrids, have a high a dryland regional sorghum test conducted at Fort 
seeds m-2 just like 3-17474 hybrids, but yield is rela- Hayes, Kansas. As evidenced by yields, there was little 
tively low because seed size is small (2.36 g/10O) which stress. The main point to be noted is the relatively high
probably relates to the short grain fill characteris'jcs of performance of the Nebraska pollinator hybrids for their
both early and many cool tolerant genotypes. The rela- maturity. The 850315 hybrid stands midway in yields of 
tionships between seed size and grain fill length need the top seven hybrids, is from three to eight days earlier,
investigation. A great deal of research is in order regard- and has the fastest grain accumulation rate. Again, this 
ing the control ofphysiological maturity (darklayering in hybrid will likely surpass many later hybrids as water 
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becomes more limiting. nisms could be contributing to the ability to extract 

Six hybrids were entered in Dr. D. T. Rosenow's water, transpire, and carry on photosynthesis under 

1987 Lubbock dryland regional sorghum test. The hybrid stress. 

(8261 x 8260-2) x 3-17474 topped the test at a yield of 

6,970 kg/ha followed by the next best yield of 6.420 kg/ 
ha. Two drought resistant commercial checks in the test Foliage Temperature for 
yielded 5,960 and 5.400 kg/ha. RS 671 yielded 5,810 Screening Germplasm 
kg/ha. This 3-17474 hybrid has not been tested under 

stress. but other 3-17474 hybrids have proven reasona- Limited results (Table 7) do show a correlation 

bly stress resistant and the A line for this hybrid was between grain yield and DT which is improved when the 

generated from a cross of two stress resistant parents. genotype effect is removed. This suggests first that a 

The hybrid, as with a number of others, will likely be reasonable relationship exists and second that there is 

shown to possess some midseason stress resistance adequate genotypic variability to permit selection. For

when dry test conditions are encountered. We are now tunately. DT measurements are made during the last 2 

confident, because ofselection for both high seed number weeks before bloom which permits information gained to 

and seed number stability under stress, that these new be used in selecting crosses to be made yet in the same 

hybrids have a measure of stress resistance plus the season. 

ability to respond well to the good conditions which The Figure 5 plot may be useful In categorizing 

periodically occur in chronic stress environments, drought avoiders (quadrant 2) vs. drought tolerating 

Additional supporting data for this belief must await (quadrant 41 sorghum types for use in a breeding pro

drier weather for more stress testing. Some currently gram. A breeder's first reaction might be to select only 

available hybrids have either stress resistance or high the higher yielding drought avoiders in quadrant 2. 

yield potential, but usually not both. Figure 4 illustrates However, there may be merit in selecting the better 

the probable range of reactions of currently available yielding high leaf temperature drough' tolerating sor

hybrids to a range of environments from poor to good. ghums to recombine with the low temperature guadrant 

Hybrids developed under irrigation are likely to be stress 2 avoiders. The optimal leaf temperature required will 

susceptible (SS) and water responsive (WR) in good likely vary with the nature of the environment. Better 

environments. As such, they will likely have good water SR-WR combinations will likely result from crossing 

use efficiency (WUE) under good conditions but poor avoiders and tolerators. This may or may not be attain-

WUE under poor environments. Some stress resistant able with traditional line breeding methods because of 

(SR)hybrids have good WUE in stress environments but limiting numbers of recombinations. Population cross

do not generate high seeds/m 2 in good environments ing techniques using MS, steriles offer promise in achiev

and are, therefore, not WR (NWR). Their WUE is likely to ing satisfactory recombination levels. We are encour

be poor in good environments. A few hybrids are both SR aged by the fact that every pollinator tested (except check 

and WR to give good WUE in most environments. It pollinators)andsomeoftheAlines, as reported inTables 

appears that the screening approach outlined here will 2 to 5, were derived from a population. 

be useful in increasing the proportion of SR-WR hybrids Measurements of foliage temperature with hand

and hopefully will move the SR-WR curve upwards. held infrared thermometers appear to provide a quick 

This stress screening activity can be summarized 

best by suggesting that in the near future a screening 
substitute for yield testing under stress is not likely to 
emerge. Most new physiological knowledge gained about 
stress testing and stress mechanisms will likely serve 
only to complement yield testing in terms of making 
germplasm manipulation more efficient. 

There can be little doubt that a number of stress .N 

resistance mechanisms are operating simultaneously to 

confer resistance within any given genotype at any given 
growth stage. Therefore, screening techniques should SS-R 

generally be based on a criterion or parameter which 
reflects the cumulative effects of several of these impor
tant stress resistance mechanisms needed to survive 

heat and drought. Usually stress avoidance mecha
nisms are more important in cereal grains than stress 
tolerance mechanisms. Currently, one trait of interest Poor Good 

which may reflect operation of a number of stress 
avoidance and tolerance mechanisms is canopy tem- ENVIRONMENI 

perature expressed in terms of canopy air temperature Figure 4. Idealized yield response curves of con
(DT). Presumably the genotype with a lower canopy trasting sorghum types grown in a range of envi
temperature is still transpiring and reflects a more ronments. SR - stress resistant, SS - stress suscep

desirable water status.A number ofphysiological mecha- rinen R - str resit utible, NWR - not water responsive. 
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Table 7. Correlations of canopy-air temperature (DT with grain cooler than others would be best suited for areas withyield in sorghum under dryland and irrigated treatment levels, adequate insured soil water either with rainfall or irriga-Garden City. KS 1984 (from Verma, 1987. 	 tion, while a genotype from the lower right quadrant 
which was warmer would be better suited to low waterCorrelation between DRY WET level rainfed areas because it would exhibit water con-

Grain yield and DT -0.56 -0.29 serving traits. These results follow those reported earlier 
Grain yield and DT after removing by Mtui et al. (1981) in which they found that the cooler
Variation due to genotypes -0.81 -0.11 corn (Zea mays L.) hybrids exhibited a higher soil water 

use than the warmer hybrids.
Again, a relationship has been found between foli

age-air temperature and grain yield with a significant
6 	 0 improvement in the relationship when the effect of 

ON** genotype was removed (Table 6). The correlation was
".,* * Imore pronounced in the dryland study than in the

4 * .* %. . irrigated study. These results agree with those of Hat
• :. * •"field 	 et al. (1987) and suggest that there is sufficient 

o: 	 , ** ** variation within a species to warrant further use of this 
technique and that the observed variability in the popu2 lation would be related to parameters associated with 

(D biomas6 and grain production. A limitation of the cur
rent methodology is the ability to screen large numbers

01 ofgermplasm with the hand-held infrared 	thermometer,
-0.8 0 o.3 1.6 which could be overcome with a thermal scanner. A 

C.P-AIR TOMTURL (TOC) reasonable number of screenings with a hand-held 
infrared thermometer is, however, possible.Figure 5. The relationship between grain yield and Further canopy-air temperature research is in order

canopy-air temperature in dryland sorghum hy- because of results cited here plus recent photosynthesis
brids at Garden City, Kansas, in 1984 (from research results. D. R. Krieg (personnal communication,
Verma, 1987). Lubbock, Texas) has already demonstrated variability in 
and reliable method of screening other germplasm also. photosynthesis among genotypes that is under genetic
The interpretation of these readings, however, has not control. Understanding the relationships for a large
beem fully agreed to by all researchers. Hatfield et al. number of genotypes between photosynthesis and can
(1987) suggested thatwarmerfoliagetemperatureswould opy-air temperature in good to poor environments may
be indicative oftraits contributing to water conservation, help sharpen screening techniques.

They based this analysis on the assumption that cotton
 
(Gossypium hirsutum L.) strains which maintained
 
warmer temperatures would be using less water in the 
 Summary
transpiration process and with a given reserve of avail
able soil water would deplete that reservoir at a slower These experiences with sorghum may or may not be 
rate. Thus, in dryland areas with some expected chance useful to participants from the semiarid tropics (SAT).
of rainfall occurring, this would lead to 	an enhanced By climatic standards of the African Sahel, parts of the
probability of receiving a significant amount of rainfall Indian subcontinent, etc.. our stress levels are modest or
before all the stored soil water was exhausted. The intermediate and maygenerallyreflect some of the better
strains which exhibited the warmer foliage tempera- years experienced in those areas. Nonetheless, during
tures under irrigated conditions produced the largest some of our early selection years (in the S, and S2 stages),
amounts of biomass in the dryland environments (Hat- stress was severe enough that only about 20 to 30% of
field et al., 1987). the families survived. The later yield test years reported

Chauduri et al. (1986) showed that it was possible to in the tables were not as severe. In addition, 	both early
use foliage temperature and vapor pressure deficit to and late-season stresses are often more severe and more 
separate drought-tolerant sorghum and millet common here than in midseason stress in the SAT. That
(Pennisetumsp.) genotypes. They found that there was does not mean that midseason stress tolerance is not
considerable variation among the genotypes of both worth screening for in the SAT. If one does not have a 
crops and utilized the foliage-air temperature differ- relatively high, stable seeds/m 2 incorporated into a 
ences to rank the genotypes. The results found were sorghum variety, the chances are that the variety may
similar to those shown in Figure 4 in which there were not give good water (yield) responsiveness 	in years of
gcnotypes which were consistently cooler than others, favorable rainfall. It seems important to strive for both 
These results would suggest that screening of differ- stress resistance and water responsiveness. These do 
ences would be possible with the infrared thermometer. not appear to be mutually exclusive in sorghum and 
The interpretation of these data would depend on the should not be so in other cereals. 
management system intowhich the genotype was placed. A variant of the midseason stress screening tech-
For example, a genotype which was predominantly nique makes post anthesis stress screening possible If 
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Introduction 

It is estimated that if the present trends were to 
persist, the net cereal deficit in the Sudano-Sahelian 
region of West Africa would be about 10 million 
megagrams by the year 2010 (FAO. 1986). This problem 
of food gap is further accentuated by problems arising 
from the growing human and livestock population, 
variable and unpredictable rainfall, and severe degrada-
tion of natural resources. Therefore, there is an urgent 
need to arrest these trends and to create a more sustain-
able future primarily by developing technologies to in-
crease productivity and conserve land and water re-
sources. The bulk of future increases in food production 
will have to come from the intensification of rainfed 
agriculture. The crops that require particular attention 
are sorghum [Sorghum bicolor (L.) Moench], pearl millet 
[Penntsetum americanum(L.) Leeke]. cowpea (Vigna un-
guiculata),and groundnut (ArachishypogaeaL.). Among 
the major requirements are more productive cultivars 
capable of withstanding low and uncertain rainfall, 
ability to respond better to management, thrive well 
under problem soils, and capable of fitting well with 
complex cropping systems of the farmer, 

In this paper, an alternative and recent agronomic 
approach to improve sorghum based cropping systems 
in the Sudanian savanna of West Africa is described. A 
brief summary of the results obtained from recent stud-
ies by ICRISAT in the region is also highlighted. 

Traditional Production System 

Sorghum is the predominant crop in the Sudanian 
zone of West Africa across Gambia, Senegal. Mali, Burk-
Ina Faso, Niger, Chad, Cameroon, Benin, Nigeria, and 
Ghana with rainfall varying from 650 mm in the north to 
about 1200 mm in the south. The soil complex in the 
region is classified as "Ferruginous tropical". The main 
characteristics of these soils are: parent ma.erial rich in 
quartz, highly weathered and laterized by loss of silica, 
shallow profiles (less than 125 cm deep), low cation 
exchange capacity, physical condition poor with the 
tendency to form crusts, low to moderate water holding
capacity, and deficiency of nutrients widespread. 

Traditionally, local sorghums which are mostly
photosensitive with growth duration ranging from 120 to 
80 days are intercropped with othercrops such as pearl

millet, cowpea. groundnut, and vegetables. The preva
lent cropping systems are essentially replacement sys
tems in time and space and are aimed at self sufficiency 
and minimizing risk. They continue to be of the tradi
tional subsistence type and have experienced little 
change.
 

The duration of the growing season of traditional 
cultivars has generally been much longer than the 
duration of the rainy season, with the periods of flower-
Ing coinciding with the cessation of rains. Productivity 
risks are high as the rainfall is erratic, particularly at the 
beginning and at the end of the season. (Thecultivars are 
tall and vegetative with low harvest indices and they 
respond only to low population and fertility levels.)
Farmers usually plant in wide rows. Sole crop stands 
vary from 12,000 to 20,000 plants/ha. In crop mixtures, 
sorghum hills may range from 1,000 to 15,000/ha, 
depending on the number of crops entering into the 
combinations. Farmers predominantly use hand tools 
with limited animal traction in some areas and with 
minimum soil and crop management practices. Fertil
izer use is negligible. The average sorghum yields range 
from 500 to 1,000 kg/ha. Though sorghum improve
ment efforts have been in progress for several years, the 
impact of improved cultivars to date has been marginal. 

An Alternative Research Approach 

As the sole crop improvement approach did not 
result in expected impact, an alternative cropping sys
tems research approach was recently considered. This 
approach was aimed at efficient utilization of resources 
that would help to increase and stabilize total agricul
tural production. The resource management approach 
involved (a) agro-climatic analysis, (b) selecting and 
breeding appropriate sorghum genotypes, and (c) agro
nomic studies to fit these genotypes into prevalent 
cropping systems and to deign more productive sys
tems. The hypothesis considered was that the tradi
tional sorghums, if altered through corrections for dura
tion to match the length of the rainy season and for a 



better harvest index, could render the new sorghums 
more productive, management responsive, and stable 
across climatic fluctuations (Rao, 1980: Shetty, 1984). 
The unutilized water before and after (and during) sor-
ghum growth period can be exploited by careful intro-
duction ofcomponent crops to the system. The sorghum 

which is grown during the stable period of rainfall is also 
expected to respond better to agronomic management. 

The agro-climatic analysis utilized historical rainfall 
data to determine the average date of the beginning and 

end of the rainy season anci thus the length of growing 
season available for the cropping system. Utilizing the 
method as described by Shivkumar and Virmani (1982). 
the most stable rainfall period, the probabilities of 

receiving rainfall to satisfy the potential water demand 

during the growing season, and the expected duration of 
the growing season when water is available were calcu-
lated for different sorghum growing locations in the 
3udanian zone of West Africa. 

To answer the cultivar needs, appropriate short 
season sorghum cultivars with built-in resistances and 
flexibilities for planting across a range of environments 
and planting dates made available from various sources 
from India. Ethiopia. Sudan, and West Africa were 
evaluated in different agro-climatic zones for their adap- 
tation during 1982 to 1984. A few selected genotypes 
were further evaluated during later years for yields and 
other attributes in diverse multi-locations, 

The most promising selected genotypes with wide 
adaptation which could form the basis for designing 
alternative more productive systems were subjected to 
varying management levels such as density and added 
N-fertility to develop principles to optimize their produc-
tivity. A series of field trials were also conducted to 

examine their performance under mixed and relay crop-
ping systems with associated crops such as pearl millet. 
cowpea. and groundnut. While designing and evaluating 
alternative systems, sorghulm was placed in the most 
favorable period and the associated crops were placed in

suchaxplitwy aheto uutiize soi waer.Tablesuch a way as to exploit the unutilized soil water. 

Initial Results 

Agro-Climatic Analysis and the 
Traditional Systems 

The analysis of rainfall in sorghum growing West 
Africa revealed that monthly mean rainfall increases 
gradually from the beginning of the season (April/May) 
to a maximum in August. The end of the rainy season is 

sudden, being earlier in the north than inthe south. The 
water availability for sorghum growth is fairly adequate 
until September. October and November rainfall is very 

undependable. Rainfall also is erratic at the beginning of 

the season. The growing season of traditional sorghum 
cultivars has been much longer than the duration of the 

rainy season, with flowering coinciding with the cessa-
tion of rains and maturity occurring with only residual 
water, ifany. Most recent droughts have been catego-


rized by the sudden cessation of rains during the flow-
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ering period of local sorghums. 
The growing period in the Sudanian zone varies from 

about 110 days in the north to about 200 days in the 
south (Shivkumar. 1986. The rainfall analysis also 
indicated that while there is little scope for manipulating 
planting dates in the north, the longer growing season in 

the higher rainfall southern locations provides greater 
opportunities for system manipulation with appropriate 
genotypes and management. 

Selection and Evaluation of 
Appropriate Genotypes
 

" ... t-e,,trg trials 
tudeshaveenabledtheselectionofappropriatcsorghum 

genotypes with the phenolog' and the physiological 
responses that would place the production of sorghums 
at the most favorable period of rainfall. A number of 
tropical sorghum genotypes with early maturity, higher 
harvest index, drought and pest tolerance, and suitable 
for multiple cropping systems were identifled. Several 
promising cultivars such as K4. S34, S35, S36. and S40 
which combineyields with resistance to biological stresses 
were identified through genotype screening at different 
locations (ICRISAT. 1984). Agronomic yield trials to 
examine the performance of some of these selected 
genotypes across locations indicated that many early 
maturing and short-statured sorghums performed ex
tremely well, with yields exceeding two to three times the 
yield of local sorghums (Table 1). 

During 1987, further testing of some selected culti
vars confirmed the superiority of S34. Burkina Faso 
trials conducted at 11 different locations on farmers 
fields indicated that S34 out-yielded (2.45 Mg/ha) the 

local control (1. 17 Mg/ha). (D. S. Murthy, ICRISAT 
Burkina Faso. personal communication). This cultivar 
also exhibited better adaptability. The regression analy

Mu!1,-,,), i<,i" across the lati

1. Performance of some promising sorghum genotypes 
(Adapted from ICRISAT. 1984). 

Samarua Kanob 

Time to Plant Grain Time to Plant Grain 

Genotypes flower height yield flower height yield 

days cm kg/ha days cm kg/ha 

K4 65 197 2870 68 161 2270
S 35 65 187 2520 65 171 2760 
S 13 68 160 3200 70 152 1410 
S 20 70 160 3120 75 122 1410 
S 32 70 180 3350 75 144 1450 

S34 70 192 3890 76 150 1300 
Local (improved) 105 208 2460 80 150 880 
Local (Farmer 

variety) 111 370 840 100 198 220 

SE ±6.0 ±180 ± 10.0 ±360 

Southern Suclanian zone, normal rainfall 1087 mm. 1983 
rainfall 617 mm. 
11Northern Sudanian zone, normal rainfall 700 mm, 1983 
rainfall 409 mam. 
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sis of data from nine locations showed that among eight 
cultivars tested. S34 was the most adapted cultivar. The 
local control "Gnofing" showed a very low stability con-
firming it's poor response to improved management. 

Similar results of better performance by S34 were 
recorded at other locations in Cameroon, Nigeria. and 
Mali. In Mali during 1987. the mean yield of S34 from 
four locations was 2.77 Mg/ha while that of the local 
cultivarwasonly 1.62 Mg/ha. Most ofthe higherylelding 
cultivars identifled were photo-insensitive, early-matur-
ing, and short-statured. The grain quality of these 
cultivars was also acceptable. 

Response to Density and Added N-Fertility 

The selected genotypes responded to both increased 
crop density and added N-fertility. At Samaru in Nigeria, 
grain yields were significantly increased by increasing 
crop density to 75,000 plants/ha in all the genotypes. 
Local cultivar grain yields tended to reach the optimum 
at 75,000 plants/ha. With the selected genotypes (S34, 
S20, and S35), a yield increasing trend was noted as the 
crop density was further increased to 100.000 plants/ 
ha (ICRISAT, 19,4). 

The selected genotypes also responded better to 
added N, but at Samaru, Nigeria, the local sorghuns did 
not respond to added N and, on the contrary, higher 
rates of added N resulted in declining yields (ICRISAT, 
1984). This was mainly due to excessive vegetative 
growth during the initial part of the season and severe 
water stress during flowering due to sudden cessation of 
rains during this critical period of growth. Similar re-
suits were also noted in Sotuba during 1987 where S34 
responded to added N up to 105 kg/ha. However, the 
response curve flattened more rapidly in the case oflocal 
cultivars (Shetty, unpublished data). While the early, 
selected genotypes escaped late-season drought, the 
long-season local sorghum suffered due to water stress, 
resulting in poor grain yields. 

The results clearly indicated that the early flowering. 
and short-statured selected genotypes responded better 
to higher density and added N-fertility when compared 
to local long-season, tall sorghum cultivars. 

Cropping Systems 

The series of agronomic trials conducted to examine 
the performance of some of these selected genotypes 
under commonly practiced mixed/relay cropping sys-
tems have also revealed the superiority of these geno-
types when compared to local genotypes. Under millet/ 
sorghum intercropping, a system most commonly prac-
ticed in Nigeria, most of the selected genotypes per-
formed better than the local ones. In this system, millet 
was planted with the first rains and the sorghum was 
planted between the millet rows about 3 weeks later. S34 
performed well under both sole (2.58 Mg/ha) and Inter-
cropping (1.2 Mg/ha), while local cultivars yielded less 
than 1 Mg/ha in both sole and intercropping. Further. 
the local cultivar competed with millet, reducing its yield 

to about 69%. while with the selected genotypes, the 
millet could produce about 85% of its sole crop yield. 
Both the grain yields and the land equivalent ratios 
clearly indicated that early-maturing, short-statured 
sorghum genotypes performed better than the local 
sorghum which suffered heavily due to water stress 
(ICRISAT, 1984). 

Under sorghum/cowpea intercropping, another 
common system in West Africa. the performance of 
selected genotypes was far superior to the local cultivars. 
For example, in Mali, S34 and S35 yielded more than 2 
Mg/ha under intercropping while the local check CSM
388 could yield only about 0.9 Mg/ha (ICRISAT, 1987).
Further, the local cultivar being tall and late-maturing 
offered severe competition to low-growing cowpea, which 
yielded only 15% of its sole crop yield. Similar results 
were also observed in earlier trials conducted during 
1986 (ICRISAT, 1986). 

Under a sorghum/groundnut system, an important 
cash crop based cropping system in West Africa, the 
performance of these selected genotypes was signifi
cantly superior to the presently used local cultivars. In 
this system, we evaluated sorghums as a late-planted 
cereal to allow higher-valued groundnut to establish 
without competition. Both in Nigeria and Mali, S34 
yielded the highest under both sole and intercropping 
(ICRISAT, 1984, 1986, 1987). Detailed studies in Mali 
showed that the higher productivity of the system could 
be achieved by using higher than sole crop densities of 
sorghum and gro'indnut. A delay in sorghum planting 
date Increased groundnut yields, but resulted in re
duced sorghum yields. However, this loss in sorghum 
yields was greater with local, photosensitive sorghum 
cultivars than non-photosensitive cultivars such as S34 
and Malisor-7. Further, the local sorghum, being tall 
and having a longer growing season offered significantly 
higher competition to groundnut than S34 and Malisor
7 (Shetty. 1987). The early cultivars could complete their 
cycle before the end of the rainy season even when they 
were planted late, while the locals suffered because of 
lack of water during the flowering and maturing period. 

Conclusion and 

Future Research Needs 

The alternative agronomic approach which involved 
agro-climatic analysis, multi-disciplinary research to 
select sorghum genotypes with the phenology and physio
logical responses that would place the production of 
sorghums at the most favorable period, and agronomic 
studies to fit these genotypes with existing and altema
tive cropping systems has shown considerable potential 
in the West African Sudanian savanna. Among the 
genotypes identified, S34 was found to be higher yield-
Ing, better adapted, and more management responsive 
across the region. It also provided increased time and 
opportunity for other associated crops such as pearl 
millet, cowpea, and groundnut to be grown In the 
production systems. Such altered sorghums with re
duced growing seasons introduced Into a more rainfall 



assured part of the rainy season could not only bring 
stability of production at higher management levels, but 
also could bring about better resource management 
through more productive inter-, relay-. and sequential-
troupig smo pIndia:
cropping systems. f Lh--

The challenges for future research include the devel-
opment of improved genotypes with resistance to biologi- 
cal and physical stresses and the improvement of the 
physical and chemical resource base to support the 
improved cropping systems on a sustainable basis. The 
future strategy should include crops that provide in-
come to farmers and as a result stimulate the use of 
agricultural production inputs on component cereal 
crops. More productive systems could attract and sup-

port improved and management iesponsive cultivars 

being developed by cereal breeders. Implementing this 

strategy is expected to generate a flow of new technolo-
gies which will increase the productivity of subsistence 
farms. 
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Introduction 

Northeast Brazil is one of the five regions into which 
Brazil is divided. Northeast Brazil occupies 18% of the 
Brazilian territory and contributes 12% to the national 
product of Brazil. The agricultural sector is one of the 
main activities in 	 the regional economy of Northeast 
Brazil, with 62% ofthe population depending on agricul-
ture. In Northeast 	 Brazil, tile rural population has a 
predominance of small farmers, with 70% of the farms 
having less than 10 ha. The crop production from snall 
farms, however, represents more than 60% of the region's 
basic food supply. 	The predominant cropping systens 
are intercropping of subsistence crops. The small farm-
ers mainly grow food crops and cotton (Gossypium 
hirsuttnm) as a cash crop. The significance of small 
farmers has a double importance: on the one hand, they 
ensure the food supply of the rural population: on the 
other hand, they 	produce basic food for the region 
(Zaffaroni et al., 1985). 

Until a few years 	ago. the research approach in 
Northeast Brazil followed the pattern of the developed 
countries or from Southeast Brazil. Therefore. most of 
the research work was done in isolation from the com-
plex farming systems, mainly looking for answers to the 
big farmers' problems. The acceptance of new technol-
ogy by small farmers was not taken into account in the 
design of these technologies. The farns function as a 
whole, and the different components are interrelated, 
Therefore, the small farm can be considered as a system, 
where the physical components (plants. soil, etc.) inter-
act with other external factors (socioeconomics). The 
specific recommendation for farmers should know tile 
human being as well as the biological elements of the 
farm. Research planning should consider the goals of 
small farmers and the restrictions that they have to 
reach their targets. 

At the beginning of this decade, tile Federal Univer-
sity of Paraiba began a cooperative research project with 
the objectiveofdevelopingimproved farming systemsfor 
small farmers in Paraiba State, Northeastern Brazil, In 
addition to the University, the project involved the 
cooperation with the Agricultural Extension Enterprise 
of Paraiba (EMATER), the Agricultural Research Enter-
prise of Paralba (EMEPA), and the Cotton Research 
C'.-nter of the Brazilian Agricultural Research Enterprise 
(EMBRAPA). It was supported by the Finance Office of 

Studies and Projects (FINEP) of the Federal Government. 
This paper reports the methodological approach used in 
the project. 

The Research Project 

Farming Systems 	 Research and Development 
(FSR&D) is an approach to agricultural research and 
development that views tlhe whole fIarni as a system and 
focuses on (i)the interdependencies between the compo
nents under control of nembers of the Iarm household, 
and (ii) how these components interact with the physi
cal, biological, and socioeconomic factors not under tile 
household's control. 

The project was carried out in Northeastern Brazil. 
Brazil is divided in five regions: South. Southeast, Cen-
tral-West, North. and Northeast. The program is devel
oped in six municipalities of Paraiba State (Fig. 1). which 
represent different agro-climatological conditions where 
small farmers are concentrated. 

Since small farmers have crop production as a major 
enterprise, emphasis was given to tie crop subsystem. 
Research on cropping systemswas concentrated on crop 
and cropping patterns, alternative management prac
tices in different environments, and interaction between 
crops, between crops and other enterprises, and be
tween the household and environmental factors beyond 
the household's control. Since intercropping is the main 
farming system in Northeast Brazil. most trials were 
with these kinds of cropping systems. For instance, 
cotton was intercropped In 74% of the area planted to 
cotton, beans (Phaseolusvulgaris)and corn (Zea mays) 
in 96%, and cassava (Manilhotesculenta) in 67% (IBGE, 
1979). 

The Operational Approach 

The project had four main steps: 1) descriptive 
phase, 2) the design phase, 3) the testing phase, and 4) 
validation phase (Fig. 2). 

The Descriptive 	Phase 

The descriptive phase Included the study of current 
cropping systems and their environments. In order to 
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VALIDATION PHASE 

Figure 2. Schematic framework of the farming 
systems research project in the Northeast of 
Brazil. 

(b) PARAIBA STATE 
TATEtoW PARIBA the conditions of the small farmers. A range of 

strategies was identified that were thought to be relevant 
in dealing with the constraints delineated in the descrip
tive phase. Priorities for research arose from this phase 
in terms of developing improved practices based on the 
needs of farming families and constraints they faced. 

] /The Testing Phase 

A few promising strategies arising from the design 
phase were examined and evaluated under farm condi-

Figure 1. (a) Map of Brazil showing the Northeast tions. The testing phase was divided into two stages 

region, and Paraiba State, and (b) map of Paraiba which were simultaneous: a) the components research
that showed up in the descriptiveState showing the municipalities covered by the main constraints 

research project. phase as the most limiting factors to improve crop 
productivity were studied: in this phase very important 

obtain reliable information about existing farming sys- infoimation to the forinulation of new cropping systems 

tems, 350 qucstionnaires were distributed to small was generated: and b) preliminary tests-according to 

farmers in six municipaliies. These questionnairts were the information obtained in the first phase and research 

distributed by extensionists to farmers having less than results already existing in th- region, improved cropping 

50 ha. Distribution of the questionnaires was done systems were designed and compared with the tradi

according to the variation of farm size. A stratification tional ones. These traditional cropping systems were 

was carried out in each municipality. The subjects were tested with new cropping systems considered better 

divided into four strata. ji) 0 to 5 ha, (ii)5 to 10 ha, (iii) converters of resources into products under current 
10 to 20 ha. arid (iv) 20 to E0 ha. The infbrmation farmers conditions. The research process included a 
gathered was processed and used to identify th2 main multidisciplinary team, Agronomic as well as economic 
agronomic and socloecont~mic characteristics ofcurrent considerations were considered for preliminary evalu
cropping systems. A complete description of existing ation of cropping systems. 
cropping systems from questionnaires and secondary 
information was obtained in this stage. Main constraints The Validation Phase 
were identified. Agronomic (soil preparation, seeding 
rate, cultural practices, harvest. post-harvest process, The fourth phase was the synthesis and validation 
etc.) as well as economic analysis (rentability, return to of new alternatives phase. That is, the cropping systems 
the production factors, etc.) were considered in the agro- that were preliminarily tested in the previous stage were 
ecosystem analysis. Zaffaroni et al. (1985) presented adjusted, taking into account research components 
results of the descriptive phase for the municipality of stage and the preliminary evaluation. Strategies that 
Areia. were identified and screened during the design and 

testing phases were tested on-farm. Promising altema
tives, which emerged from the testing phase were com-The Design Phase 
pared with the existing systems under farm manage-

This phase used the knowledge gained from the ment. The evaluation included: agronomic (yield, yield 
previous phase to design new cropping systems adapted components, and edible and total blomass) and eco
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nomic analysis (analysis of production costs, profitabil-
ity analysis, and return to the production factors). Some 
results of these assessments were published elsewhere 
(Zaffaroni et al., 198 1). Farmers' testing was really the 
most rigorous test of the proposed improved technolo-
gies. 

All the mentioned phases were inter-related and 
sometimes it was necessary to go back and check 
previous phases. Thus, there was a process of feedback. 
Also, monitoring and evaluation were important activi-
ties to serve as a management tool to improve the 
effectiveness of the project. 

Conclusions 

Since the beginning ofthe project, participants have 
been increasing skills of participative technology devel
opment. Previous to the initiation of the project, most 
research institutions carried out their research effort in 
isolation of the other Institutions of the state. Before the 
beginning of the project, there was no farmer participa-
tion and the research topics were chosen according to 
the willingness of the researchers. Thus, many topics 
were about problems that were not relevant to the 

er ooffarmers or without application to them.Paaan).ArpcraTcia 

The testing phase received more attention than the 
other ones because agricultural research is a relatively 
new activity in Paraiba State. Results for transfer to the 
farmers were lacking. Some results transferred to farm-
ers were produced in other regions and they did not pass 
a process of adaptation. 

Based on our experience, the following steps are 
considered necessary for an effective and successful 

process of FSR&D: 1) a good theoretical training of the 
team prior to start of the project to ensure real participa
tion of the whole tearL? in the activities of the project, 2) 
involve farmers and extensionists in all stages of the 
process, 3) monitor and review activities at the end of 
each growing season ('agricultural year') and plan new 
activities in advance for the new year, 4) farmers have to 
be considered as partners and not as an object by the 
team, 5) the team has to have a solid consiousness that 
the new way is indeed the best method to generate 
agricultural technology, 6) the project must have suffi
cent financial resources to reach the goals, 7) the project 
team should work on domains and geographical areas 
that can be reached with the available resources, and 8) 
the domains should be selected according to their social 
relevance. 
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Introduction 

Dryland (or upland) rice (Oryza) spp. is defined as 

"rice grown on rainfed, naturally well-drained soils, 
without surface water accumulation, normally without 
phreatic water supply, and normally not bunded" (IRRI. 
1984). 

Dryland rice is grown in Asia, Africa, and Latin 
America. Nearly 20 million hectares of the world's rice 
growing areas are planted to dryland rice of which about 
60% is in Asia, 30% in Latin America, and 10% in Africa. 
Although dryland rice constitutes a relatively small 
proportion of the total rice area, in Latin America and 
West Africa, it is the dominant rice culture, with about 

75% of the rice in Latin America and 50% in Africa being 
dryland rice. The dryland rice growers are mostly poor, 
subsistance farmers with few alternative sources of food. 
The average rice yield is less than 1 Mg/ha. 

There is a great ecological diversity and complexity 
in the dryland rice environment. The Asian dryland rice 
environment is divided into four complexes based on soil 
and climate - long growing season (5-12 months). short 
growing season (1-4 months), fertile soils, or infertile 
soils. Dryland rice in Africa is cultivated under four 
ecologies - hill rice, flat land rice, dryland rice depending 
upon ground water and rain, and dryland rice grown 
using ground water only. In Latin America, dryland rice 
is grown in a variety of ecosystems ranging from ex-
tremely low (Brazil) to high productivity (Columbia), viz., 
favored dryland, moderately favored dryland, unfavor-
able dryland, and subsistence dryland. 

Rice is a semiaquatic crop and dryland rice is, 
therefore, cultivated at the ecological limits of the spe- 
cies. Rainfall is the most variable and least predictable 
agro-climatic element, and Is, therefore, the critical 
determinant of dryland rice productivity and the key to 
developing appropriate genetic and agronomic technol-
ogy for an area. Since rice is very sensitive to water 
stress, rainfall distribution is more important than total 
seasonal rainfall. Dryland rice soils range from erodible, 
badly leached Alfisols in West Africa to fertile volcanic 
soils in Southeast Asia. Most dryland rice is grown on the 
soil orders: Alfisol, Utisols, Oxisols, Entisols, Incepti-
sols, and Mollisols. The soil-related constraints are both 
physical and chemical, and their severity differs in 
different environments. Erosion Is a major constraint in 
areas with rolling topography. Most of the soils are 
deficient in major and micronutrients and some have 

very high phosphate fixing capacity. 
Dryland rice grows in such diverse environments 

that production constraints correctable by plant breed
ing is almost impossible, as can be seen from the list of 
desirable traits: increased yield potential with yield 
stability: diverse plant types for different environments; 
intermediate (110 cm) to tall (130 cm) height with low (3
5 tillers/hill) to high (20 tillers) tilleringability; stiff straw 
and lodging resistance: good seedling vigor: deep. thick, 
dense roots; responsiveness to moderate levels of ap
plied N (30-40 kg N/ha): drought resistance; ability to 
compete with weeds; resistance to diseases and pests: 
and tolerance for low native fertility, low P, high Al, and 
acid soils. 

Dryland Rice Agro-Ecosystems 

Most dryland rice is grown on small subsistence 
farms with few purchased inputs. Labor is substituted 
for capital and most production Is for family consump
tion. In such a farming system, market forces are not 
important in deciding what production technology to 
adopt. Moreover, these traditional dryland farms are 
more diversified, and rice is one component within a 
cropping system that includes several crops grown after 
or with rice. Depending on the nature and size of their 
farms and their own fanily resources, dryland rice 
farmers use a variety of farming systems ranging from 
hand tool cultivation to draft animals to power mecha
nization under different crop intensity levels. These 
dryland cropping systems include shifting cultivation, 
pioneer cultivation, alley cropping monoculture. mul
tiple cropping. intercropping, mixed cropping, relay 
cropping, and interplanting. 

Shifting Cultivation 

Shifting cultivation occupies about 90% of the total 
dryland rice in West Africa and is widely practiced in the 
forested areas of Latin America: Northwestern hill re
gions of Bangladesh; Assam - India; Sumatra, Kaltman
tan. and Wulaasi - Indonesia: Western Samar. Zam
boanga del Stir, and Isabela - Philippine: and Northern 
Thailand. But this farming practice has been condemned 
by environmental conservationists and ecologists as 
belngahighlydestructivepracticewhichnotonlycauses 
serious soil erosion, but ruins the whole ecosystem. On 
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the other hand, this practice is the only farming system 
that continues to meet the food requirement of the local 
population. It is, therefore, necessary to re-examine this 
primitive practice to explain the causes of non-adoption 
of modern technologies and the reason why traditional 
farming practices in ecologically disadvantaged areas 
are difficult to replace. 

Shifting cultivation is a first step in agricultural 
development and evolution where man prefers a settled 
mode of living to a wandering one (Dat, 1966). Farmers 
slash, burn, and clear land for a rice crop planted alone 
or associated with other crops. They continue from I to 
3 years until they note a decline in soil fertility, and weed 
and pest invasion. They then abandon the land and 
return to previously abandoned farm land. The fallow 
period depends on soil type and demographic pressure, 
and may last for 3 to 20 years. 

In a tropical forest, the rate of litter decomposition is 
rapid, from 50-500% annually, and the average rates of 
nutrient return per hectare in litter from three African 
forest locations are 184 kg N, 6 kg P. 73 kg K, 142 kg Ca, 
47 kg Mg, and 12.5 Mg dry matter (Nye and Greenland 
1960). Fallowing depends on litter, vegetation biomass. 
and burning efficiency. Thus, shifting cultivation feeds 
the local population without disturbing the ecosystem, 
viz., causing little disturbance in soil structure, but 
encouraging rapid regeneration of soil nutrients, main
tenance of soil fertility, and control of weeds aad pests, 
with the traditional varieties being tolerant of disease 
and drought. 

Ecology and agriculture have been closely and pro-
ductively interlinked in this traditional shifting farming 
system (Conway, 1984). Agriculture fits into the natural 
pattern of ecological succession and good yield depends 
not only on cultivation skills applied to the rice growing 
phase of the cycle but also on ecological skills in manag-
ing the vegetation succession in the fallow period that 
restored the soil structure and fertility. Agricultural 
development can be monitored using four properties of 
a given agro-ecosystem, viz., productivity, stability, 
sustainability, and equitability. These properties are all 
truly system properties. The traditional agricultural 
systems such as shifting cultivation have low productiv-
ity and stability, but high equitability and sustainability. 
However, the introduction of new high yielding rice 
cultivars, while greatly increasing the productivity, also 
lead to lower values of other properties. The ideal crop-
ping system would seem to combine high productivity 
with high sustainability and equitability, 

Dryland farming communities have survived for 
generations in this specific environment by working out 
a farming system which is part of the natural ecosystem. 
Such a traditional farming system is difficult to improve 
by simply transferring technology created in labs or 
experimentation. To assume otherwise seriously under-
estimates the knowledge gained through trial and error 
research by generations of people whose lives depend on 
the outcome of the trials. Indeed, farmers' knowledge, 
adaptation, and improvement constitutes an important 
strength of innovation and self-renewal. Through this 
knowledge, the farmers counteract risk and uncer-

tainty. In alluvial drylands in Eastern Utter Pradesh, 
India, the farmers grow a mix of six dryland crops - rice, 
sorghum [Sorghum bicolor (L.) Moench], corn (Zea mays 
L.), pigeonpea (Cajanus cajan), sesame or niger (Ses
amum indicum), and mesta (Hibiscus cannabinus)to 
meet not only their requirement of cereals, but also oil, 
pulses, fodder. and fiber crops to counteract the risk. In 
much of the dryland rice area in the plateau region of 
Eastern India, a beushning system of rice cultivation is 
practiced, in which rice is broadcast seeded followed by 
cross cultivation after seedling growth. Farmers broad
cast dry rice seeds, then harrow to cover the seeds before 
the monsoon rains begin. After the rains commence and 
seedlings germinate and grow for 45 days, farmers then 
plow and cross plow their fields, followed by a process 
called laddering whereby seedlings are knocked down 
by drawing a board of poles over the field. Obviously. 
such a cultivation system appears destructive to an 
agronomist, but allows the farmer to obtain at least I 
Mg/ha of assured rice yield under uncertain dryland 
situations. 

Developing Suitable Technology
for Dryland Rice Through 

Farmer Participatory 

Re.search 

Much agricultural research still is conducted in 
ivory towers (labs and experiment stations) isolated from 
the farmers and their needs, especially the small farmers 
working under marginal rainfed conditions with limited 
resources. The first requirement for ensuring a greater 
response from research for artal farmers' need is to 
bring research closer to the farmers. Greater farmer 
participation, particularly in dryland agricultural re
search is essential. The given geo-hydrological, agrocli
matic, and socio-economic components of any tradi
tional agricultural system are difficult to change. Since 
these factors determine, to a very large degree, the 
acceptability of any given agricultural technology, the 
research must be conducted under the same or at least 
similar conditions through 'on farm' experiments. 
Through'on farm' research, researchers can learn much 
from the farmers (Galt and Mathewa, 1987), principally 
the prevailing conditions which exist in farmers fields; 
survival techniques adopted over the years by farm 
families which allowed at least continued subsistence by 
spreading and reducing overall risks; farmer reaction to 
such trials; farmer evaluation using his own criteria; and 
the neighbor-to-neighbor or relative-to-relative transfer 
of technology. 

Farmer participatory research process (FPRP) opens 
up new methods for analyzing problems and reaching 
solutions. FPRP also means that thc system itselfcan be 
incorporated Into the experiment and realistic results 
can be obtained through the real system via farmer 
managed trials. FPRP is dynamic and iterative - with 
both backward and forward linkages - between farmers 
and research workers. 



IRRI'S Research Strategies for 

Improving Dryland Rice Productivity 


IRRI is directing more research attention to ecologi- 
cally and economically disadvantaged environmenqts 

wherc research has had less impact. For this purpose, 

IRRI has initiated several collaborative research pro

grams. one of which is with the Indian Council of 
Agricultural Research (ICAR). The principal objective of 
this project is to develop ecologically sustainable and 
economically viable technologies for increasing the pro-
duction of rainfed rice in Eastern India. This is being
done through both technology development and tech-donethrughbottecnolgy eveopmet ad tch-
nology verification at selected lead centers, associated 

reserchcenersandalrge umbr o farers filds 
research centers, and a large number of farmers' fields 
near these centers. Farmer participation on farm re-
search methodology is being adopted for generating 
appropriate dryland rice technology. Two research strate-
g!-s are being adopted. One is the on-farm technology 
research for sediment control; and water harvesting, 
conservation, and usage for irrigation. The second strat-
egy is the manual irrigation technology combined with 
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modified agronomic practices. The combination of re

sources (vast unexploited groundwater), constraints 
(energy). and socio-economic conditions (small marginal 
farmers with shallow ground water under their tiny 
holdings) provides the ideal environment for the intro
duction of a new generation of improved manual irriga
tion technology. 
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Introduction 

In recent years, technological changes and advances 
in biological research have helped to achieve increased 
rice (OryzasativaL.) production in most of the develop-
ing countries of Asia. However, with soil and irrigation 
resources being stretched to thelr economic limits, there 
is a need for increased use of improved soil management 
techniques to further intensify crop production under 
less favorable soil and climatic conditions, 

Grain legumes play a valuable role in the rice-based 
farming systems ofAsia. These are grown in a wide range 
of environments, usually in rain-fed semi-arid to semi-
humid conditions in rotation with rice. Opportunities to 
increase the land area that rice farmers devote to grain 
legumes after rice has been harvested is cunstrained by 
the problems associated with adequate and timely crop 
establishment. Unpredictable rains and rapid evaporation 
ofsoil water necessitate seedbed preparation and planting
of legume crops within a few days of previous rice crop 
harvests. However, farmers are limited in their capacity 
to till and prepare soil for sowing before the surface 10 
cm dries to levels unable to promote seed germination, 
This results in large tracts of land being left unsown 
which would otherwise have been utilized for food legume 
crop production (Gomez. 1985). 

Tillage limitations due to lack of adequate tractive 
power are more pronounced in previously puddled and 
highly reduced soils having medium to high clay con-
tents (Syarifuddin and Zandstra, 1978). Furthermore, 
timely application of fertilizer and weed control manage-
ment Is either difficult or requires much labor input.
Hence, there is a need for an increased rate of tillage and 
seeding not only to Improve land and labor productivity, 
but also to reduce human physical strain, 

This paper describes the design parameters of the 
multicrop inverted-T seeder. This mechanism has the 
objectives of extending the range of soils and climatic 
conditions where adequate seeding and crop establish-
ment can be achieved at increased work rates with 
minimum risk of failure. 

PFcsent Seeding Practices 
and Machines 

The traditional method of sowing grain legumes andetho 
cereals is by broadcasting seeds onto a prepared seedbed 
followed by one cultivation, harrowing, or compacting by 
human feet to cover seed. Over recent years, a number 
of seeders have also been developed and evaluated for 
dryland crop establishment. 

Two seeders, a multicrop seeder and an inclined 

The radtioalofsowng rainlegmesand 

plate seeder, have been designed and tested at the 
International Rice Research Institute, Philippines 
(Choudhary, 1987). Singh and McMennamy (1979) found 
these seeders to be economical in the amount of seeds 
used compared with broadcast seeds when planting 
mungbean (Phaseolusaureus) and corn (Zea mays L.). 
However. the multicrop seeder was considered to be 
heavy, expensive, and difficult to fabricate in thegenerally 
ill-equipped workshops in Asian countries. The use of 
the Inclined plate seeder has also been limited to sowing 
seeds into well prepared seedbeds only. 

The Philippines Ministry of Agriculture and Food 
has designed an animal-drawn seed and fertilizer plant
ing unit. This is attacled to the beam of a native plow. 
The operation of this seeder is limited to single-row 
planting into well prepared seedbeds. The seed depth 
control and seed metering mechanism used on this 
seeder needed improvement if more effective seeding 
was to be achieved. 

A Rolling Injector Planter (RIP) originally designed at 
the International Institute ofTropical Agriculture, Nige
ria, for seeding into reduced and zero-tilled soil, has also 
been evaluated for row planting of grain legume seeds in 
Asia. This seeder seemed to work in the light-textured, 
tilled soils, but frequent soil blockages in the injectors 
occurred when seeding into relatively wet, clayey soils. 
In relatively dry. clayey soil, inadequate penetration of 
the RIP injectors caused shallow placement of seeds, and 
low seed germination and emergence occurred. 

Multicrop Inverted-T Seeder 

A number of major studies (Choudhary and Baker, 
1980, 1981 a, 1981 b, 1982: Choudhary et al., 1985) have 
established that seeder designs should incorporate soil 
openers which create soil microenvironments that en
able superior seed germination and seedling emergence. 
Furthermore, these seeders should have the ability to 
sow both in previously tilled and in untilled soils. 

At present, there are no appropriate seeding ma
chines that could be used satisfactorily in a rice-based 
cropping system. Therefore, a new seeder for upland 
crop establishment has been developed. The seeder 
incorporates design features and components which 
have evolved from well researched fundamental scien
tiflc data by this author and others at Massey University,New Zealand. Major components of the seeder (Fig. 1)}are 

described in the following paragraphs. 

Groove opener 
The seeder used an inverted-T groove opener. This 

opener created an in-groove seed microenvironment 



that has been shown to be tolerant to a wider range of 
field and ambient conditions than other openers 
(Choudhary and Baker. 1981b). The opener provided 
subsurface soil shattering, thus facilitating the 
proliferation of both plant shoots and roots. The opener, 
in combination with the press wheel, allows surface soil 
and residue to remain intact and provide seed coverage. 

Seed depth/press wheel 

A 1.15-m circumference depth-cum-pr-ss wheel 
was used to provide accurate seed depth control since 
seeds, particularly smaller seeds, have been shown fr.be 
sensitive to sowing depth (Choudhary et al., 1985). A 
spring-loaded drag arm, adjustable in height to suit a 
range of seed depths ensured even and predetermined 
seeding depth under varied field conditions. The wheel 
also provided the seed-soil contact required for enhanc-
ing water conductivity at the seed-soil interface, particu-
larly in soils with limited water.The same wheel (utilizing 
its lugs) drove the seed metering assembly via standard 
(bicycle) sprockets. 

Drive sprockets 

Two drive sprockets (9 teeth and 18 teeth) were 
attached to the drive wheel axle. These sprockets drove, 
via bicycle chain, two sprockets (36 teeth and 56 teeth) 
attached to the seed metering assembly. thus enabling 
a 4-speed drive reduction ranging from 2: 1 to 6.2: 1. 

Seed metering assembly and hopper 
,'he seeder utilized a unique assembly that metersseeds with a high degree of accuracy and with minimum 

periodicity. The mechanism used a horizontally mounted 
pcircular foameadatchismed oa sornteelpl tepd 
circular foam pad attached to a steel plate. The padsoil

rotated around the vertical part of a plastic hopper base. 
Seeds were delivered vertically downward through a 
throat-type opening molded as an integral part of the 
hopper base. The hopper, made from galvanized iron 
sheet, was attached directly to the plastic base. 

A range of seed species could be satisfactorily me
tered without any seed damage. The seed rate could be 
varied by changing four drive sprockets. 

Plain disc and wheel 

A plain disc (coulter) was attached in front of the 
groove opener when seeding into previously untilled 
soils. The disc cut a slit slightly deeper than the opener 
depth. The disc cut weeds and any crop residues remain-
ing from the previous harvest, thus avoiding opener 
blockages. This disc also slightly reduced seeder draught 

requirements. 
The disc was easily replaced by a small wheel for 

animal-drawn seeding operations. The front wheel 
stopped the seeder from tilting downwards when pull 
was applied from animal(s).nl fomwas ap lie 
ali),Side 


A hitch which was easily attached to the dragbar 

allowed the seeder to be pulled by animal(s) for seeding 
into previously cultivated soils. For this purpose, a 
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height-adjustable handle bar could be attached for 
control by the operator. 

Crop Establishment with 

Inverted-T Seeder 

A number of flid experiments were conducted in the 

1985/86 dry season at the International Rice Research 
Institute, Philippines, to evaluate the performance of the 
seeder. In one experiment, soybeans (Glycine max L.), 
mungbeans. and corn seeds were sown by three meth
ods. These methods were: 1. Traditional tillage and hand 
sown: 2. Traditional tillage and seeder sown; and 3. No
tillage and seeder sown. Traditional tillage was achieved 
using one pass by an animal-drawn plow followed by two 
passes with harrows. Seed grooves (furrows) were cre
ated by a lithao (furrower) and seed was dibbled and 
covered by hand. Weeds in the untilled sandy clay loam 
plots were sprayed with herbicides before sowing. 

Results showed significant advantages in plant 
establishment with the inverted-T seeder over tradi
tional methods of sowing (Table 1). In fact, the plant 
establishment with the seeder was improved by 65% 
with corn and 300% with mungbean compared with the 
hand-sown method. Establishment results with soy
bean, although in favor of the seeder were not clear, as 
in retrospect, the seed quality was found to be suspect. 

Seed fate analyses of the unemerged seeds recov
ered from the plots suggested that a large percentage of 

seeds had remained ungerminated in the plots sown by 
the traditional method. In-groove soil water studies (Fig. 
2) showed that the water potential loss gradient in the 
manually sown plots was significantly higher than in the 
seeder sown plots. It was also found that in these plots. 
seed depth was uneven and soil bulk density near the 

waei conduction and availability to the seeds. On the 
other hand, mcre subsurface surviving seedlings were 
found in the seeder-sown plots suggesting further plant 
establishment potential if more water was available. 
Mean seedling emergence from all plots showed a high 
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Figure 1. Schematic diagram of the multicrop 
inverted-T seeder. 
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Table 1. Effects of tillage and sowing methods on upland crop establishment. 

Plant emergence 

Tillage and sowing methods Corn Soybean 

Conventional tillage and hand sown 41 b" (49)' 29 b (39) 
Conventional tillage and seeder sown 
No-tilled and seeder sown 

67 a 
69 a 

177) 
(73) 

24 b 
45 a 

(46) 
(58) 

'Unlike letters in each column show significant differences at P < 0.05. 
Values in parentheses indicate plant emergence including subsurface surviving seedlings at Day 

germination: Corn. 97%; Soybean, 47%: and Mungbean, 75%. 
7T0
 

Mungbean 

15 b (15) 
49 a (65) 
46 a (56) 
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Figure 2. Sol water potential gradients as affected 
by seedbed preparation and sowing methods. 

inverse correlation coefficient (r = -0.94) with the gradi-
ent of in-groove vapor water loss confirming earlier 
results of Choudhary and Baker (1981 b). 

Unpublished data from other experiments have also 
suggested that the seeder could be usefully employed to 
sow a range of grain legumes and cereal seeds such as 
peanuts (Arachissp.), cowpeas (Vignasinensis), drylandet LOctober 
rice, wheat (Triticum alestivul L.). etc.. both in t 
previously tilled or untilled soils in rotation with rice. It 
was clear that the seeder was able to meter accurately 
difficult-to-meter seeds such as peanut and rice without 
seed damage, and evenly place these in the soil. This has 
hitherto been challenging to achieve either with tradi-
tional manual methods or with other available seeders, 
Furthermore. the work rate could be increased five-fold 
when the seeder was operated with a walking-type 
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Introduction 

The design and testing of optimal farming system 
strategies for dryland agriculture are complicated by the 
exponentialnatureofthepossiblecombinationsofcrops, 
genotypes, and management practices. Techniques are 
needed to "screen" feasible integrated systems for those 
most likely to approach optimal resource and manage-
ment combinations for a given soil, climate, and man-
agement level. Resource tracking plant simulation models 
like the Erosion Productivity Impact Calculator (EPIC) 
(Williams et al.. 1984) can play a strategic role in 
identifying a subset of the possible alternatives which 
are more likely to warrent further evaluation by field 
testing. This screening should reduce the cost and time 
required to develop farming system recommendations, 

Exponential Nature of Farming 

System Research
 

Those doing frming systems research are acutely 
aware that the number of potential combinations of 
management practices they would like to test is nmch 

re-greater than the number they have the time and 
sources to test. 

Farming system research differs from other types of 
field research in the number of attributes (or manage-
ment decisions) assumed to be constant. With much of 
agricultural research, the objective is to test the effects 
ofone attribute such as genotype fertilizer rate, planting 
date, etc. All other inputs and attributes are held con-
stant. Within farming system studies, many inputs are 
considered controllable. For example, if one considered 
only three potential crops in a 3-year rotation, each with 
three possible planting dates, three possible genotypes, 
and three possible treatments, the researcher is inun
dated with 81 possible combinations. Because of the 
uncontrollable nature ofwcit her and the need to obtain 
information on all crops in all years. the researcher will 
likely choose to stagger the crop rotation such that each 
crop in the rotation is grown each year. This increases 
his combinations by three-fold to 243. a number that is 
clearly excessive for field testing. 

Decision Rules 

decisions can be based on day ofyear. soil temperature 
and/or soil water, predicted onset of rains, harvest time 
for seasonal marker price. date at harvest in relation to 
expected freeze or wet season, expected weather and/or 
insect conditions during critical growth stages, and 
other factors. How the researcher perceives the control
ling factors should determine which decision rules he 
adopts. Decisions on fertilization practices are almost as 
complex. lie can choose a fixed rate every year. or he 
might use soil tests, soil water, tissue analyses, or other 
plant stress criteria to establish rates. In long cropping 
sequence studies with varying weather and soil condi
tions, all of the above create problems of interpretation. 
The researcher needs tools to select effective decision 
rules during his period of experimental design prior to 
field experimentation. 

EPIC-A Resource Tracking Model 

Simulation models like EPIC differ from single cropsimulation models because they have the ability to track 
natural processes such as soil properties. climate. hy
doo' eius ln uret.si eprtr.si 
drolog, residues pla t nutrients, soil temperature, soil 
water,etc.. year around,fromyear toyear.and from crop
to crop. Therefore, management decisions, crop condi
tions. and weather during one year can affect crop 
conditions in succeeding years. This resource tracking 
(ordaccountin au e becs a poe toolkbe
(or accounting) attribute becomes a powerful tool be
cause it can supply the research scientist with information not normally available from most field research. The 
model can report such things as the probabilities of 
various soil temperatures on various days, the amounts 
of soil nutrients leached out of the soil profile under 
different fertilizer practices, etc. By running the models 
for many years of weather patterns, the researcher can 

evaluate the probabilities of certain conditions occur
ring. Using this information, he can improve his chances 
of designing a field experiment which will give him more 
information within his time and budget constraints. 

Dryland Cropping at Lubbock, Texas 

To demonstrate this technique. let us use an ex
ample of dryland farming research on grain sorghum 
[Sorghum bicolor (L.) Moenchl and cotton (Gossypium 
hirsutum L.) in west Texas. Wind erosion is a problem in 

A second major problem a farming system researcher this area. Under the 1988 Food Security Act, farmers 
must face is how to design decision rules. Planting shall use approved means of protecting the lands from 

http:eprtr.si
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Table 1. Results of dryland simulations on sorghum and cotton at Lubbock. Tcyas. 

Crop 
Factor evaluated Sorghum Cotton 

Optimal planting date May 10 Not significant 

Yield sensitivity of planting date 
between May 10 and July 9 -10% -3% 

Yield reduction of summer crops 
due to terminated wheat 15% 2% 

Optimal termination date of winter 
wheat, March 19 to April 17 Not Significant Not significant 

Wind erosion without terminated wheat 18 Mg/ha 

Wind erosion with terminated wheat 7 Mg/ha 

erosion. Without approval, the farmerwill not qualify for 
USDA program payments and cost-sharing. One prac-
tice under test in the farming system research program 
at theTexas Agricultural Experiment Station at Lubbock 
is a cropping system using winter wheat (Triticum 
aestivum L.) for cover during the winter and spring 
season (Keeling, 1987). The wheat is terminated with 
herbicide, and cotton or sorghum is planted in the wheat 
at the normal planting time. Questions one might ask 
while designing such an experiment are: What is the 
optimal planting data for locally adapted orghum cul-
tivars? How sensitive is crop yield to this planting date? 
How much does the terminated wheat reduce the yields 
of the summer crops? Is the termination date of the 
wheat important? Can an optimal termination rule be 
developed? 

Fifty-year resource tracking simulations were made 
with EPIC using reduced tillage practices for sorghum 
and cotton with and without the terminated wheat in the 
cropping sequence. Five planting dates were chosen for 
the primary crop and three termination dates were 
considered for the wheat termination for a total of 20 
treatments. In all, 1,000 treatment years of field simu-
lations were evaluated for each crop. 

Results 

The results are summarized in Table 1. The table 
shows: (1) Sorghum yields are sensitivc to the reduced 
soil water because of the wheat cover. (2) Wind erosion 
was cut in half for both crops when wheat cover was 
used. (3) Wheat termination date was not critical during 
the window of March 19 to April 17. (4) The simulations 
indicate a slight advantage (10%) for sorghum planted in 
early May. Researchers on location at Lubbock (Keeling, 
1987) are of the opinion that later plantings which delay 
flowering and grain filling into the less harsh fall climate 
are the optimal strategies. These differences in strategies 
should be field tested. The insensitive termination date 
of wheat appears to be due to the fact that the seasonal 

14 Mg/ha 

7 Mg/ha 

rains that support the summer crops fall after the 
window. By screening the treatments, we can eliminate 
termination date of wheat from the treatments. This 
supports the decision made by the field researchers in 
the Lubbock experiment. The termination date is not a 
part of the field experimental design. The terminated 
wheat prior to grain sorghum production predicts a 15% 
reduction in yields. Researchers may choose to field test 
these simulated reductions. In addition, the simulations 
suggest two planting dates are likely to be sufficient to 
field test an early planting in May and a late planting in 
June. This reduces both the cotton and sorghum experi
ments to four treatments each from 20; clearly this is a 
substantial improvement in research efficiency. 

Conclusions 

I. 	Farming practices using terminated wheat with 
cotton to reduce wind erosion are candidates for 
field testing. 

2. 	Terminated wheat with grain sorghum will likely 
reduce sorghum yields enough to make the practice 
uneconomical, but researchers may choose to test 
this simulation in the field to verify this conclusion. 

3. The termination date of wheat is not important and 
does not need to be part of the experimental attrib
utes varied in the test. 

4. 	Planting dates for optimal yields should be field 
tested, but can be reduced to an early season and 
late season planting. 
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Introduction 

Agriculturists have been searching for answers to 
agronomic questions since the beginnings of cultivated 
agriculture. When modern agronomic research began in 
the 19th century, it was on a non-replicated, system 
basis. Crop rotation and manuring experiments were 
favorite ways to search for answers to farmer questions. 
Experiments at Rothamsted in England were initiated by 
a gentleman farmer-agronomist and compared farm-
yard manure with several combinations of inorganic 
fertilizers: all were in large, nonreplicated plots (Lawes 
Agricultural Trust, 1984). The Morrow Plots in Illinois 
and Sanborn Field in Missouri are examples of the same 
approach in the United States. Treatments in these 
experiments are overall management schemes. 

The primary deficiencies of this approach were: (1) 
the inability to distinguish between combined soil and 
biological variability and real differences due to treat-
ments; and (2) the lack of understanding regarding the 
"why" or "how" the observed responses were obtained, 
The advent of modern biometrics by Fisher (1925) at 
Rothamsted opened new avenues of study for agrono-
mists. They became more aware of soil and biological 
variability and for the first time could quantify it. Facto-
rial treatment arrangements and analysis of variance 
techniques allowed agronomic science to begin to study 
specific questions and to better understand cause and 
effect. Small plot research had been born! 

The large, often unwieldy, non-replicated, rotation 
experiments were abandoned. By 1955. few of the old 
rotation experiments remained in the United States. The 
"why's" and "how's" were now being studied in more so-
phisticated experiments. Very positive forward steps 
were taken, but with th-ese advances came the problem 
of "reductionism." Obviously, studying one or two vari-
ables at a time with all others held constant was and is 
a necessity to determine cause and effect, but it also led 
to more narrowly based experiments and often less link-
age between experiments. Furthermore, our knowledge 
base began expanding at a rate that no one agronomist 
could grasp. Until the advent of the computer age, sci-
entists were not able to integrate over the ever larger data 
bases. So the price of more specific information was paid 
partially by a loss in breadth of questions being an-
swered and by an inability to even know what knowledge 
gaps might exist which would prevent data synthesis. 

Now in the 1980s with an even more rapidly expand-
ing knowledge base, the problem grows. How are all of 
these individual yet valuable pieces of information being 

synthesized? In many cases, our information is not being 
used in practical 	agriculture. We have naively expected 
the farmer to integrate our findings into his operation, 
and while he has done a remarkable job to date, we 
cannot expect him to do the job as the complexity of 
technology increases. Agronomic information is flowing 
to farmers by the bucketful in journals, bulletins, fact 
sheets, and magazines. The multiplication of herbicides, 
fungicides, new fertilizers, growth regulators, and varie
ties is truly astounding. Who is packaging this Informa
tion for farmers in ways that they can use it? 

We see a need for information integration in crop 
and soil management. There is a large store of specific, 
pertinent information in the agronomic literature, but 
much of it is not in a form that can be adopted by 
producers. Can individual professional agronomists 
synthesize and us -!the available resources? We doubt it. 
Obviously, if the job is too complex for a professional 
agronomist, it is highly unlikely that our farmer clientele 
can use it either. One cautionary point would be, how
ever, that a data base gathered by "reductionist" ap
proaches is needed before Integration can occur and 
synthesis can begin. 

How dc we begin to synthesize information in ways 
that permit application to systems? The answer lies in 
"integrated" research. An understanding of integrated 
research requires a definition or at least a synonym for 
it. It is hoped that the following terms will convey our 
concept of integrated research: 

1) Systems management, 
2) Synthesis of existing and/or new knowledge, and 
3) Understanding and using the interactions among 

the components of a management system. 
To be able to do the above, one must: 

a) Specify the system. identify the beneficiary (farmer. 
researchers, society, etc.), and state objectives for 
the system; 

b) Delineate the components to be studied; 
c) Identify the disciplines to integrate in order to meet 

the objective; 
d) Identify relevant environmental factors that need to 

be monitored, but which cannot be controlled: and 
e) Recognize the importance of feedback and possible 

changes in objectives as the research progresses. 
The goals of this research may vary depending on 

one's perspective. For farmers, the goal is to allow them 
to incorporate new practices into their overall operations 
with minimal risk. For agronomists, it may be to quantify 
relationships between various management practices or 
to extend the limits of application of new practices or to 
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discover the inadequacies in our present knowledge and They need tojoin voluntarily. They must be able to argue 
thus allow proper focus of research resources for the effectively and then gracefully accept modification of 
future. their ideas. They must be willing to share rewards. The 

The new dryland agroecosystem project in Colorado majority of the team, especially the leaders, need to be 
is an example of our approach to integrated research, experienced scientists. 
The agronomic literature is replete with reports of the Financial resources can only be recruited after 
effectiveness of reduced and no-till practices for con- proper groundwork is complete. It is Important to attack 
serving water and increasing potential crop yield. I-low- an area where the probability of funding exists. Admin
ever, a careful study reveals that it is not possible in istrators need to be coached by the scientists and taught 
many cases to interpolate the results of the experimen- to recognize the rewards and problems associated with 
tation over the climatic gradients present in the Great this approach. They especially need to recognize thelong
 
Plains or even within a state. Most generally the experi- term agenda and react accordingly. These projects do
 
mental sites reported are too widespread to make inter- not start and end in 5-year time blocks. These projects
 
polation meaningful. Furthermore. the treatments at are expensive and require "up front" expenditures of
 
each experimental site vary widely with few commonali- money and time. The major rewards may come 5 to 15
 
ties that permit comparison and integration. Further- years in the future.
 
more. potential differences in response to management Recognizing the need for integrated research and
 
as related to soil type have rarely been addressed be- the conviction to start will probably begin among a small
 
cause most soils available on experiment stations were group of two or three persons. These persons eventually
 
the "best" in an area (level. non-eroded, medium- to fine- draw others in. Scientists will be attracted to the group
 
textured, adequate organic matter. etc.). Our overall as their interests are piqued by the leaders. A completely
 
objective in the new project is to identify dryland crop- developed team is not needed at the outset, and probably
 
ping systems which will maximize water use efficiency of would be inadvisable because too many research ave
the total annual precipitation (Peterson et al., 1988). nues in the beginning could lead to fragmented goals and
 
Three sites representing a climatic gradient (Fig. I) were dilution of the limited initial resources.
 
selected. At each site, there is a catenary sequence of
 
soils coinmon to the geographic area of that site. Crop- References
 
ping system treatments were imposed oil the soil se
quence at each site (Fig. 2). All variables being studied Fisher, R.A. 1925. Statistical Methods for Research Workers.
 
are measured by cropping system, by soil position, and New York: D. Van Nostrond Co.
 
by climate, allowing measurement ofinteractions among Lawes Agricultural Trust. 1984. Rothamsted Experimental 
all three major variables. The management practices Station. Guide to the classical field experiments. Harpenden 
used take advantage of principles established in previ- Herts AL5 2JQ. England: Lawes Agricultural Trust. 
ous research. Economic interpretation can also be made Peterson, G.A., D.G. Westfall. W. Wood, and S. Ross. 1988. Crop 
because records of input and production are kept. Thus, and soil management in dryland agroecosystems. Technical 
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the management puzzle. University. 

There are three primary Ligredients needed to start 
integrated research: (I) interested scientists of different CROPPING SYSTEM VARIABLES 
disciplines, (2) a conviction that integrated research is 
important and necessary, and (3) financial resources to 
make a beginning. Perhaps interested scientists are the 
key to the project. Obviously, they must be convinced 
that the project is worthwhile. They need to be unselfish. 
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Figure 2. Typical plot arrangement of cropping 
system over soil sequence at a management site 

Figure 1. Management sites in relation to climate (W=wheat, Cmcorn, S=sorghum, M=millett, and 
gradient. F=fallow). 
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Introduction 

Currently, there is general agreement that drought 
is the environmental factor which most reduces crop 
yield. Nevertheless, there are no clear ideas about how to 
detect drought resistance. This work presents some 
results obtained by using three models to evaluate 
drought resistance. 

Models 

Model Using Interaction Between 
Genotype (G) and Drought Levels (D) 

Drought affects the entire plant; therefore, drought 
resistance should be regarded as a complex character. It 
is a quantitative character and consequently integrated 
by numerous genetic effects. Many of them may be 
expressed under condition of drought orgood conditions 
of water (generic effects); otlbers may he expressed only 
under conditions of drought (specific v-ilccts to drought). 
This means that the evaluation of drought resistance 
should be at least in two water levels: DO(goodwater) and 
D, (dry). On the other hand, selection for drought 
resistance involves the comparison of at least two geno-
types. Therefore, the evaluation can be a factorial experi-
ment, which includes two or more water levels (Di) and 
two ormoregenotypes (Gi).Amathematical model of this 
experiment would be: 

Y = G + D + GxD I1 

where Y is the total variation, G the genetic variation, D 
the variation of drought levels, and GxD the variation of 
the interaction between G and D. 

This model is an analogy of the Quantitative Genetic 
Model (Bucio, 1966) used to evaluate genotype-environ- 
ment interaction. It is valid only if water varies and other 
environmental factors are kept reasonably uniform. 

Ontogenetic and Phylogenetic 
Resistance Model 

The data ofSalter and Goode (1967) suggest that drought 
resistance is different through the ontogenetic stages, 
i.e., ontogenetic resistance (R). Also, there is variation in 
drought resistance among species and am r,.g varieties, 

i.e.. phylogenetic resistance (Rd}. The model to evaluate 
these drought resistance sources and their interaction 
(R x R) would be: 

=R +R + R 12R 
o p o p [2 

Combined Model 

Varying the drought levels, it is possible to have a 
combination of models (1) and (2) as follows: 

Y=R+R+D+RxD+RxD+R xR +RoxRpxD. 
[31 

Data to test model [11 

To test Model [I], a full-sibs familial selection was 
carried out from 1980 to 1987 in five local varieties from 
the Mixteca Region, located in the states of Puebla and 
Oaxaca at 1,000 m above sea level (Munoz et al., 1987). 
In this area, rainfall is veryvariable fromyear toyearand 
among localities. The maize (Zea mays L.) varieties used 
were: Llera Ill, Collection 134 (Col. 134), Braquitic 
Composite (Comp. br), Collection 108 (Col. 108). and 
Collection 124 (Col. 124). 

Approximately 100 full-sibs families were derived 
from each variety. After testing them in two localities (Do, 
D ), the following composites were formed: (DOD,) with,
families of high average yield (Component G) and low 
interaction between composites and localities (Com
ponent G x D). (OD,) with outstanding families at DV 
(ODo) with outstanding families at Do, and (LY) with 
families oflow average yield. The yields of the composites 
after testing them at six localities are presented in 
Table 1. 

Correlation coefficients were calculated from data of 
Localities 5 and 6 (L5and L6) (Table 2). The rainfall during 
the growing season is shown in Figure 1. 

Data of ontogenetic resistance patterns 

These data can be obtained in the greenhouse, 
giving various drought treatments during the growth 
cycle, at least 15 days apart, and comparing them with 
field conditions. Some initial results from maize (Quezada, 
1986), sorghum ISorghum bicolor (L. Moench] (Manjar
rez, 1987), and beans (PhaseolusvulgarisL.) have been 
obtained. 
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Table 1. Ear yield of maize composites, obtained by full sib familial selection, tested in six localities (L - L4. 1983; L,- L6, 1987) at 
the Mixteca Region of Mexico. 

Composites LL 2 L L. Averages 

g/m 2 

Llera III Comp D.Dt 69 226 201 264 190 
OD, 80 148 206 229 166 
LY 38 148 158 174 130 

Col 134 Comp D.D, 79 136 157 137 127 
LY 44 118 124 110 99 

Comp br Comp OD, 87 170 155 166 145 
OD,, 70 153 129 123 119 
LY 56 120 120 138 109 

Rainfall (mm), 358 397 508 528 

Composites L5 L. Averages 

2 
g/m 

Col 108 Comp D,D, 104 132 118 
OD, 47 122 85
 
OD, 75 117 96
 
LY 49 89 69
 

Col 124 Comp D,D 91 121 106 
OD 61 121 91 
ODt 88 64 76 
LY 47 74 61 

Rainfall (mm), 391 242 

'During growing season. Localities Li are indicated In Fig. 1. 

120 

160 

120 

LF L2 LI

Ifrom3 Table 2. Correlations between yield and several variables. Data 

L., and L,. 

80 Variables L.,L 
40 

E 
o 

] 
A 

F 

1, 
S 

1 
0 1 A S 0 

1 . , 
A 

I 
S 0 

Wilting tolerance 
Plant height 

0.71 
0.16 

0.24* 
0.38 * 

SMonths Leaf area -0.18 0.27 * 
-

°is1 L4 [ L 5 L6 
Days to tasseling 
Days to silking 

-0.13 
-0.69 

-0.26 
-*0.49 

* 
" 

Coincidence of flowering" 0.65 * 0.60 * 

Green color intensity 0.40 * 0.36 * 
os0 

Female fecundity 0.78 0.81 * 
F 

" 
40P 

A I Ii 1:. 1 iL[j. "Female and male; *P <0.5.** P<0.01. Localities Li arei A s 0 J A S 0 J A S 0 indicated in Figure 1. 

Figure 1. Weekly rainfall during the growing 
season at the test localities: LI-Tzicatlan, Pue.; L2 - component G. the interaction between genotype and 
Chiautla, Pue.; L3-Huehuetlan, Pue.; L4-Jolalpan, water is taken into account. 
Pue.; L5-EI Frayle, Oax.; L-Ayuquila, Oax. P- In most of the composites, the yields in the localities 
sowing, FI-Flowering Initiation. (Table 1)correlate well with rainfall from 2 weeks before 

to 2 weeks after flowering (Fig. 1), as was observed 
previously by Barrales et al. (1984) in other varieties. 

The correlation coefficients in Table 2 can be used to
Discussion evaluate the importance of the following characteristics: 

leaf turgor (wilt tolerance): earliness, measured as the 
According to the average yields of the composites days to silking instead of days to tasseling; intensity of 

(Table 1), the (DD 1 ) composites were consistently better green color: synchronization of silk'ng and tasseling; 
than (0D) or (OD,) within genotypes of the same variety, and female fecundity (the percentage of plants produc-
Therefore, selection is more efficient when, besides the ing ears). The last characteristic is especially important. 
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etic and phylogenetlc). With this Information and the termopluviornetricas en familias de maiz bajo condiciones
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Introduction 

Grain yield and forage production of cowpea [Vigna 
unguiculata (L.) Walp.] are highly variable in the Sahe-
lian and northern Sudanian zones of Africa. due in part 
to substantial variation in the quantity and timing of 
rainfall during the ionomodal season. In Senegal. cowpea 
mainly is grown as a sole crop in these zones, and is sown 
as soon as there has been sufficient rain to insure 
emergence and plant establishment. Ilydrologic budget 
analyses based upon 44 years of rainfall data from 1931 
to 1975 predicted that the effective length of the growing 

season in the main cowpea production zone is 75 to 80 
days (Dancette and Hall, 1979). However, the average 
rainfall in this zone from 1968 to 1985 has been only 269 
mm, compared with the average rainfall for the period 
used in the hydrologic budget analyses of 440 mm. This 
indicates that varieties with cycle lengths as short as 60 
days may be needed in some years. 

Early varieties ofcowpea have been developed which. 
when subjected to drought at the end of the season, have 
a cycle length of only 60 days. These early varieties have 
produced more grain than traditional longer-cycle varie-
ties when the rainy season has been short (Hall and 
Patel. 1985: Singh and Ntare, 1985). However, they are 
erect with early synchronous flowering, and are more 
sensitive to mid-season drought and some stresses due 
to insects, than the sequential-flowering, longer-cycle 
varieties that have a more prostrate growth habit. Also, 
the short-cycle varieties can suffer from pod rots if they 
mature before the end of the rainy season. Conse-
quently, in some years the longer cycle, sequential-flow-
ering varieties are more productive than the early, erect 
varieties. Farmers value both types ofvarieties. The early 
varieties produce grain during the period of food short-
age just before the beginning of the cereal harvest, and 
have the ability to produce some grain in those years 
when the rainy season is extremely short and other 
crops fail. The longer-cycle, spreading varieties produce 
much more hay and tend to be more reliable over a wider 
range of environments than the early erect varieties, 
Farmers could grow both types of varieties in different 
fields, but this would mean that the fields with early 
erect varieties would not produce much hay in some 
years. 

Four different approaches are discussed whereby 
farmers in the semiarid zones of Africa may be provided 
with cropping systems that provide a more stable supply 

of early and late cowpea grain and hay: (1) develop early 
cowpea varieties that have the ability to resist mid

season drought and respond to late rains, producing 
additional flushes of pods and hay; (2) develop appropri
ate systems in which the two different types of cowpea 
varieties are intercropped; (3) develop varietal blends 
consisting of mixtures of cowpea lines varying in ear
liness and plant habit, but having similar seed type; and 
(4) develop appropriate species intercrops with cowpea 
and pearl millet ('nniselur typhoides) or sorghum 
[Sorghum bicolor(L.) Moenchl. The advantages and clis
advantages of these four approaches. and progress 
being made in implementing them are discussed for the 
semiarid zone of Senegal. The concepts should have 
relevance to cropping in some other semiarid zones, and 
to other indeterminate annual crops. 

Developing Early Varieties That 
Resist Mid-Season Drought 

Cowpea varieties that have early synchronous flow
ering can exhibit physiological determinacy in which 
leaves and buds senesce due to changes in endogenous 
signals, such as hormones, as poJs begin to mature. The 
variety Bambey 23 fiom Senegal can exhibit extreme 
physiological determinacy. Synchrony of podding and 
drought during pod maturation aggravate any tendency 
for physiological determinacy, causing plants to senesce 
prematurely and lose ability to respond to late supplies 
of water (Turk et al.. 1980). Consequently, many early 
varieties exhibit little resistance to mid-season drought 
and little ability to respond to late rains, even though 
they are anatomically indeterminate. 

A plant ideotype is described which may have early 
production, greater resistance to mid-season drought, 
and ability to respond to late rains. This plant would 
have low levels of hormonally-induced plant senescence 
associated with maturing pods, early but sequential 
flowering, and semi-erect habit with strong branches 
that can produce peduncles on at least two branch 
nodes. This plant would maintain green active leaves 
and viable buds during pod maturation, which would 
enable it to respond to late rains by producing another 
flush of new leaves and pods. In tropical environments 
with high night temperatures, the period from flower 
opening to pod maturity of cowpea may be as short as 15 
days (Nielsen and Hall, 1985), making possible rapid 



production of additional grain. Plants with leaves that 
senesce slowly also would produce superior hay. 

P. N. Patel and I have bred cowpea lines with early 
flowering and delayed leaf and bud senescence. ilow-
ever, we have not yet determined the ability of these lines 
to resist mid-season droughts and respond to late rains, 
It is possible that the plasticity of medium-cycle spread-
ing varieties, such as 58-57 from Senegal, is linked to 
their morphology, and will be difficult to achieve In early-
erect vadeties, 

Developing Appropriate Varietal 

Intercropping Systems 


Little information is available concerning the per-
formanee of intercrops consisting of alternating rows of 
different types of varieties of the same species. Theory 
and a review of literature on lntercropping with different 
species by Hiebsch and McCollmn (19871 demonstrated 
that intercrops that made most effective use of the land. 
based upon high value, of the Land Equivalency Ratio 
(LER). involved combinations of species with different 
cycle lengths. Tihe main point of their analysis was to 
show that these intercrops did not have higher biological 

efficiency by considering time as a resource using theconeptof~ea--Tme whchquialncyRaiolTER 
concept of Area-x-Time Equivalency Ratio (ATER) which 
they developed. The theory and review can. however, be 
used to develop another hypothesis that is relevant to 
cropping in semiarid zones, with monomodal rainfall, 
where double cropping is not possible due to the shortduration of the rainy season. 

aiofetaincropseaompsng almay 
Varietal tntercrops comprising alternating rows of' 

an early erect, and a longer-cycle spreading variety 
should, on average, make more effective use of land for 

the production of grain and hay (higher LERs). than sole 
crops consisting of equal areas of the two different 

sovarieties. The early erect variety should be compact, 

that when it senesces it provides additional space and 
light for the later-flowering variety, which should spread 
sufficiently to take advantage of this space. This system 
may be most advantageous when a mid-season stress 
causes the early erect variety to senesce prematurely, 
followed by late rain which permits the later spreading 
variety to take advantage of the extra space, light, and 
soil water that become available, 

Preliminary research at Bambey, Senegal. indicates 
that varietal intererops of cowpeas can be more effective 
than sole crops in some conditions (Diagne. 1986). In 
this experiment, an intercrop was compared with sole 
crops using two contrasting cowpea varieties. All of the 
crops were grown on 60-cm rows. An early erect variety 
was sown at 30-cm spacing in the row, whereas a 
medium-cycle spreading variety was sown 60-cm spac-
ing between plants in the row. The intercrop consisted of 
alternating rows of the two varieties which were sown at 
the same time on August 4, 1986, as sole crops ofthe two 
varieties. Large 10-m x 10-m plots were used with four 
replications in randomized blocks. Rainfall was 420 mm 
providing an effective growing season of only 68 days, 
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since average pan evaporation (USWB Class Al was high 
at 8 mm/day. The early variety reached maturity in 74 
days. whereas the later variety took 84 days. The water
use of the intercrop was 302 mam, and was similar to the 
average water-use of the two sole crops which were 271 
and 365 mm. respectively. for the early and later varie
ties. 

The varietal intercrop made much niore effective use 
of land for grain production with an LER of 1.41 and 
grain yield of 1.55 Mg/ha. It produced 20% more grain 
than the highest-yielding variety (the spreading me
dium-cycle variety) grown as a sole crop. and 58% more 
grain than the averageyield ofthe sole crops. In addition, 
the intercrop produced 2.0 Mg/ha of hay, which was 
40% more than the average yield of the sole crops. The 
results are promising, but further studies are needed
because the advantages and disadvantages of the vari
etal intercrop over sole crops of pure-line varieties could 
depend upon the quantity and timing of the rainfall, and 
other stresses. In a similar experiment at 13ambey in 
1985 with low rainfall (329 min and multiple stresses. 
the average yield levels were low (0.82 Mg/ha for ihe 
intercrop) and the LER ofthe varietal intercrop was only 

p guebSuch legunie bud thrips (Megqaltrothiripjs 

slightly greater than unity (1.08). 
s h greateta 
interrol my result 

rioy (1.0h1.
in greater plIlations of insect 

ests. ic trips ois 
pests, ats 
sjostedtO, necessitating more sprays of insecticide to 
control them. These thrips do not appear to be a major 
pest of cowpcas in northern Senegal, but they are a 
serious problem in other parts of semiarid Africa. The 
substantial vine growth that can occur in wet conditionsusata ia rwhta a cu nwtcniin 

make it difficult to keep the seed of the two varieties 
separate at harvest, and any mixing of seed types could
reduce the market \,alue of the grain. This would not be 

a major problem in most years in northern Senegal, 
because the crop is not excessively viny due to the lowrainfall. 

Developing Varietal Blends 

Consisting of Contrasting Lines 

Compensation by later spreading varieties for space 
left by senescing early erect varieties would be most 
effective if the different types were sown as a mixture. 
This would require the development of lines with similar 
types of seed to overcome any marketing problems. 
However, varietal blends with lines differing In earliness 
and plant habit have some disadvantages compared 
with the varietal intercrop described earlier. Weeding by 
animal-draft cultivation would not be as effective where 
rows contain plants with different degrees of spreading, 
compared with the varietal intercrop which would have 
a more uniform interrow space to permit effective culti
vation of weeds. For the varietal blend, ic 'se of seed 
from previous harvests would result in the spreading 
genotypes becoming dominant in the blend. Conse
quently, effective use of varietal blends would require an 
Industry to produce seed and make it available to 
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farmers In appropriate mixtures. Seed-production in-
dustries are not well developed in the Sahelian zone of 
Africa. 

Developing Appropriate Species 

Intercropping Systems
 

More than 90% of cowpea production in Senegal is 

from sole crops, but in most other parts of the Sahelian 
and northern Sudanian zones cowpea is grown as an 
intercrop with pearl millet or sorghum. These intercrops 
may have LER values greater than 1.0 when the soil is 
infertile (Hiebsch and McCollum, 1987), and they may 
result in lower levels of insect pests in the cowpea 
component compared with sole crops. However, the 
cereal component tends to dominate these intercrops 
due to its greater height and ability to shade the cowpea. 
It would appear difficult to design a species intercrop-
ping system of this type that stabilizes yield of cowpea. 
Cereal/cowpea intercrops can be designed for the wetter 
boundary of the semiarid zone which favor the yield of 
cereal, while producing a small -bonus" of cowpea grain 

and hay, such as relay cropping systems where the 
cowpea component is sown late in-between the rows of 
pearl millet as they begin to flower. 

A disadvantage of cereal/cowpea intercrops, corn-
pared with varietal intercrops of the same species is that 
the different species cannot be rotated. Rotations of 
cereals and grain legumes, such as cowpeas, make 
possible efficient use of fertilizer. Many of the soils in 
semiarid Africa are deficient in nitrogen and phosphate.
and the limited supplies of fertilizer that are available
shod e appled toppthes o ferilzee e 
should be applied to the mos' resnonsive crop species, 
which is the cereal. Nodulated cowpeas have the ability 
to fix substantial quantities of atmospheric nitrogen 
providing nitrogen fertilizer is not applied during the 
cropping season (Elowad and Hall, 1987). Rotations 
have additional potential advantages, including reduced 
build-up of pests and diseases in the soil, but I am not 
aware of specific problems that can result from continu-

ous cropping with cerealO/cowpea intercrops compared 

with rotations in semiarid Afr'ca. 

Conclusions 

This analysis indicates that varietal intercrops 
consistirg of alternating rows of early erect, and me

dium-cycle spreading cowpeas could improve the stabil
ity and productivity of cowpeas grown for grain and hay 
under rainfed conditions in semiarid Africa. Further 
research is needed to compare varietal intercrops with 
species intercrops and sole crops because little informa

tion is available on varietal intercrops. 
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Introduction 

The main aim of performing cultivar trials is to make 
predictions regarding future performance ofcultivars at 
particular localities. The statistic usually employed is 
the mean yield, either per locality or over localities. Two 
reasons why this has lead to erroneous recommenda
tions in the past are: 1) the mean is simply a descriptive 
parameter with no predictive capability 2) in arid and 
semiarid regions, the variance due to genotypes (G) is 
largely overshadowed by environmental variance (i.e., 
localitles. years (y), and G x Y interaction, as can clearly 
be .seen from Table 1). These problems can be resolved by 
usingayield stability parameterwith inherent predictive 
popertles. The most often cited yield stability parame-
ters were recently enumerated by Lin et al. (1986). 

At the Grain Crops Research Institute, van der 
Merwe and Geerthsen (1986) developed theyield reliabil-
ity parameter, which can be defined as the lower confi-
dence limit of a linear regression line, and this single 
parameter encompasses both the linear regression line 
slope (Finlay and Wilkinson. 1963) and the deviation 
from regression (Eberhart and Russell, 1966). 

Method 

Regression lines are fitted by the least square method 
which predicts the average of the yield observations at a 
certain yield potential. Our major interest lies In the 
lower confidence limit and consequently the regression 
line as such is not essential In the evaluation of a 
cultivar. 

he yield reliability can be determined as follows: 

Yield r,. -.:iity = Y - t 0.10 (Si + rSi/n). 

where: 
Y = calculated Y-value, 
t = value from the standardized normal distribution 

table at 90%probability at (h- I) (c- I) (n-i) degrees of 
freedom, 

S 2 
= mean square deviations from regression, 


r = number of parameters In the regression,
 
n = number of trials, 

h = number of replications per trial, and 

c = number of cultivars. 


The lower confidence limit (LCL) gives the lower 
prediction level of a belt of yield observations of a 

cultivar. The LCL can be calculated at a probability of 
90%, which means that the yield points will exceed the 
LCL 9 out of 10 times. The LCL can, therefore, be 
described as a yield reliability measure (Fig. 1). 

Results 

Data used are from Reports on CultivarTrials (1976 
- 1986). Oil and Protein Seed Centre, Potchefstroom. The 
value of the yield reliability parameter is demonstrated 
by a comparison of drybean (Phaseolussp.) cultivars 
Kamberg and PC 145-C3(a) in Table 2. On mean. Kam
berg outylelds PC145-C3(a), but it is less stable at all 
potentials, which makes the latter the wiser choice for 
the farmer. At a yield potential of 1and 2 Mg/ha, the best 
yield will be from PC 145-C3(a) In 9 out of 10 times. At a 
yield potential of 3 Mg/ha, the best yield will be from 
A286. 

Table 1.The variance components of genotypes and genotype x 
environment (G x E) interaction of three crops. 

Crops, 

Mungbeans Groundnuts Wheat 
(Dryland) (Dryland and (Dryland) 

Irrigation) 

02 cultivars 3 4 7 
al GxE 97 96 93 

I Sources of information for the three crops are Imrie et al. 

11987), van der Merwe (1982), and Pakendorf( 1979). respectively. 

Table 2. The yield reliability, average (k). regression coefficient 
(b), and deviation from regression lines (S2d) of three drybean 
cultivars from 22 trials. 

Yield potential in Mg/ha 

Cultivars 1 2 3 ki b S2d 

Kamberg 0.84 1.91 2.97 2.13 1.06 0.124 
PC 145-C3(a) 0.94 2.04 3.14 2.09 1.10 0.053 
A286 0.67 1.97 3.28 2.14 1.31 0.125 
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Table 3. The percent coefficient of variation (%CV) of the mean and the yield reliability at different yield potentials. 

Cultivar 	 Mean 1.5 

Soybeans 

Forrest 26.7 16.0 
Ibis 43.2 18.4 
Edgar 23.7 8.5 
Impala 47.3 60.6 
Hartebees 42.1 14.2 

Drybeans 
Kamberg 20.1 6.2 
Teebus 16.8 15.3 
Bonus 20.5 15.9 

a 

5... . . . ....... 


V4. ......- . 

2 . 

* . 

SEberhart, 
0 5 4

Yield potential 

Figure 1. Scatter diagram and yield reliability line 
(AB). (Values are in Mg/ha). 

In order to assess the repeatability of the yield
reliability parameter, vis-a-vis, straight means cultivar 
trial data from soybean (Glycine max L.) and drybean 
trials, in which particular standard cultivars were in-
cluded in successive years, were evaluated by compar-
ing the yield reliability parameter to straight mean 
averages overyears and locations. The variation in mean 
yield and in individual yield reliability values were 
expresseasmaercoefficients of variations ihow dnbility 
Table 3. The smaller coeficients of variation recorded 
clearly show the yield reliability parameter to be a more 
accurate measure of yield stability than the straight 
mean, and because it is based on the liner regression, its 
greatest utility lies in the fact that it has predictive 
properties which make it more versatile than means 
only. 

Yield potential in Mg/ha 

2.0 2.5 3.0 3.5 

%CV 

13.9 17.0 6.6 5.6 
9.7 18.2 25.8 11.5 
7.5 14.0 10.2 5.9 

18.4 31.4 24.2 17.4 
6.2 16.7 27.7 10.6 

2.8 3.6 4.9 
14.3 14.4 14.6 
16.5 17.3 17.9 

.Conclusions 

Advantages of yield reliability 

a 	 It is an index of yield stability which takes into 
consideration the slope as well as the deviations 

from the regression line. 
* 	 It compares cultivars over a range ofyield potentials 

with inherent predictive properties. 
• 	 It is an effective way of interpreting G x E interaction. 
* 	 The risk of selecting the wrong cultivar in semi-arid 

environments can be diminished by using the yield
reliability parameter. 
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Introduction 

Planting corn (Zea mays L.) by the no-tillage (NT) 
technique proved promising in Iraq (All et al., 1987; All 

and Attay, 1988). Several reasons are given for the use 
of no-tillage ircluding: saving time, reduction of fuel and 

labor requirements, preventing soil erosion, and in-

creasing soil water retention. Phillips et a 1. (1980) sum-
marized the importance of no-tillage agriculture and 
reported that by the year 2000, 65% of the crops in the 

United States may be grown by no-tillage methods. 
Development of corn hybrids adapted to the cropping 

system of the future has been reported by Francis (1980) 
and Mock (1982). Both authors discussed the potential 
for reduced tillage to affect the selection criteria in a 

breeding program. Newhouse and Crosbie (1986) indi-
cated that the hybrid x tillage interaction was not a major 
problem. The objective of this study was to examine the 

genotype x tillage system interaction for corn in the 

Central Region of Iraq. 

Methods and Materials 

The study was conducted for two seasons (spring 
and autumn) during 1987 at the Experimental Field of 
the College ofAgriculture - University of Baghdad, Abu-
Ghraib, Iraq, on a silty clay loam soil with pH 8.15 and 
an electrical conductivity (EC) of 2.30. 

A split-plot deq!gn with four replications was used. 
The two tillage systems (NT and CT) were randomly 
allocated t, the main plots, while the four genotypes 
(Neelum, Syn. 50 1, Syn. 105, and R-8) were allocated to 

the sub-plots. Plots were 4 x 4 m each with five rows 70 
cm apart. Seeds were planted in hills 20 cm apart. 

Planting density was 71,500 plants/ha. Plantings were 

made on 2 April for the spring season and in mid-July for 

the autumn season. Fertilization included the applica
tion of 120 kg/ha N and 48 kg/ha of P205 (triple super 

phosphate). The experimental site was treated with 

atrazine I6-chloro-N-ethyl-_-( 1-methylethyl)- 1,3,5,-triaz
ine-2.4-diaminel (wettable powder) 50% A.I. applied at 

the preemergence stage at a rate of 4 kg/ha. Corn borer 
(Sesamia cretica Led.) was treated through use of diaz
inon [Q, Q-diethyl 0-(2-isopropyl-6-methyl-4-pyrimid
inyl} phosphorothioate (10% Granular). 

Arandom sample of six plants was taken from each 

sub-plot to determine the values for plant height, ear 

height, leaf area, number of kernels per ear, weight of 

300 kernels, and grain yield. The data were statistically 
analyzed using the procedures described by Steel and 
Torrie (1960). 

Results and Discussion 

The analysis of variance for the spring season is 
given in Table 1. It shows no significant differences 
between the effects of no-tillage (NT) and conventional 
tillage (CT)on all traits, except leaf area where the NThad 
reduced the leaf area by about 7% (Table 2). 

Genotype effects were significantly different for all 
traits except for ear height (Table 1). This result is 
expected since the four genotypes are different identities 
with different genetic backgrounds. The average values 
given in Table 2 exhibit different responses for the two 

Table 1.The analysis of variance for the spring season (1987) represented by the mean squares (MS). 

Traits 

Source ofVariation df Plant Ear Leaf No. of kernels Weight of Grain 
height height area per car 300 kernels yield 

Replications 3 1845.60 4215.15 1.41 19476.06 46.28 15.62 
Tillage systems 1 45.61 64.13 1.04 6354.10 3.51 1.00 
Error (a) 3 638.13 216.34 0.01 15849.56 104.60 4.87 
Genotypes 3 2486.70 *0 3251.02 8.30 0 18698.12 218.79 ** 20.974 
Genotype X Tillage 3 185.44 20.34 0.26 17415.46 * 3.79 1.56 
Error (b) 18 186.49 84.36 0.34 4018.47 41.26 3.39 
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Table 2. The average values for the different traits by genotype and tillage system (Spring 1987)0. 

Genotype 

Trait Neelum Syn. 105 Syn. 501 R-8 Overall mean 

CT NT CT NT CT NT CT NT CT NT 

Plant height (cm) 188 174 140 140 165 173 159 156 163 161 
Ear height (cm) 
Leaf area (cm2) 

111 
6678 

113 
6263 

59 
3997 

66 
4058 

89 
5664 

92 
5451 

89 
6182 

88 
5356 

87 
5630 

90 
5282 

No. of kernels 
per ear 454 421 350 326 443 435 399 376 5630 390 

Weight of 300 
kernels (g) 57.6 54.4 67.9 67.1 65.4 65.9 60.3 61.3 62.8 62.2 

Grain yield (Mg/ha) 1.70 2.72 3.57 4.65 5.64 5.19 2.55 2.23 3.37 3.70 

*CT - Conventional tillage, NT = No-tillage. 

Table 3. The analysis of varancz for the autumn season (1987 represented by the mean squares (MS). 

Traits 

Source of variation df Plant Ear Leaf No. of kernels Weight Grain 
height height area per ear 300 kernels yield 

Replications 3 155.15 97.81 0.56 0.83 348.58 2.35
Tillage systems 1 11.64 82.56 0.36 1.26 19.85 3.79 
Error (a) 3 64.03 105.46 0.37 0.52 240.64 1.21 
Genotypes 3 3407.76 2097.43 * 9.87 ** 14.89 45.37 5.76
Genotype XTillage 3 228.60 4.10 1.01 * 0.63 32.92 0.42
Error (b) 18 128.13 74.90 0.19 1.33 110.45 1.11 

Table 4. The average values for the different traits by genotype and tillage (Autumn 1987). 

Genotype 

Traits Neelum Syn. 105 

CT NT CT NT 


Plant height (cm) 180 173 122 131 
Ear height (cm) 83 81 44 41 
Leaf area (cm 2) 5912 7061 4051 4393 
Kernels per 

ear (no.) 497 521 196 194 
Weight of 300 

kernels (g) 68.8 73.2 70.3 66.3 
Grain yield (Mg/ha) 5.01 4.81 3.75 3.10 

tillage systems under the four genotypes. The most ob-
vious difference in the response between the two tillage 
systems was forgrainyleld forNeelum where the NTgave 
an average increase of 60% over CT. This result agrees 
with those found by Ali et al. (1987). The Synthetic 105 
responded favorably to NT by yielding about 30% more 
grain than the CT. It must be emphasized that in spite 
of the inconsistent results of the different traits to the 
two systems under the different genotypes, the interac-
tion (genotype x tillage) was not statistically significant 
except for the number of kernels per ear (Table 1). 

The analysis of variance for the autumn season is 
given in Table 3. It shows no significant differences for 

Syn. 501 R-8 Overall Mean 

CT NT CT NT CT NT 

154 145 145 157 150 152 
64 59 63 60 64 60 

5105 5108 5132 5379 5050 5260 

440 454 351 474 371 411 

73.9 69.8 75.5 72.7 72.1 70.5 
5.88 4.57 5.46 4.87 5.03 4.34 

the effects of the two tillage systems in any trait. The 
average values for the six traits are given in Table 4. The 
genotype effect was significantly different for all traits 
except for 300-kernel weight, plant height, and number 
of kernels per ear. These values indicated that CT ex
ceeded the NT in grain yield for all genotypes by a range 
of 4% for Neelum to 29% for Syn. 501. 

The genotype x tillage interaction was not significant 
in the autumn season except for leaf area. Data in Table 
4 indicate that the four genotypes did not respond 
similarly to the tillage system with respect to leaf area. 
It seems that NT gave higher leaf area for Neelum and R
8. while CT gave higher leaf area for Syn. 105. 



The average values given in Tables 2 and 4 clearly 

indicate that grain yield was higher in the autumn than 

in the spring season. These results show that Neelum 

responded favorably to theand R-8 in particular had 

autumn season. Neelum (synthetic) responds favorably 
to the autumn season in Iraq because temperatures are 
cooler (30-3511C daytime) during the anthesis period. 
This favorable response has been observed over a period 
of 10 years. 

In conclusion, the genotype x tillage interaction was 

not significant in most cases including grain yield. 

Furthermore, there were no significant differences be-
the studied traits.tween the two tillage systems for 

to conclude that no-Therefore, it seems reasonable 

tillage definitely has a promising role in future corn 

cultivation in the Central Region of Iraq. 
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Introduction 

Tropical maize (Zea mays L.) is almost always grown 
under rainfed conditions, and increasingly on marginal 
lands. The crop often suffers significant yield losses due 
to unpredictable periods of drought throughout the 
season. CIMMYT began a breeding program in 1975 for 
improving tolerance to drought in the lowland tropical 
population "Tuxpeflo'(Fischer et al.. 1983: Edmeades et 
al., 1986). During eight selection cycles. 250 full-sib 
families of the population were grown under"three water 
regimes (well watered, post-flowering stress, and pre-
plus post-flowering stress) and selections were made 
based on an index comprising grain yield under stress 
(while maintaining yield under irrigation) and various 
traits thought to Indicate ability to maintain adequate 
water balance during drought. namely, the anthesis-
silking interval (ASI), shoot elongation rates, scores of 
leaf senescence, and canopy temperatures (selection 
cycles 5-8 only). Data collected during selection indi-
cated that faster progress could be made by using these 
physiological traits In addition to yield per se. and that 
the correlations between these and yield under drought 
were generally high and significant (Fischeretal., 1983). 

The selection scheme used with Tuxpefio provided 
the point of departure for a similar recurrent selection 
program currently underway in four other elite CIMMYT 
populations targeting a wide array ofenvironments: Pool 
16 (early white dent). Pool 18 (early yellow dent/flint), 
Pool 26 (late yellow dent), and La Posta (late white dent). 
An underlying hypothesis here is that considerable 
genetic variation for drought tolerance exists in elite 
germplasm, so that significant progress can be expected
using recurrent selection schemes. In addition, a longer-
term approach consists of the formation of a drought 
pool from unique sources of resistance, involving recom
bination of elite, exotic, and unimproved sources of 
maize germplasm possessing drought adaptive traits, 

Lessons Learned From Tuxpefto 

The changes brought about by selection for drought 
tolerance In the population Tuxpeno were evaluated 
during the dry seasons of 1987 and 1988 under similar 

Maize Program, 
Mexico D.F., Mexico 06600 

conditions to those 	used during selection. The only 
significant change resulting from selection was in the 
production of viable silks under drought, while no 
progress was registered In other traits that were thought 
to be good indicators of drought tolerance and for which 
selection pressure had been reasonably strong (Bolanos 
and Edmeades, 1987). The reduced anthesis-silking 
interval under drought occurred because of a modified 
pattern of dry matter partitioning prior to silking, and 
without any detectable changes in the bulk water rela
tions of the plants or in other physiological processes 
(Bolafhos and Edmeades, 1987). Drought tolerant selec
tion cycle C outylelded C(by a constant 0.7 Mg of grain/. 
ha (P< 0.01) across environments with yield potentials 
ranging from 1 to 8 Mg of grain/ha. Gains in perform
ance under drought were related mostly to improved 
synchronization of male and female flowering, leading to 
more ears with grain, rather than related to biomass 
production and other physiological processes thought 
important for productivity under drought. 

No change as a result of selection was observed 
Linder well- favored or stressed environments in total dry 
matter produced at anthesis or at maturity, seasonal 
light interception by the canopy. shoot elongation rates, 
canopy temperatures, predawn and diurnal trends in 
leafwater potential. osmotic potentials, soil water deple
tion patterns, vertical root pulling resistances, leafchlo
rophyll content, and scores of leaf rolling and senes
cence. These data suggest that the relationship of these 
traits to performance was masked by the importance of 
the anthesis-silking interval. 

Lessons from Selections
 
Within Elite Germplasm
 

Similar selection criteria have been used in recur
rent S, or full-sib family improvement In four elite 
CIMMYT populations for two cycles, namely, Pool 16, 18,
26, and La Posta. The S, recurrent selection scheme,
compared with the full-sib scheme, increases the genetic 
variation observed among families so that superior 
families can be more easily Identified. Data collected 
during two cycles of selection showed poor correlations 
between most physiological traits examined and grain 
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Table 1. Linear correlation coefficients (r values) between several traits observed under drought and (A) grain yield Linder drought, 
and (B)anthesis-silking interval (ASI) under drought for four elite CIMMYT populations. Correlations are between entry mean values, 
and values shown are for P < 0.01 significance only, n.s. indicating non-significance to P < 0.01. 

Trait Pool 16 
Full-Sib 
194 fani. 

Anthesis date n.s. 

Ears per plant 0.701 

ASI -0.475 

Kernel weight n.s. 

Shoot elongation rate n.s. 

Canopy temperature n.s. 

Leaf rolling score n.s. 

Leaf senescence score n.s. 

Leaf erectness score n.s. 

Tassel size n.s. 

Leaf chlorophyll 0.297 

Plant height n.s. 

Photo-oxidation score 

Predawn water pot. -


Pool 18 
3, 


235 lan. 

(A) Grain Yield 

-0.411 
0.695 

-0.515 
0.232 
0.297 
-0.353 

n.s. 
n.s. 
n.s. 
n.s. 

0.314 
n.s. 

(13) Anthesis-silking interval (ASI) 

Shoot elongation rate n.s. 
Canopy temperature n.s. 
Leaf rolling score n.s. 
Leaf senescence score n.s. 
Leaf erectness score n.s. 
Leaf chlorophyll n.s. 
Predawn water pot. 

yield under drought. In contrast with data derived from 
the full- sib families of Tuxpeno (Fischer et al., 19831. In 
addition to the traits selected for in Tuxpeno, leaf 
chlorophyll determined by photometer. predawn leaf 
water potential, photo-oxidation, and leaf erectness 
scores were also recorded. Table I shows correlations 
among these traits determined under drought and yield 
in four elite CIMMYT populations. As was the case with 
Tuxpeno.variationinyieldamongfamiliesunderdrought 
was largely explained by variation in ASI and ears per 
plant. Use of physiological traits, other than ASI, should, 
therefore, be reconsidered in selection schemes. 

The Importance of the 
Anthesis-Silking Interval 

(ASI) 

A strong relationship between grain yield and ASI 
has been fot-l in all germplasm examined, including 
populations lth full-sib or S family structure, syntliet-
ics. varieties. inbred lines (S2, S:1 $4)., hybrids, and 
unimproved sources. Figure IA exemplifies this relation-
ship between grain yield and ASI for 232 S, families of La 
Posta. Data shown are from three water regimes. In 
general, an ASI of 1 day reduced yield by approximately 
10% an ASI of5 days by about 50% and an Abi of 10 days 

n.s. 
n.s. 
n.s. 
n.s. 
ns. 
n.s. 

La Posta Pool 26 
S, S,
 

232 lar. 235 fain. 

-0.338 -0.398 
0.783 0.805 

-0.590 -0.649 
n.s. n.s. 
n.s. n.s. 
n.s. n.s. 
n.s. n.s. 
ris. n.s. 
n.s. n.s. 
n.s. n.s. 
n.s. ni.s. 
n.s. n.s. 
n.s. n.s. 
n.s. n.s. 

n.s. n.s. 
n.s. n.s. 
n.s. n.s. 
n.s. n.s. 
n.s. n.s. 
n.s. n.s. 
n.s. n.s. 

by about 90%. This reduction in yield was paralleled by 
a reduction in kernels per plant (Fig. 11B), so that a plot 
of kernels per plant versus grain yield showed a high 
degree of linearity (data not shown. r = 0.95. 694 d.f., P 
<0.001). 

Consequently, selecting only forASI and yield under 
drought may be an efficient and cost-effective method to 
breed for drought resistance in tropical maize. First, 
other than yield itself. ASI was the only trait which 
registered significant progress as a result of selection in 
the population Tuxpeno, suggesting a relatively high 
heritability. Second. yield and perlormance underdrought 
depend strongly on the capacity of the genotypes to 
synchronize male and female flowering, since yield is 
reduced by silk delays of even I day. Third, the variation 

observed among genotypes in ASI under drought seems 
to be due to heritable changes in dry matter partitioningrather than to differences in bulk water relations. Sup

port for this contention comes from the lack of relation
ship between ASI and measurements of leafwater poten
tial either at predawn or midday, and other traits sup
posedly indicative of high water status tich as shoot 
elongation rates, canopy temperatures, leaf rolling or 
senescence, etc , when observed under drought (Table 
1). However, it is essential to maintain the maturity of 
the population constant when selecting for ASI and yield 
under drought. 
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Figure 1. Relationship between antheois-silking 
interval and (A) grain yield (kg/ha), and (B) kernels 
per plant for 232 S lines of La Posta under three 
water regimes in Tlaltizapan, Mexico, 1988. These 
relationships typify those found in all germplasm 
examined. 

Conclusions 

1. Sufficient genetic variation exists within agronomi-

cally elite lowland tropical maize populations for 
drought tolerance. Stress must be managed to per-
mit expression of genetic variation present in these 
populations, and at an intensity representative of 
environments for which the germplasm Is destined. 

2. 	Drought affects tropical maize grain yield by reduc
ing kernels per plant, principally due to reductions 

in ears per plant. This happens because of a widen
ing of the anthesis- silking interval and a loss of silk 
viability. 

Drought increases the anthesis-silking interval 
allowing for more precise identiflca

tion of families capable of synchronizing male and 
female flowering under stress. 
Physiological and morphological traits thought to be 
good indicators of drought tolerance seem to have 

use in tropical maize breeding programs
becauseofpoorassociationwithyieldunderdrought 
and low heritabilities. These traits are: leaf rolling, 
leaf senescence, photo-oxidation, leaf erectness, 
shoot elongation rates, canopy temperatures, leaf
chlorophyll. predawn leaf water potential, osmotic 

potentials, lodging, and tassel size, all observed 
under drought. Yield under drought seems to be 
limited mainly bv the capacity of cultivars to pro
duce viable silks and, thus, ears with grain. 
CIMMYT's current approach in improving maize 
populations for drought tolerance involves first 
improvement of synchronization under drought, In 
assure high ear and kernel number per plant. Once 

has been improved for this trait, select-
Ing for these other drought adaptive traits may then 

prove useful. 
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Introduction 

The term "harvest index" was proposed by Donald 
and Hamblin (1976) to quantify the relationship between 
economic yield (grain, fiber, seed, oil, etc.) and biological 
yield (total aerial dry matter). The harvest index is 
defined as: 

HI = GY/(SY + GY) [Id 

where HI is the harvest index, GY is the economic yield 
in Mg/ha, and SY is stover yield (all aerial crop portions 
except economic yield) in Mg/ha. All the terms in Equa-
tion [I] are expressed on an oven-dry basis. Generally, 
the harvest index is considered to be a species constant, 
but improvements have been made in HI through breed-
ing (Snyder and Carlson, 1984) and/or crop manage
ment through water supply manipulation, fertility 
management, or agronomic management (row spacing, 
seeding rate, etc.) (Donald and Hamblin, 1976). Equa-
tion [1] can be rearranged to express the relationship 
between economic yield and aerial dry matter yield as: 

GY = HI (GY + SY) [21 

which illustrates the imp!icit self-correlative nature of 
the relationship. 

The purpose of this paper is to summarize the 
relationship between economic yield and aerial dry 
matter yield for several crops grown in the Southern 
Great Plains. 

Procedures 

Data for this paper are taken from literature that 
reported both economic and aerial dry matter yield from 
various experiments conducted at the Conservation and 
Production Research Laboratory, Bushland, TX (Table 
1). All grain yields are converted to an oven-dry basis, 
and aerial dry matter was computed as the sum of the 
dry grain plus the stover yield. Linear regression proce-
dures were used to determine the relationships between 

grain yield and aerial dry matter yield in the following 
form: 

GY = HIa (DM - DM.) 131 

where GY is the dry grain yield in Mg/ha, HI is the 
dimensionless slope of the linear regression equation
(termed the "adjusted" harvest index), DM is the aerial 
dry matter in Mg/ha, and DM.is dry matter threshold in 
Mg/ha. The dry matter threshold is the amount of dry 
matter produced before any economic yield is produced, 
and the "adjusted" harvest index is the partitioning 
factor from dry matter into the economic product. 

Results and Discussion 

Grain Sorghum 

Data from seven Bushland grain sorghum [Sorghum 
blcolor(L) Moench] e; periments are shown In Figure IA. 
Grain yield is highly related to aerial dry matter yield, 
and Equation [3] explains 95% of the variance in the 
grainyield. The DM.is 1.13 Mg/ha, and HI is 0.47. This 
sorghum grain yield relationship fits data from Chaudhuri 
and Kanemasu (1982) and closely predicts the yield of 
RS610 from several sites in Australia, including one 
where the grain yield was 12.6 Mg/ha and the dry matter 
yield was 28.0 Mg/ha (Muchow et al.. 1982), which are 
considerably greateryields than those at Bushland. This 
relationship for grain sorghum at Bushland is slightly 
different from that reported by Slabbers et al. (1979), 
where HI, was 0.58 and DM. was 2.13 Mg/ha. 

Wheat 

Wheat (Trtticum aestivum L.) data (Fig. 113) shows 
considerably more scatter than the sorghum data, but 
the linear regression describes over 76% of the variance 
in the grain yield of wheat at this location. The HI is 0.34 
and DMois -0.34 Mg/ha, but the slope (HI.) and intercept 
I(HIa)(DMo)] are biased by the data where grain filling was 
hindered. Greater scatter in these data is believed to be 
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Figure 1. [Al Grain sorghum yield in relation to 
aerial dry matter yield; [B] Wheat yield in relation 
to aerial dry matter yield; [C] Wheat yield in 
relation to aerial dry matter yield for several 
experiments in the Great Plains (Cole and 
Mathews, 1923) and from CIMMYT (Waddington et 
al., 1986; and Waddington et al., 1987); and [D] 
Corn yield in relation to aerial dry matter yield, 

Table 1. Sources of data. 

Crop 	 First author Date 

Sorghum 	 Bond. J.J. 1964 
Eck. H.V. 1979 
Eck. H.V. 1969 

Porter. K.B. 1960 
Steiner. J.L. 1986 
Unger, P.W. 1981 

Unger. P.W. 	 1979 

Wheat 	 Eck, H.V. 1986 

Jensen, M.E. 	 1965 

Musick, J.T. 	 1984 

Musick, J.T. 1980 
Unger. P.W. 1977 

Coin 	 Eck, H.V. 1984 

due to both water and temperature effects on grain filling
duration in this environment. Interestingly, the data 
show that wheat grain yields have nearly doubled at ps 0 d et eeom nBushland in the past 30 years due to the development of
shorter-stature wheats that do not lodge under fully
shorter 
irrigated and fertilized conditions, and that are more 
resistant to disease and insects. However, breeding 
developments have not increased harvest index. Addl
tional analyses indicate that HI. for wheat should be 
about 0.39 to 0.40 and DM oshould be about 0.35 to 0.45 
Mg/ha at this location. These values are representative 
of the data illustrated in Figure 1C, which shows wheatdata from the Great Plains dating back to the early 20th 
century (Cole and Mathews, 1923) and recent experi
ments at CIM MYT (Waddington et al.. 1986; 1987). 
E periments at C IM MY w ere conducted under both 

fertility and high irrigation levels. Wire grids were 
to prevent lodging. Clearly, Figure IC shows that 

no major change has occurred in the harvest index of 
the past 50 to 60 years. 

Co rn 

Although many irrigated corn (Zea mays L.) studies 

have been conducted at Bushland, only one study 
reported the aerial dry matter yield (Table 1, Fig. ID, 
data obtained by personal communication from H.V. 
Eck. Bushland. Texas). This study included vegetative 
and grain filling water deficits and fertility effects. The 
HI, is 0.66 and DM.is 3.7 Mg/ha, and this relationship 
explains over 90%ofthe variance in the grain yields from 
the 4 years of the study and the 40 treatments. This 
relationship is similar to one developed with data from 
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Stewart etal. (1977), in which HIis 0.53 and DMoIs 2.98 
Mg/ha, and the relationship by Slabbers et al. (1979), in 
which HIa is 0.49 and DM. is 2.47 Mg/ha. Corn and 
sorghum grain yield relationships to aerial dry matter at 
this location show that: (1) sorghum begins producing 
grain with dry matter yields of only I to 1.5 Mg/ha, while 
corn requires 2 to 4 Mg/ha of dry matter production 
before any grain is produced; (2) fully irrigated corn 
produces about 20 to 22 Mg/ha of dry matter, while 
sorghum produces only about 16 to 18 Mg/ha of dry 
matter in this environment: and (3 corn grain yield will 
decline more rapidly with water deficits than will the 
grain yield of sorghum if the aerial dry matter yield and 
transpiration are proportional. 

Conclusions 


This analysis indicates that the characterization of 

harvest index as the ratio of economic yield to aerial dry 
matter can be improved if the dry matter threshold, 
which is the crop dry matter production before e..onomic 
yield is produced, is incorporated into the relationship. 
The relationships developed for these crops based on 
Equation [3] appear useful for improving the yield est-
mation for these crops in the Southern Great Plains. 
Predicted values for the "adjusted" harvest index and the 
dry matter threshold for these crops at Bushland are 
similar to values determined for other locations. The 
relationships between economic yield and aerial dry 
matter for these crops at this location are apparently
m e t fsalinity 
independent from effects of fertility, row spacing, seed-
Ing rates, tillage, and even cultivar-speciflc genetic influ- 
ences. The wheat data indicate that environmental 
influences affecting grain fill could be important limita-
tions. It is important to emphasize that economic yield 
might be less than predicted by relationships similar to 
Equation [31, but economic yield should not greatly 
exceed that predicted by the relationships unless major 
changes occur in the harvest index value. This study 

illustrates that no major changes in the harvest index for 

grain sorghum or winter wheat have occurred at this 
location for nearly 35 and 70 years, respectively. 
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Introduction 

Chaouia and Abda are two plains of the semi-arid 
areas of Morocco. The average rainfall per year is below 
400 mm. The wet period is usually December through 
February. During March and April, rainfall is scarce and 
spring crops are usually dependent on stored soil water, 
and exposed to high temperatures and soil water deficits 
during the reproductive period. One way of improving 
the yields in these areas can be the use of drought-
resistantgenotypes. Drought resistance means drought-
avoiding plants that can escape drought because oftheir 
deep rooting systems, their capacity for controlling 
transpiration loss, or because of their short life cycle, 
Drought-tolerant plants refers to the ability of the plant 
tissues to withstand water loss. Lowering of osmotic 
potential, which is termed osmoregulation or osmotic 
adjustment, is a physiological mechanism that enables 
plants to tolerate water stress (Clarkeand Durley. 1981). 
Loomis (1983) postulated that little was to be gained 
from research aimed at increasing the tolerance of crop 
species to drought because adoublingof the limiting soil 
water potentials to which plants were tolerant, for ex-
ample, would add little to seasonal water supplies. So 
unless tolerance included an improved water use effi-
ciency, little was gained in terms of production. Vai-
ations in growth duration are one of the most obvious 
means for matching seasonal transpiration to water 
supply. Laing and Fisher (1977) suggested that early-
maturity varieties rarely had a strong advantage in yield. 
However, Loomis (1983) proposed that the choice ofearly 
varieties would assure a low risk and high efficiency for 
water actually usel by the crop. Moreover, Waldren 
(1983) reported that early maturing corn (Zea mays L.)
hybrids were more efficient In using water for grain 
production while the later-maturing ones used water 
more efficiently for forage production. 

The objective of this study was to determine if early 
hybrids of corn can improve the probability for obtaining 
yield during dry years and insure high yields during wet 
cropping seasons. 

Materials and Methods 

Experiments were conducted at Sidi el Aydi and 
Jemaa Shaim stations located in the Chaoiiia and Abda 
plains (Morocco), respectively. The planting date was 

early February in 1985 and 1986. The soil type of the,€e
stations is an alkaline vertisol. The mean annual precipi

tation is 388 	and 318 mm in Sidi el Aydi and Jemaa 
Shaim, respectively. 

Treatments consisted of seven hybrids: H1 = DRA400 
(late), H2 = Tx2l (late); H3 = HT308 (late); H4 = PAGSX1 I 
(medium); H5 = Pioneer 3969 (early); H6 = Funks 4065 
(medium); and H7 = Pioneer 3994 (early). Maturity clas
siflcation was based on the performance of the hybrids 
in this study. 

Plant population was 40,000 plants/ha and data 
collected were total dry matter, leaf area, grain yield, 
yield components, midday leaf water potential, leaf 
diffusive resistance, leaf transpiration, and soil water. 

Results and Discussion 

Water Status 

Table I shows total water used by different hybrids 
tested. In 1985, late hybrids (HI, H2, and H3) tended to 
use more water than the earlier ones. However, the 
earliest variety. H5, used less water than all other 
genotypes at Sidi el Aydi in 1985 and 1986. No difference 
among hybrids was registered in 1986 at Jemaa Shaim. 

The earliest hybrids, especially H., kept their leaf 
diffusive resistance low (Fig. 2) and their lea, water 
potential high (Fig. 1)in 1985. During all their reproduc-

Table 1. Total water used from emergence to physiological 
maturity at Sidi el Aydi (SEA) and Jemaa Shalm (JS)in 1985 
and 1986. 

Cropping season and Iccatlon 
Treatment SEA 85 SEA 86 JS 86 

mm 
H, DRA400 156 143 
H2 Tx21 172 144 175 
H, HT308 164 133 172 
H, PAGSX III 159 133 161 
H, P.3969 124 126 172 
H, Funks4065 149 154 182
 
H,P.3994 153 143 171 

LSD (0.05) 24 14 NS 
LSD (0.01) 32 19 -

CV %) 10.54 5.69 12.54 
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-12 Table 2. Grain yield at Sidi el Adi (SEA) and Jemaa Shaim (JS) 
-14. [ in 1985 and 1986. 

- * 	 Cropping season and location 

Treatment SEA 85 SEA 86 JS 86 
-20 

kg/ha 
HH-:4 2520 290 430 
H, 2250 220 950 

-2 -6 H, 2690 330 580 

- 0 [ H4 2680 570 770 
-3 H, 2650 650 1090 

2340 640 1070H6 
H7 2420 630 1230 

-5/lI 5/17 5/'3o 6/5 *, 
LSD (0.05) 380 240 370 

Date LSD (0.01) 520 330 510 
Figure 1. Leaf water potential versus time for H,, CV (%) 10.58 16.01 14.03 

H2, and H3 at Sidi el Aydi In 1985. (Bars z 10 -1 = 

MI~a). tance of 4 s/cm and probably to the beginning of 

stomatal closure (Fig. 3). Consequently, photosynthesis 

•8 	 of these hybrids was probably not much affected. In the 
,8 	 , case of the other hybrids (late and intermediate), leaf 

, 4 water potentials decreased and leaf diffuse resistance* 

!3 -	 increased drastically after anthesis. 

3
 

.Growth 	 and Development
 

Development 

The hybrids studied have different cycle lengths. H,, 
H2, and H3 are relatively the latest: H. and H, are the 

earliest; and H 4 and H6 are intermediate. The first,
 
second, and third classes reached physiological matur

/ !/11 -/;I 6. ,.6 ity between 3 and 5 July, 13 and 23 June, and 29 June
 
Date and 1 July, respectively. The heat units received from
 

Figure 2. Leaf diffusive resistance versus time for planting to physiological maturity were 952 to 1049,
 

H1, H2, and H3 at Sidi el Ayd in 1985. 1120 to 114 1, and 1158 to 1176 for early. intermediate,
 

and late hybrids, respectively.Z0
 

/ 

.~16-Yields 
16 	 .
 

,, , Grain yield, above-ground yield, and harvest index 
U are presented in Tables 2, 3. and 4, respectively. Statis

12 tical analyses show that grain yields were affected by the 

.'r hybrids. During a wet cropping season (1985), the 
,,c highest grain yields were produced by H:,. H4, H5 and 

then H,. So, there is no tendency of a maturing class to 

./ give higher yields than others. However, in 1986 (dry 

year), the late varieties gave the lowest yield. However, 
"~ , the intermediate and early varieties somewhat escaped 

drought. These varieties are interesting because they 

0 .1-5 -19 -23 -27 -31 -35 	 can yield well during a wet year and insure some yield 

during a dry year.
Leaf Water Potential (bars) 

Above-ground yield tended to be high in the case of 
Figure 3. Relationship between leaf diffusive the latest hybrids, especially at Sidi el Aydi in 1985 and 

resistance (L.D.R.) and leaf water potential at Jemaa Shaim in 1986. However, the highest harvest 

(L.W.P.). (t = stomatal closure) (Bars z 10-1 = MPa). indices were given by the early and intermediate varie

ties. These varieties were more efficient in accumulating 

tive periods, leaf water potentials were higher than the dry matter in kernels than the other parts of plants 

critical value (-1.8 to -2.0 MPa) suggested by this study. (Waldren, 1983). 

This critical value corresponds to leaf diffusive resis- Leaf area indices obtained (Table 5) were very low for 
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Table 3. Above-ground yield at Sidi el Aydi (SEA) and Jemaa Table 5. Leaf area index at Sidi el Aydi in 1985 and 1986. 
Shaim (JS), Morocco in 1985 and 1986. 

Cropping season and location 
Cropping season and location 

Hybrid SEA 85 SEA 86 
Hybrid SEA 85 SEA 86 JS 86 

(1 rep) H, 1.54 0.81 
H, 1.57 1.08 

kg/ha H3 1.48 0.94 
H. 6320 2380 4510 	 1.33H, 0.97 
H, 5870 2680 5060 H, 1.07 0.68 
H1 7040 2280 4760 H, 1.48 1.11 
H, 5950 2060 4800 H, 0.68 0.48 
H, 5560 2180 3520 
H, 4870 2390 3740 
H7 4530 2010 3970 Table 6. Water use efficiency (kg of grains/m of water used) at 

Sidi el Aydi (SEA) and Jemaa Shaim (JS)in 1985 and 1986. 
LSD (0.05) 1060 NS 
LSD (0.01) 1440 Cropping season and location 
CV (%) 13.10 12.97 

Hybrid SEA 85 SEA 86 JS 86 

Table 4. Harvest index at Sidi el Aydi (SEA) and Jenaa kg/m3

Shaim (JS) in 1685 and 1986. 
 H-l 1.61 0.20 -

H2 1.45 0.15 0.55 
Cropping season and location H:1 1.65 0.24 0.33 

H4 1.69 0.42 0.48Hybrid SEA 85 SEA 86 JS 86 H, 1.76 0.51 0.63 
(I rep) H, 1.58 0.41 0.59 

H7 1.58 0.44 0.75 
H, 39.7 12.2 9.7 
H2 38.3 8.4 18.9 LSD (0.05) NS 0.16 0.23 
H3 38.6 14.4 11.9 LSD (0.01) NS 0.22 0.32 
H4 44.9 27.1 21.9 CV 1%11.5 17.0 17.1 
H, 48.0 29.7 30.3 
H4 48.3 26.2 28.4 
H7 	 53.4 31.3 31.4 

higher in the case of the early and intermediate geno-LSD (0.05) 3.6 9.3  types. This result agrees with that of Waldren (1983).

LSD (0.01) 4.9 12.8
 
CV %) 5.3 13.0 
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In order to minimize the risk ofcomplete crop failure 
associated with dryland farming in semiarid zones, 
various cropping systems including both temporal and 
spatial components have evolved or been developed. 
Willey, in the Plenary paper, outlined the advantages 
and disadvantages of each system that can be used to 
maximize productivity and minimize risk within speci-
fled environmental constraints. Cropping system design 
considerations must include (1) utilization of the entire 
growing season, (2) maximizing of light interception by 
the crops, (3) minimizing bare soil evaporation losses, 
and (4) maximizing stored soil water usage. Temporal 
strategies include "delayed planting" and "ratooning" 
such that minimum opportunity exists for severe water 
stress to exist at critical growth stages across the total 
crop system resulting in complete -op failure. Inter-
cropping (mixed species) makes better use of the total 
stored water resource and often results in better nutri-
ent utilization till ugh complementary root systems. 
Water use efficiency is increase 'i .ven though the yield 
of each crop may be less than if it were the sole crop. Due 
to local social, economic, and political constraints, the 

user of "systems technology" must be involved in the 
design and implementation if the system is to be suc
cessful. 

In order to continue to make significant gain in 
productivity in water limited environments, genetic 
improvement in water use efficiency and drought toler
ance must also occur. Blum and Eastin outlined strate
gies and approaches being used to genetically increase 
grain yield in water limited environments. Both speakers 
emphasized the need for complete characterization of 
the target environment prior to establishing selection 
criteria for genetic improvement. No single trait will 
convey increased water use efficiency and drought toler
ance across all conditions of water stress. Improved 
genotypes must not only be capable of tolerating stress, 
but must also be responsive when water is available. 
Progress will be slow for genetically increasing drought 
tolerance and water use efficiency. A joint effort of 
microclimatologists, crop physiologists, geneticists, and 
plant breeders will be required for any significant gain to 
be made. 
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Introduction 

The management of semiarid agroforestry systems 
is perhaps more controversial than any other agro-
forestry system. Agroforesters have touted the value of 
semiarid nitrogen-fixing trees such as Prosopisand Aca-
cia albida (Felker, 1981). while range managers cursed 
the woody vegetation and devised mechanisms to elimi-
nate them. Agroforesters sought to use tree legumes to 
increase the fertility of soils for crops like sorghum (Sor-
ghum vulgare)and peanuts (Arachis hypogaea and to 
provide legume pods for human and animal food. In 
contrast, range managers felt that the woody vegetation 
was robbing the soil of water needed to provide forage for 
their animals. 

Both agroforesters and range managers agree that 
dense stands (>10,000 stems/ha) of small diameter 
trees (2-3 cm) are of little value to either crops or cattle. 
The agroforester would like to see this dense stand con-
verted to large trees (30- to 40-cm diameter trunks) on 
wide spacings (7-10 m) to provide pods for animals and 
leaf litter for crops. Increasingly, range managers are 
viewing such large trees on wide spacings in a positive 
light. 

The competition for the scarce biomass resources 
from semiarid lands is even greater than in higher 
rainfall regions. For example, theze resources are needed 
for fuelwood, animal browse, herbaceous fodder produc-
tion, enhancement of soil fertility, cash crops, food 
staples such as peanuts and sorghum, and service 
functions such as prevention of soil erosion. These 
widely varying needs will be discussed individually
below. At the end of this paper, the various options will 
be synthesized into an integrated management plan. 

Controlling Stocking Density to 

Produce Large Single Stems and 


Prevent Encroachment from 

Numerous Small Stems 


If semiarid thorn forests of 10,0GO 3-cm diameter 
trees/ha are undesirable, but savannah-like systems of 
100 trees/ha of 20 to 40 cm diameter are desirable, how 
does one convert the densely spaced small diameter 
trees into widely spaced large-diameter trees? A recent 

the tree density could be reduced, larger trees would 
become established and permanently reduce the popu
lation of small diameter trees because of intraspecific 
competition. 

In developing countries, it should be easy and 
economical to reduce the stocking density by simply 
harvesting the majority of the trees for fuelwood. Select 
trees would be left on a predetermined spacing (7 to 10 
m) to grow into large trees. The negative regression
between tree size and number of trees/ha indicates that 
the large trees left behind would provide competition to 
prevent high densities of small trees from becoming 
established. Furthermore, pruning these large trees to 
enhance their form for lumber, shade, and pods can 
provide much needed fuelwood. In the United States, 
management of Prosopisfor high-value cabinet-quality 
lumber with low densities of large trees appears to be the 
best all around objective. 

The temptation in developing countries has been to 
harvest all the trees for fuelwood. This usually results in 
a stand of even-aged, multi-stemmed coppiced stumps 
that have the same undesirably high stump density as 
the original stand. In countries such as India and 
Sudan, the typical end results are 3-m tall coppiced 
stumps containing 5 to 20 stems/stump with stems 
ranging from I to 4 cm in diameter. 

The temptation in the developed countries has been 
to use bulldozers and root plows to completely eradicate 
all young trees. This process often resulted In an impene
trable stand of brush becoming reestablished 10 to 15 
years after root plowing. 

Fuelwood Values 
Fuelwood is one of the greatest needs in semiarid 

systems since about 1 Mg per capita per year is required
(Eckholm, 1975). Due to fuelwood shortages, women 
may spend several hours/day collecting firewood that 
could otherwise be spent growing food, preparing food, 
or tending to children. In India, considerable amounts of 
dung, which should be used to ci ease the fertility of 
fields, is used in lieu of cooking wood (Eckholm, 1975). 

Economic Development and
 
Employment through High Value


Added Artisanal and Furniture
 
comparison of Prosopisbiomass per tree and tree spac
ing InTexas revealed a highly significant negative log-log Cottage Industries 
regression equation relating tree size to tree density There is an urgent need to stimulate employment in
(Felker et al., unpublished data). Thus it appears that if economically depressed regions as diverse as south 



Texas. Haiti. India, or Senegal. Given the low biomass 
productivity of arid lands, it is especially important to 
produce high-value products. A recent survey of forest 
industries in the southeastern United States found that 
the greatest revenues and employment occui red in the 
furniture Industry from hardwoods such as red oak 
(Quercus rubra), cherry (Prunusserotina), and walnut 
(Juglansnigra)(O'Laughlin and Williams, 1987). Where 
cabinet-quality wood can be produced. there is probably 
little else that can provide these high returns. For 
example, the average wholesale price ofwalnut or cherry 
is $850/m 3 or $1.21/kg (at specific gravity of 0.7). Even 
at a stocking rate as low as 100 trees/ha (10-m by 10-
m spacing), the wholesale value of the lumber from these 
short logs of a mature stand may approach $5,000/ha. 

Some of the semiarid tree legumes such as mesquite 
(Prosopisglandulosa)(Weldon, 1986) and Texas ebony 
(Pithecellobiumflexicauli)found in Texas. desert iron-
wood (Olneyatesota)found in Arizona, Dalberghiasissoo 
found in Pakistan and India, and Acacia niloticafound in 
the Sahel (Irvine, 1961) have beautiful red and black 
woods with specific gravities ranging from 0.7 to 1. 1. 
Mesquite, the most studied of these woods, has excellent 
three-dimensional stability compared to other beautiful 
woods from more mesic regions such as walnut and oak. 

In the past. the manufacture of artisanal crafts from 
luxury woods in developing countries has not been of 
high quality. Great improvements in the joining, sand-
ing, and finishing of these products are needed to bring 
the price that solid wood items made of superior woods 
should command on the world market. Obviously, it is 
not enough to just produce these items, but they must 
be part of a marketing program that is responsive to the 
desires of distant consumers. 

Many trees in the semiarid regions have not grown 
very large because of the intense pressure from browse 
or continuous harvesting for fuelwood. However, with 
wider spacings, pruning to enhance form, and direct 
production of furniture parts from logs and gluing, 
luxury quality furniture can be produced. 

Tree Legume/Prickly Pear Cactus 
Agroforestry Systems 

Cacti (Opuntiasp.) have a several-fold greater water 
use efficiency than do the most efficient grasses such as 
maize (Zea mays L.) and sorghum. Therefore, it seems 
appropriate to use cacti to produce digestible calories for 
humans and animals. Cacti are low in protein, but the 
nitrogen in these systems can be provided by nitrogen-
fixing trees. Use of cacti to produce animal fodder and 

high-value vegetables and fruits are described elsewhere(Ruell egetbleFeukerand 18 
(Russell and Felker, 1987). 

Nitrogen Fixation and Fertility 

Enhancement for Rangeland and 


Annual Crop Staples, I. e., Sorghum

and Groundnuts 

The biomass productivity of semiarid systems is 
strongly limited by fertility and Is far below its produc-
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tion capability based on water use efficiency (Felker et 
al.. 1980). Many of the features of overgrazing of semi
arid ecosystems can be attributed to the long-term net 
annual loss of nitrogen fr'om these ecosystems. 

An analysis of the nitrogen budget reveals that cattle 
consume about 4380 kg of dry matter/year (12 kg/day) 
containing about 65 kg ofN. About 40% of this N (26kg/ 
year) is volatilized to the atmosphere from denitrification 
of urine and feces (Gist and Sferra, 1978). Since annual 
N input into semiarid systems without legumes is about 
1 to 2 kg/ha (Felker et al., 1980), then about 13 ha per 
animal are required to maintain a balanced ecosystem 
for N. Since semiarid tree legumes are capable of fixing 
30 to 40 kg/ha annually, this could greatly increase the 
animal carrying capacity of the land. Simple calcula
tions show that even if tree legumes consumed half the 
water coming into semiarid ecosystems, but provided 50 
kgofN/haannually, thebiomassproductivityofgrasses 
would be greater than if no tree legumes were present. 

Conclusions 

The greatest monetary returns from semiarid agro
forestry systems may arise from harvest of trees at 
maturity and subsequent manufacture into furniture, 
flooring, crafts, etc. In the meantime, it will be necessary 
to prune trees to enhance form. The prunings can be 
used for fuelwood. Many of the Acacia, Prosopis. and 
Parkiaspecies can provide pods for livestock food and 
leaf litter to enhance the fertility beneath their canopy. 
The large trees will also provide intraspecific competition 
to reduce the number of small seedlings from becoming 

den.;e that they reduce the movement of livestock. 
Obviously, these systems must also take into account 
the preservation of wildlife habitat and recreational 
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Introduction 

Most arable land in the Sahelian zone of Africa is 
farmed at the subsistence level on small holdings, often 
with little or no fallow. Because they live on the margin, 
farmers are often too limited by sociological and logisti-
cal constraints to take risks involved with technological 
improvements such as mechanized farming, or even 
fertilizers. 

Agrofore.;try systems such as windbreaks are being 
promoted in the region as one alternative to assist 
farmers in improving crop yields and combatting ero-
sion. In Niger, Bognetteau-Verlinden (1980) examined a 
farmer-initiated project where neem (Azadirachta in-
d/ca)windbreaks were planted to combat wind erosion. 
This study documented both a reduction in wind erosion 
and a 23% net increase in millet (Pennisetumhyphoides) 
yielot on fields located between two windbreak lines. 

CARE, the donor for this project in Niger's MajJia 
Valley, subsequently conducted a 2-year investigation of 
the project to supplement Bognetteau-Verlinden's find-
ings. This paper uses some of the results of that evalu-
ation study to assess the tangible wirndbreak benefits 
potentially available to smallholder farmers in the proj-
ect context. 

Maijia Valle 7 

Windbreak Evaluation 


Setting 

The Majjia Valley in south-central Niger normally 
receives 350 to 400 mm of rainfall from monsoon storms 
lasting from June to September. The remaining months 
of the year are characterized by strong harmattan winds 
blowing out of the desert. The annual potential 
evapotranspiration has been calculated at 2 100 mm/yr 
(National Research Council, 1983). The soils on the 
valley floor are mainly sand and sandy clay alluvial 
deposits. These are derived from parent material eroded 
from the laterite-capped Tertiary sandstones and Creta-
ceous limestone plateaus that rise up to 200 m above the 
Valley bottom (West, 1984). The dry-season water table 
normally varies between 10 and 15 m in the windbreak 

The windbreaks planted in the MaJjla are predomi
nantly neem, although more recent plantings have 
consisted of one row of neem and a windward row of 
Acacia scorpiodes (var. nilotica) favored for its lower 
branching habit. The trees are planted in the double 
rows at 4 m by 4 m spacing in lines 100 m apart. 
Windbreak lines are oriented in an east-west direction 
perpendicular to the valley walls and the prevailing 
harmattan winds. Over 400 km of windbreaks have been 
planted since the project began in 1975: at maturity (7
10 years after planting), these trees will protect over 
4000 ha of farmland. 

Investigative Studies 

A major goal of the evaluation study was to establish 
baseline data for the windbreaks planted in the MaJjia 
Valley. Separate studies (1) measured the sociological 
impact of the project on the local population (Delehanty 
et al., 1985). (2) estimated wood volumes of the oldest 
windbreak plantings (Long and Dennison, 1986), (3) 
assessed the efficacy of different windbreak harvesting 
systems (Rorison and Dennison, 1986). and (4) exam
ined the impact of the windbreaks on crop yield and 
microclimate (Long et al., 1986; Persaud et al., 1986). 

Farmers interviewed for the sociological survey had 
very favorable impressions of the project, with 90% 
indicating that the windbreaks were beneficial. Over 
60% of the farmers owning fields in the windbreak zone 
reported a large increase in cereal production. Only 12% 
felt that there was no change, or that there was decrease 
(4%). Data from each of the evaluation studies where 
yield was measured supported the farmers' perceived 
increases in crop production. 

Wood volume in the 8-year-old windbreak lines 
above the 2.5 m browse height oflivestock averaged 52.5 
m3 per linear kilometer (Long and Dennison, 1986).This 
material could furnish valuable construction poles and 
supplement scarce fuelwood for the local population. 

Different windbreak management options that would 
involve periodic harvests of the trees were also exam
ined. Researchers were looking for a harvesting scheme 
that (a) could be easily managed, (b) maintained the 
efficacy of the windbreak, and (c) would provide farmers 
with an improved yield for windbreak protected fields. 

zone. Rorison and Dennison (1986) concluded that a pollard 
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cut of one of the two windbreak lines would best meet 
these criteria. Windspeeds behind this type of treatment 
remained significantly reduced (Persaud et al., 1986) 
and crop yields were 17% more in the season immedi-
ately following the cut when compared to fields outside 
the windbreaks. This scheme has since been adopted by 
CARE and the Niger forest service in a management plan 
for the MaJJia windbreaks (Madougou and Heart, 1988). 
These data all point to advantages to the farmer by 
increasing crop yields and wood supplies, but how do the 
benefits stack up for the long term? 

Windbreak Benefits to
 
Ma~jia Valley Farmers 


Crop yield data and windbreak wood volumes from 
Rorison and Dennison (1986) and Long and Dennison 
(1986) were analyzed with local prices paid for these 
outputs using the financial analysis option in LOTUS l-
2-3 software. To reflect the institutional costs of such 
project, CARE-Niger's overhead (including guards to 
patrol the windbreak lines 0 to 3 years of age) was 
calculated. The establishment and recurrent costs for 
operating a central nursery to furnish seedlings for the 
windbreaks were also included. All figures were obtained 
from actual costs incurred by CARE-Niger (Ahearn, 
1986). 

The analysis assumed a 22-year project cycle to 
reflect the 10-year expected life of the nursery, 8 years to 
the initial harvest, and the first 4-year period to the 
second windbreak harvest. At a planting rate of30 km of 
windbreak per year, the project could protect 3000 ha of 
farmland with trees furnished during the 10-year life of 
the nursery. 

Millet yields from unprotected fields had been esti-
mated at 0.36 Mg/ha (Rorison and Dennison, 1986).The 
same figure was also valid in protected fields for the 
years preceding the first windbreak harvest. This re
flected land removed from production due to shading by 
the windbreak lines. Additional data indicated that 
yields increased to 0.42 Mg/ha in years with a harvest 
treatment. For the financial analysis, net yield increases 
in the first and second years following a harvest were 
estimated at 0.40 Mg/ha and 0.38 Mg/ha, respectively, 
to account for increases in shading from tree regrowth. 
In the third year, grain yield was assumed to return to 

the pre-tree harvest level. (In 4 years, trees would be har-

Table 1. Potential wood products from a pollard cut out of one 
row of a double, 1 km, row windbreak In the MaJjia Valley. 

Poles Fuelwood 

No. Value Volume Value 

us $ m3 us $ 
Initial harvest 900 1,200 11.91 107 
Subsequent harvests 450 600 13.29 120 

Source: Long and Dennison, 1986. 
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Table 2. Net present value of Majjia Valley windbreaks on 3000 
ha of farmland for a 22-year project cycle. 

With windbreaks Without windbreaks 
Wood and grain prices Grain prices 

Discount 
Rate Low Med. High Low Med. High 

% 000 US Dollars 
5 2323 3203 4083 2997 3233 3470 
10 1227 1716 2204 1644 1820 1996 
15 699 994 1289 980 1114 1248 
20 423 615 806 628 732 835 

vested again.) Wood yields (Table 1)were calculated as 

construction poles and fuelwood based on the adopted 
cutting plan. 

Net present values (Table 2) for the resulting analy
ses are calculated using a range of discount rates to 
reflect farmer risk levels. Price equivalents are also 
presented as a range for wood products and millet. High 
and low prices represent 25% deviations from the local 
medium, or current price paid (Republique du Niger. 
1988) for these commodities. 

Conclusion 

The financial analyses indicated that Majjia Valley 
farmers would realize an overall gain of 15% in crop 
yields plus previously nonexistent pole and fuelwood if 
windbreaks were planted across their land. Greater 
financial efficiencies would be realized with higher grain 
prices (as in drought years). Donor overhead for such a 
project also has a large impact on the project's financial 
efficiency. Farmer implemented and managed wind
breaks would bypass these costs and increase the 
benefits at all price levels. 
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Introduction 

Nigerian agriculture is mainly rainfed; 4 million ha 
uut of a total of 4.08 million ha are rainfed. Intercropping 
of cereal crops with legumes is quite prevalent in these 
areas (Reddy et al.. 1985). Pearl millet (Penntsetum 
americanum), the widely grown cereal crop is intercrop-
ped in about 70% of its total cultivated area primarily 
with cowpea (Vtgna unguiculata)and secondarily with 
peanuts (Arachis hypogaea) and sorghum (sorghum 
bicolor[L., Moench) (MDR. 1984). Farmers' objectives in 
Intercropping are (a)satisfying basic food needs, (b) risk 
reduction. (c) earning cash, and (d) higher rate of crop 
production (Reddy and Gonda, 1985). 

Farmers' crop choice is always based on the food 
needs of the family, seed availability, soil type. market
ing facilities, and past experience. However, to general-
ize. pearl millet is almost always present in the cropping 
system as a principal crop. Cowpea is generally added 4 
to 6 weeks after millet planting. Other crops such as 
sorghum and vegetables are also added. In some areas, 
peanuts are added to the cropping system instead of or 
in addition to the cowpea crop (Reddy. 1987). Density of 
the cowpea crop in a millet/cowpea intercrop system is 
very low, ranging from 100 to 1700 hills/ha (Soumana 
and Reddy, 1987). All the crops in a cropping system are 
always arranged in separate lines (Reddy and Gonda, 
1985). 

In recent years, the Nigerian National Institute of 
Agricultural Research (INRAN) has begun to study these 
traditional intercrop systems, particularly pearl millet/ 

cowpea, to understand their biological efficiency and 

relevancy in Nigerian agriculture. A series of yield and 
resource use studies were conducted during the rainy 
season (June-September) under rainfed conditions in 
1984, 1985, 1986. and 1987 in different regions of the 
country. In this report, a few representative data are 
discussed to support the general conclusion drawn from 
these studies that intercropping systems involving mil
let and cowpea are efficient in certain areas of the 
country while sole millet or cowpea crops are appropri
ate for other regions or situations. 

Performance of Millet/Cowpea at High 

Rinfffll Sites, Tarna and Kolo 

Tama and Kolo sites are situated at 130N in Niger. On 
an average, these sites receive about 500 mm rainfall 
and have a 90-day rainy season during the summer 
months. June to September. An experiment involving 
pearl millet sole crop, cowpea sole crop. and a pearl 
millet and cowpea intercrop system were compared in a 
randomized block design (RBD) with six replications at 
Tarna in 1984 and 1985 and at Kolo in 1986 and 1987. 

In these four experiments. millet grain yield in 
intercrop systems was similar to its sole crop yield. 
Cowpea Intercrop yields were significantly lower than its 
respective sole crop yields in all 4 years (Tables 1 and 2). 
However, intercrop system Land Equivalent Ratios (LER's) 
were always higher than the sole crop LER's, indicating 
better land use efficiency by millet/cowpea intercrop 

Table I. Millet and cowpea grain yield and Land Equivalent Ratio (LER) in sole and Intercrop systems at Tama, 1984 and 1985. 

1984 1985
 

Treatment 
Grain yield 

Millet Cowpea LER 
Grain yield 

Millet Cowpea LER 

kg/ha kg/ha 
Millet sole crop 670 a,, 1.00 960 a - 1.00 
Cowpea sole crop 260 a 1.00 - 580 a 1.00 
Millet/cowpea intercrop 580 a 90 b 1.20 880 a 170 b 1.31 

"Means within column followed by the same letter are not significantly different at the 5 ,oconfidence level, based on Duncan's Multiple 
Range Test. 
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Table 2. Millet and cowpea grain yield and Land Equivalent Ratio (LER) in sole and intercrop systems at Kolo, 1986 and 1987. 

1986 1987 

Treatment 
Grain yield

Millet Cowpea LER 
Yield 

Millet grain Cowpea forage, LER 

kg/ha kg/ha 
Millet sole crop 1160 at' - 1.00 600 a - 1.00 
Cowpea sole crop 1450 a 1.00 750 a 1.00 
Millet/cowpea intercrop 1200 a 560 b 1.41 640 a 340 b 1.51 

aNo cowpea grain was produced in 1987 season because of drought.bMeans within column followed by the same letter are not significantly different at the 5% confidence level. based on Duncan's 
Multiple Range Test. 

systems (Tables 1 and 2). 
In 1984 and 1987, crop yields were generally lower 

because an early-season drought each year led to late 
planting of the crops. The crops were planted on June 
30, 1984: June 18. 1985; June 10. 1986: and June 29. 
1987. Late planting led to a less than normal 90-day crop 
season in 1984 and 1987. and consequently, crop yields 
were lower. In 1987. cowpea did not produce grain 
because of insufficient crop season length. 

Soil water measurements werc made with a neutron 
probe. Water use data for 1984, a relatively poor rainfall 
year (237 mm), and fbr 1986, a relatively good rainfall 
year (482 mam), are presented in Table 3. These data 
Indicated that the water use efficiency of a pearl millet/ 
cowpea intercrop system was significantly higher than 
either pearl millet or cowpea sole crop system (Tat-le 3).
This was possible because millet produced a similar 
quantity of grain per rnin of water/ha both in sole and 
intercrop systems. even though cowpea grain produc-
tion in the intercrop system was significantly lower 
compared to its sole crop system. Water measurements 
for 1985 and 1987 indicated similar results (unpub-
lished data). 

Performance of Millet/Cowpea 
at Low Rainfall Sites, Ouallam 

and Chikal 

Ouallam and Chikal sites are situated about 14"N 
and are relatively dry sites within Niger. The Ouallam 

site on average receives about 460 mm rainfall and has 
a 70-day crop growing season. The Chikal site on aver
age receives about 450 min rainfall and has an 80-day 
crop growing season (Reddy. 1988). At these two sites. 
the crop season commences in July instead of June. 

In an experiment involving three millet sole crop 
treatments (range of densities), one cowpea sole crop 
treatment. and three millet/cowpea intererop systems 
(range of densities), grain yields were compared at Oual
lai and Chikal during the 1985, 1986, and 1987 crop 
seasons. This experiment involving sole and intercrop 
systems was successful only during the 1985 crop 
season at Ouallam and during the 1985 and 1986 crop 
seasons at Chikal. In the other seasons, due to severe 
droughts, the yield variability was extremely high and is 
thus not presentable. 

Data from the successful experiments are presented 
in Table 4. These data indicated that at Ouallam, inter
cropped millet and cowpea yields were significantly 
lower compared to theirsolecropyields. This led to lower 
LER for intercrop systems compared to the two sole crop 
systems. 

At Chikal in 1986. millet grain yield did not differ 
significantly between pure and intercrop systems. 
Hc'vever. cowpea grain yield in the intercrop system was 
significantly lower compared to its sole crop yield. LER's 
of intercrop systems were significantly lower than their 
respective sole crop system. 

At Chikal in 1985. millet grain yield in the intercrop 
system was significantly lower than its respective sole 
crop yield. The case was similar with cowpea grain yield, 

Table 3. Total water consumed (ET) and water use emciency estimates for pearl millet and cowpea crops in sole and intercrop systems. 

Total water consumed Water use eiclency 

Treatment 1984 1986 1984 1986 
Millet Cowpea Millet Cowpea 

Millet sole crop 227 a-
mm 

330 a 2.8 a -
kg/mm/ha 

3.5 a 
Cowpea sole crop 
Millet/cowpea intercrop 

226 a 
225 a 

368 a 
363 a 

-
2.8 a 

1.1 a 
0.4 b 3.3 a 

3.9 a 
1.5 b 

I Means within column followed by the same letter are not significantly different at the 5% confidence level, based on Duncan's 
Multiple Range Test. 
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Table 4. Millet and cowpea grain yield and Land Equivalent Ratio (LERIin sole and intercrop systems at Ouallam and Chikal, 1985 
and 1986. 

Treatment 

Millet sole, high density 
Millet sole, medium density 
Millet sole, low density 
Intercrop millet/cowpea. 

high density 
intercrop millet/cowpea. 

medium density 
Intercrop millet/cowpea. 

low density 
Cowpea sole crop 

Ouallam, 1985 Chikal 

1965 1986 
Millet Cowpea LER Millet Cowpea LER Millet Cowpea LER 

kg/ha kg/ha kg/ha 
1200 a - 1.00 280 b 0.55 920 a 1.00 
1080 a 0.90 480 a 0.94 580 a 0.63 
1060 a 0.88 510 a 1.00 750 a 0.81 

730 b 320 b 1.08 160 he 210 c 0.65 580 a 500 b 0.89 

420 be 310 b 0.81 110 bc 320 b 0.74 580 a 700 b 0.99 

350 c 340 b 0.79 160 bc 300 b 0.80 500 a 880 b 0.99 
- 680 a 1.00 - 610 a 1.00 - 1960 a 1.00 

LER is calculated by using the highest sole crop treatments yield as standard sole crop yield for that season and location. 
"Means within column followed by the same letter are not significantly different at the 5% confidence level, based on Duncan's 

Multiple Range Test. 

which led to lower LER values for intercrop systems 
compared to their respective sole crop systems (Table 4). 

General Discussion 

Millet and cowpea intercrop systems fared differ-
ently at high rainfall Tama and Kolo sites compared to 
the low rainfall sites Ouallam and Chikal. At the high 

rainfall sites, intercrop systems rebulted in higher LER 
values and used water much more efficiently than millet 
or cowpea sole crop system. At the low rainfall sites, 
Ouallam and Chikal, the intercropping treatments con
stantly resulted in lower LERs compared to their respec-
tive sole crop systems, 

Those differences can be attributed to the differ-
ences in rainfall and crop growing season lengths at 
these different sites. Reddy et al. (1985) reported that 
delayed planting of millet, sorghum, and cowpea in Niger 

drastically reduces their yield. At the low rainfall sites, 
crops in these experiments were planted in the 1985 and 
1986 crop seasons around July 20, whereas at the high 
rainfall sites, the crops were planted in June. This 
difference in the crop growing season seemed to be the 
major reason for grain yield differences. Lower rainfall 
(236 mm rainfall at Ouallam in 1985: at Chikal, 228 mm 
in 1985 and 400 mm in 1986) and shorter crop growing 
seasons probably led to higher competition between the 

associating crops and consequently to poor yields and 

lower land use efficiencies. Similar results were obtained 
on farmers' field tests in Chikal region (Thijssen, 1987). 

Conclusions 

Farmers in the low rainfall region as in the high 

rainfall region traditionally practice intercrop systems. 

These results Indicate that It would be beneficial to 

practice sole crop systems of millet and cowpea in the 
low rainfall regions with a 70-day crop growing season 
and millet/cowpea intercrop systems in the high rainfall 
zones with a 90-day crop-growing season (Reddy, 1988). 
Similarly, in high rainfall sites, for example, Tama and 
Kolo, when there is an early season drought and when 
millet can be planted only in July instead ofJune, it may 
be beneficial to plant millet or cowpea in sole crop 
systems. 
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Introduction 
In India, drylands presently occupy nearly 100 

million ha of the total cultivated area of 143 million ha. 
The projections are that by 2025 A.D., the total culti- 
vated area will be 155.5 million ha. about half of which 
shall remain rainfed after harnessing the full irrigation 
potential of 113.0 million ha. Thus, dryland agriculture 
shall continue to play an important role in the national 
economy. Agriculture in these areas is survival-oriented 
and no definite cropping system is practiced. The inten-
sity of cropping is very low. Generally, farmers grow 
crops in the rainy season and us-!a post-rainy season 
fallow or produce crops in the post-rainy season on 
water conserved during the rainy season. 

Characteristics of Drylands 
The drylands in India are spread from arid to humid 

regions. There is high variability in onset and recession 
of the monsoon and the quantity of rainfall. The high 
evaporative demand further adds to the problem. Dry-
lands extend to all major soil types found in the country. 
Soil erosion has made the soils shallow, resulting in poor
water storage and decreased fertility. The crops grown in 
drylands are photosensitive, tall, and with long growing 
seasons with low conversion efficiency and low response 
to inputs. The risk-bearing capacity of resource-poor 
dryland farmers is extremely low and farm size is small 
(average dryland farm size is 1.62 ha). The infrastructu-
ral development in these areas is practically non-exis-
tent, thus restricting the availability of inputs, credit, 
technology, etc. All these conditions lead to subsistance-
oriented farming. 

Water Availability Periods 
The water balance for different agro-climatic regions 

has been calculated and the water availability periods 
have been determined (Fig. 1). The water availability 
period including both rainwater and that stored in the 
soil ranges widely from as low as 74 days at Hissar to as 
high as 308 days at Rakh Dhiansar. 

Cropping Systems for 
Su ta Une s

Sustained Land Use 
The majority of drylands are degraded; thus crop 

cultivation may not always be suitable. It emphasizes 

the need to utilize these lands according to their capabil
ity. With a view to exploiting the agro-climatic resources 
to maximize profits and to stabilize production at higher 
levels, efficient cropping systems are being developed 
based on land capability and resource availability. The 
research information generated thus far suggests the 
following cropping systems for sustained land use. 

Arable Cropping Systems 

The ever increasing human population pressure 
and near-saturation of horizontal expansion warrants 
temporal and spatial intensificatior, of cropping. Poten
tial cropping systems based on available resources have 
been suggested with new high-yielding, short-duration, 

C MONTH DSSOIL TYPE . ......... DAYS
 

U SAVGALRESALFS : 2-'--17 

ANANTAPURFOZ-USTERTS 120150USTA [=I::I 

HYDERABAD 
USTALFS
USTERTS .. 208 

13HUANESWARAQUEPTS- AGUEtT 8, .. 217 
RAN CHI 277
 

AQUALES-USTAL FS 224
VA 
A0RA ___:____:__,_ 2
 

ADVENTS -FLUVENTS 
HlSSAR 74

O4JODSFLUVENTS 
ORTHIDSoPSAPMENTSARDAR KR4H INAAR . = I 1:O 
OCHREPTS-PAMMENTS 120 

HPARA MMNTO-A QUENT: 2I 0 
DEHRADUN 
 0
 

OCHRE PT8O 270 
RAKHIIANSAR 308
 
RAJKOT ES:: i 1O0
34 
ORTHENTS-OCHREPTS
 

AKOLA ______:: I 196 
USTERTS-OCHREPTS
 

INDORE 19_ 
REWJA19
USTERTS-ORTHENTS

ORTHENT .... 196ARJ IA ::.164OC HREPTS-ORTHENTS 


JHANSI - le1 
USTALF -ORTHENTSKOVILPATTIU 133
 

S..::..:. 10 
OwJAPUR 105ORTHENTS-USTERTS
 

SHOLAPUR . I 
ORTHENTS-,JTERTS
 

L±..~.L4...L , i -w RAINYSEASON 
CI.45:)WU o E STOREOSOIL 
-$ I '92 C}OZ e MOISTUREDan1 

CSOURCE, Dr. S.M.VIrmani, ICRISAT) 

Figure 1. Water availability periods at different 
dryland centers. 
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Table 1. Efficient cropping systems for different dryland areas in India. 

Soil zone and Water 
region availability 

period 

Days 

1. Vertisols and 
related soil zone 

Malwa plateau 210-230 
(Madhya 
Pradesh) 191-210 

Baghelkhand 210-230 
(Madhya 
Pradesh) 190-210 

Bundelkhand 190-220 
(Uttar 
Pradesh) 

Vldharbha 190-210 
(Maharashtra) 

170-190 

Southern 160-180 
(Maharashtra) 

120-130 

Southeni 160-180 
(Rajasthan) 

Northern 130-150 
(Central 
Karnataka) 

100-120 

Saurastra 130-140 
(Gujarat) 

Southern i20-130 
Tamil Nadu 

2. Inceptisols and 
related soil zone 

Jammu region 280-320 
of Jammu & 
Kashmir 

(Continued) 

Double cropping 
system 

Malze-safflower/chickpea 
Soybean-wheat 
Sorghum-safflower/chickpea 

Rice-chickpea/lentil 

Sorghum-chickpea 
Blackgram/greengram-wheat 
Groundnut-chickpea 

Sorghum-chickpea 
Blackgram-mustard/safflower 
Fodder cowpea-mustard 

Groundnut-safflower 
Sorghum-safflower 

Greengram-sorghum/safflower 

Greengram-sorghum/safflower 

-

Greengram-safllower 

Cowpea-sorghum 
Greengram-safflower 

-

-

-

Maize-wheat 

Intercropping 
system 

Maize+soybean 
Soybean+pigeonpea 
Sorghum+pigeonpea 

Wheat+chickpea 
Chickpea+linseed 
Sorghum+pigeonpea 

Pearl millet+fodder legume 
Sorghum+pigeonpea 

Sorghum+pigeonpea 
Cotton+pigeonpea 
Cot.on+greengram/cowpea 
Pig-onpea+greengram 
Pearl millet+pigeonpea 
Sorghum+greengram/blackgram 

Pearl millet+pigeonpea 
Sunflower+pigeonpea 
Groundnut+sunflower 
Chickpea+safflower 
Pearl millet+moth bean 

Maize+pigeonpea 
Sorghum+greengram 
Groundnut+pigeonpea 
Chickpea+mustard 

Pearl millet+pigeonpea 
Groundnut+pigeonpea 
Sunflower+pigeonpea 
Chickpea+safflower 
Sorghum+pigeonpea 
Sorghum+coriander 
Safflower+coriander 

Groundnut+castor bean/plgeonpea 
Pearl millet+pigeonpea/castor bean 

Sorghum+blackgram/cowpea 
Cotton+blackgram 

Maize+greengram/blackgram/cowpea 
Wheat+mustard 
Chickpea+mustard 
Barley+chickpea 

(2:2) 
(4 or 6:2) 

(2:1) 

(2:1) 
(2:1) 
(2:1) 

(: 1) 
(2:1) 

(2:1) 
(2:1 or 2) 

(1: 1) 
(1:3) 
(2:1) 
(2:1) 

(2:1) 
(2:1 or 2) 
(2 or 3:1) 

(3:1) 
(2:1) 

(1 or 2: 1) 
(2:2) 
(2.2) 

(4 or 7: 1) 

(: 1) 
(3 or 4:1) 

(2:1) 
(2 or 3:1) 

(2:1) 
(2:1) 
(2:1) 

(3:1) 
(2 or 4: 1) 

(2:1) 
(2:2) 

(1:2) 
(4:1) 
(4:1) 
(2:2) 
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Table 1.Continued. 

Soil zone and Water 
region availability 

period 

Days 

Sub-montane 240-280 
region of 
Uttar Pradesh 

Sub-montane 260-280 
region of Punjab, 
Himachal Pradesh 240-260 

Plains of 200-230 
Uttar Pradesh 

180-200 

3. Oxisols zone 

Sub-humid 200-220 
region of 
Orissa 

Sub-humid 160-180 
region of 
Southern 
Blihar 

4. Alflsols and 
related soil zone 

Southern 190-220 
Karnataka 

Telangana 140-160 
(Andhra Pradesh) 

Rayalseema 110-130 

5. Aridi soil zone 

North Western 100-120 
Gujarat 

Western RaJasthan 75-90 
and parts of 
Haryana 

Double cropping 
system 

Rice-wheat/chickpea 

Soybean-wheat 

Maize-chickpea 


Maie-mustard/chickpea 

Pearl millet-chickpea 

Rice-chickpea/lentil 

Maize-lcntil 


Pearl millet-chickpea 
Greengram/blackgram-

mustard/barley 

Rce-horsegram 
Maize/finger millet-

horsegram 
Groundnut-horsegram 

Maize-chickpea/safflower 
Groundnut-barley 
Finger millet/chickpea 
Rice-chickpea/lentil 

Cowpea-finger millet 
Soybean-finger millet 

-

-

-

-

Intercropping 
system 

Maize+soybean (2:8) 
Rice+soybean (1:2) 
Wheat+mustard (9:1) 
Wheat+chickpea (2:2) 

Maize+blackgram (1:2) 
Chickpea+mustard (4:1) 
Pearl millet+blackgram (2:1) 
Chickpea+mustard (4:1) 

Matze+blackgram (1: 1) 
Pigconpea+blackgram (1: 1) 
Pigeonpea+sesame (1: 1) 
Groundnut+pigeonpea (2:1) 
Barley+mustard (6:1) 
Pearl millet+greengram/ blackgram (2:1) 
Pearl millet-+pigeonpea (2:1) 
Chickpea+mustard (4-5:1) 
Chilckpea+barley/]Inseed (2-3:1) 

Rice+greengram/ blackgram (2-3:1) 
Rice+pigeonpea (3-4:1) 
Finger millet+pigeonpea (1: 1) 
Maize+pigeonpea (2:1) 

Maize+pigeonpea (: 1) 
Rice+pigeonpea (2-3:1) 
Groundnut+pigeonpea (2-3:1) 
Soybean+pigeonpea (3:1-2) 
Pigeonpea+blackgram (1-2:3) 

Finger millet+pigeonpea (3:1) 
Groundnut+pigeonpea (4:1) 
Finger millet+soybean (1:1 ) 

Sorghum+pigeonpea (3:1) 
Castor bean+cluster bean (2:2) 

Groundnut+pearl millet (6-8:1-2) 
Groundnut+pigeonpea (6-8:1-2) 
Groundnut+castor bean (2:1) 

Pearl millet+greengram (1:3) 
Pearl millet+clusterbean (3:1) 
Cluster bean+greengram (2:1) 

Pearl millet+blackgram/greengram (2:1) 
Pearl millet+clusterbean (1:2) 
Clusterbean+blackgram (1: 1) 
Pigeonpea+blackgram (1:2) 

N.B.: Figures in parentheses are optimum row ratios of intercropping system. 



input-responsive crop cultivars for different situations 
(Singh, 1987). The important factors affecting selection 
of an efficient cropping system are climate, soils, and 
socio-economic factors. Besides these, variation in 
duration and water use of crops and their cultivars also 
influence the choice of a cropping system (Singh and 
Upadhyay, 1985: Singh, 1987). 

Monocropping 

The studies suggest that the areas receiving rainfall 
of less than 600 mm are suited for monocropping only. 
In aridisols, alfisols, and vertic soils, cropping in the 
rainy season is the most economic, whereas vertisols 
can havecrops in post-rainy season only. On inceplisols, 
cropping can be either in rainy or in post-rainy season. 

Double Cropping 

Climatically efficient and remunerative double crop-
ing sstems have been identified for different regions

(Table 1). Growing legumes in the system results in 

improvement in the performance of crops the following 

season. Soil incorporation of legumes after one picking 

of pods results in a savings of 20 to 30 kg N/ha for the 

next crop in addition to nearly 80 to 90% potential yield 

of the legume. 
There are some difficulties in getting good stands of 

a second crop in the post-rainy season. The factors 
are less time available for preparatory till-responsible 

age, high temperatures prevailing at that time, limited 
choice of crops, non-availability of suitable farm imple-
ments. etc. Different possibilities to overcome these 
difficulties are being studied to achieve satisfactory 
stands of the second crop to make double cropping more 
remunerative and stable. 

Intercropping 

In "traditional" agriculture, farmers resort to mixed 
cropping with a view to minimizing risks and obtaining 
other advantages. Combinations having more than two 
crops are found in some areas, but two-crop mixtures 
are more popular. Lately, this practice has been changed 
to sowing of the component crops in a set geometry. In 
both situations, the crops are grown at the plant density 
less than the optimum recommended for either of them 
alone. Now, the concept of intercropping has changed to 
produce more over space and time. The new intercrop-
ping systems being suggested are in "additive series," 
which are more efficient in productivity per unit of 
resource use than the earlier "replacement series" and 
mixed cropping (Singh and Reddy, 1986). In these 
systems, plant density of the base crop is maintained at 
its near optimum and the additional population of the 
intercrop isadded by changing the planting geometry for 
better use of resources (Singh, 1981; Waghmare and 
Singh, 1984a, b; Singh and Jain, 1984). These systems 
give higher output (Singh, 1987) and returns (Reddy and 
Singh, 1987), meet the multiple needs of the family, 
spread the labor peaks and maintain soil fertility (Singh, 
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1983; Waghmare and Singh. 1984a, b), and reduce the 
impact of weather aberrations (Singh and Jha, 1984; 
Singh and Jain, 1984). Intercropping of fast-growing 
legumeslikecowpeaandgreengramalsosmotherweeds 
and cut the cost of weeding (Abraham and Singh, 1984). 

Climatically efficient, economically viable, feasible, 
and socially acceptable intercropplng systems for differ
ent agro-climatic regions have been identified (Table 1). 
These systems give a land equivalent ratio (LER) of 1.4 to 
1.6 in the rainy season, but in the post-rainy season, the 
LER is less (about 1.3). The results of a finger millet + 
pigeonpea system at Bangalore and a groundnut + 
pigeonpea system at Anantapur show that advancing 
planting of pigeonpea by about a month increased total 
productivity and returns compared to simultaneous 
planting of component crops. The optimum row ratios of 
different systems are also given in Table I. The studies 
suggest that the optimum pla:nt density combinations in 
most systems are 80 to 100% of normal plant density of 
the base crop with 75 to 125% plant density of the 
intercrop. Regarding fertilizer use, the indications are 
that in a nonlegume + legume system, nitrogen applica
tion should beas perrequiremnent of the nonlegume and 

phosphorus as per the requirement of the legume crop. 

In legume + legume intercropping systems, slightly more 

phophus shule appid Testesa show 

phatphorus should be applied. The studies also show 

that choice of genotype of one component crop changes 

with the change inthe genstude on enother crop,which 

suggests need for detailed studies on genotypecompati
bility. 

Alterate Land Use Systems
 
Other land use systems are being considered for 

drylands, taking land capability, environment, and home 
needs into corsideration. These systems provide stabil
ity to both production and income besides maintaining 

soil productivity. Systems have been identified for both 
marginal and culturable waste lands. 

Systems for Arable MarginalLands 

Various systems such as ley farming of Stylosanthes 
hamatawith sorghum, alley cropping having Leucaena 
leucocephalawith cereals, and agro-horticulture having 
different dryland fruit crops with field crops have been 
developed. Intercropping ofdifferent nitrogen-fixing tree 
species with field crops was also studied. The research 
information available indicates that these systems are 
more remunerative than arable cropping in these soils 
and are least affected by weather aberrations. 

Systems for Culturable Waste 
Marginal Lands
 

These lands could be utilized more profitably by 
having pastures, sllvi-pastoral systems, or multi-pur
pose tree farming. Gae can choose as per requirements 
and resource availability from the many opUons now 
a"ailable. For marginal shallow vertic inceptisols having 
low rainfall (550 mm/year), a timber-cum-fiber system 
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having :eucaena leucocephala for timber with Agave 
sislana for fiber between two rows of Leucaena gave 
highest economic returns. 

Conclusion 

Ever increasing population in the coun try is result-
ing In the shrinking ofper capita availability ofcultivated 
land and concomitant increase in demand for food, 

fodder, fuel, fiber, fruit, timber. etc. This necessitates an 

land should be used based on its capability. Sev,-ral 
cropping systems for sustained land use in drylands are 
now available to suit different resource situations and 
requirements. These systems are climatically efficient, 
economically viable, and feasible. There is need to popu-
larize these systems with the cultivators. 
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Introduction 

Cereals are the major diet of subsistence farmers in 
the Savannah zone of Northern Ghana and cereal pro-
duction predominates .hie cropping systems. Increasing 
population pressure on Ghc land has led to permanent 
cultivation replacing fallewing. With continuous crop-
ping and little or no fertilizer applied, soil productivity 
has decreased to a low level. This necessitates the 
identification of cropping practices that would ensure 
the maintenance of soil productivity. Since 1981, vari-
ous aspects of intercropping, alley cropping, and crop 
rotation have been investigataed. The discussion in this 
paper will, however, be limited to crop sequence effects. 

Materials and Methods 

Experimental Site 

A crop ,3equence experiment was carried out at the 
Nyankpala Agricultural Experiment Station located in 
the Guinea Savannah zone (30025 ' N, IOW: 200 m above 
sea level). The average annual rainfall is 1069 mm, 
mainly concentrated in one rainy season from April to 
October. Rainfall is highest from July to Septembei. The 
soil, a "Paleustalf" or "Ct 1romic I!visol," is a sandy loam 
over a skeletal phase developed over sandstone. The root 
zone exceeds I m. Gravel contents (concretions) vary 
within short distances and increase with depth. Carbon 
and nitrogen contents are low at 5.0 and 0.4 g/kg, 
respectively. Soil pH (soil:water = 1:2) is 6.3. 

Experimental Procedure 

Cultivation of four crops and one intercropping 
association in adjoining vertical strips in 1981 was 
followed by cultivation of the same crops In horizontal 
strips in 1982 so that all possible successions were 
realizcd. The direction of plant rows and the position of 
sub-plots were not altered. Annual repetition of this 
principle until 1986 allowed alternating horizontal and 
vertical evaluations of cumulating monocropping and 
crop succession effects, 

The crops, varieties. dinitions of growing periods, 
and planting distances were as follows: maize (Zeamays 
L.), Composite 4 (white dent), 122 days, 80 cm x 25 cm; 
groundnut (Arachishypoqaeo,L.,. Manlpintar, 125 days, 
60cm x 15 cm; alteriating rows ofmaize and groundnut, 
60 cm apart, distances within rows as in -ejpectlve sole 

crops; yam (Dioscorea rotundata Poir.), Kpuna, har
vested after 180 days. 120 cm x 120 cm: and sorghum 

[Sorghum bicolor (L.) Moench], Mankaraga (tall local), 
180 days. 80 cm x 30 cm. In 1981 and 1982. maize and 
groundnut were planted in early June and in the other 
seasons between May 14 and 25. In 1985. sole crop 
groundnut plantflng was delayed to June 10. Yam was 
planted always at the middle of May. Sorghum was 
planted at the beginning of June in 1981 and 1982, 
toward the end of May from 1983 to 1985, a' on June 
20 In 1986. 

Plots reserved for crop successions were sub-di
vided for treatments with and without nitrogen (N) 
fertilizer (sulphate of ammonia). The quantities applied 
annually between 1981 and 1986 were 30 kg N/ha to 
groundnut and 60 kg N/ha to all other crops. The 
fertilizer was placed next to plant rows and the quanti
ties per unit area occupied by each crop were Identical 
in intercropping and sole crop cultivation. 

Prior to each cropping season, 26 kg P/ha as super
phosphate was applied to all plots and from 1984, 50 kg 
K/ha as KC1 was also incorporated into the soil. The 
experimental design was a five x two split plot with four 
replications. Sub-plot sizes were 4.8 m x 9.6 m, with the 
exception of maize where it was 4.8 m x 9.5 m. For yield 
assessment. border effects were eliminated. 

In December 1981, on a few harvested plots, crop 
residues were accidentally burned. Thereafter, all resi
dues except the few from groundnut and yam were 
removed from the experimental area. Grain yields were 
ciAculated on a 12% mcsture contern basis. All harvest-
Ing was done by hand. 

Results 

Maize proved to be very responsive to both preceding 
crops and N fertilizer (Table 1.). This was true in 1982, 
the first test season with normal total rainfall but 
drought from July to mid-August: in 1983. one of the 
driest seasons ever experienced; in 1984 and 1985 with 
a normal or subnormal, but favorably distributed total 
rainfall; and In 1986 with a low total rainfall and severe 
drought from the second half of June until August 20. 

Without N application, maize following groundnut 
gave the highest yields. Where N fe,tilizer had been 
applied, both groundnut and yam wert'the most favor
able p'cceding crops for maize. Maize cropped after 
maize or sorghum led tu low maize yields. From 1984 to 
1986. maize grown after sorghum was inferior to maize 
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Table 1. Influence of preceding crops on maize grain yields in five seasons. 

Preceding crop in N applied Year 
rotation with maize to maize 1982 1983 U'84 1985 1986 

kg/ha Mg ha 

Maize 0 1.04 0.38 1.19 1.72 2.35 
60 2.80 1.58 4.72 4.47 3.74 

Mean 1.92 0.98 2.96 3.10 3.04 

Groundnut 0 2.8? 1.66 3.02 3.62 3.35 
60 4.12 3.20 6.36 5.55 4.06 

Mean 3.48 2.43 4.69 4.58 3.70 

Maize-groundnut 0 0.94 0.86 1.45 2.64 2.98 
60 2.69 2.08 4.27 4.!;3 3.83 

Mean 1.82 1.47 2.86 3.58 3.40 

Yam 0 2.30 0.84 1.66 2.04 2.70 
60 4.18 2.78 5.73 5.62 3.86 

Mean 3.24 1.81 3.69 3.83 3.28 

Sorghum 0 0.75 0.26 0.58 1.40 2.07 
60 2.03 1.21 3.45 3.80 3.12 

Mean 1.39 0.74 2.01 2.60 2.59 

Mean 0 1.57 0.80 1.58 2.28 2.69 
60 3.16 2.17 4.91 4.79 3.72 

Mean 2.37 1.49 3.24 3.54 3.20 

L.S.D. a* 0.64 0.45 0.72 0.45 0.27 
(P = 0.05) b 0.24 0.16 0.34 0.16 0.23 

b/a 0.53 0.35 0.76 0.36 0.51 
ab n.s. 0.52 0.90 0.51 n.s. 

*a, b. b/a, ab: Comparison of main and sub-plot treatment means, sub-plot treatments within each main plot treatment. 

Interaction, respectively. 

after maize. Preceding maize-groundnut intercropping 
was almost as detrimental as or only slightly better than 
preceding sole crop maize. However, In 1985, a positive 
residual value was evident where N had not been applied 
(Table 1.). 

Stover yields followed the pattern of grain yields. 
Stover N percentages were generally very low during all 
seasons (average 0.44% N) and were not appreciably 
influenced by preceding crops and only little by N 
fertilizer applic.tion. 1ese were low not only in low 
rainfall years (1983 and 1986) when water stress had 
limited plant growth and uptake of soil and fertilizer 
nitrogen, but also in years of normal rainfall, 

In 1982 and 1983, sorghum yields were tlh same in 
all crop rotations (Table 2). However, from 1984 to 1986, 
sorghum following groundnut gave yields significantly 
higher than other rotations. Preceding maize, ma: -e
groundnut intercropping, and aam did not lead to differ-
ences in sorghum yields. Howerer, In 1985 and 1986, 
preceding sorghum was inferior to preceding maize 
(Table 2). The response of sorghum to N was not consis-
tent over the years. With groundnut as a preceding crop, 
sorghum yield response to N was either slight or absent. 

Crop rutations appeared to have minimal effect on 
groundnut yields. Grounndnut yields also varied little 
between seasons (average for 5 years, 1.2 Mg/ha). From 
1983 to 1985, yields after groundnut were lower than 

those after cereals or yam. In 1986, however, it was 
observed that groundnut wilted less in plots previously 
sown to groundnut than in plots devoted to cereals. 
Except for 1982, N fertilizer application (30 kg N/ha) led 
t* decreased kernel yields (Schmidt and Frey, 1987). 

Tuber yields ofyam (average over 5 years, 16.6 Mg/ 
ha) were influenced by preceding crops in two of five 
seasons only (1982 and 1986). In 1982, yam yield was 
low after yam. In 1986, yam yield after yam and cereals 
was slightly lower than after maize-groundnut inter
cropping or groundnut. Nitrogen fertilizer Increased yam 
yields slightly in three seasons only, but never distinctly 
after groundnut. 

I Iscussion and Conclusions 

The results obtained in these and other experiments 
in Northern Ghana indicated the great importance of a 
judicious crop succession for a high productivity of 
savaumah soils. The value of groundnut as a preceding 
crop for maize and sorghum was also recognized by 
Jones (1974) and Lombin (1981) in experiments at 
Samaru, Nigeria. The response of cereals, in particular 
_f maize, to preceding crops seems to be related to the 
poor N status of these savannah soils, which Is reflected 
in extremely low grain and stover N percentages of maize 
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Table 2. Influence of preceding crops on s,,s sam grain yield in five seasons. 

Preceding crop 
in rotation N applied Year 
with sorghum to sorghum 1982 1983 1984 1985 1986 

kg/ha Mg/ha 

Maize 0 0.90 0.60 0.35 0.98 0.82 
60 1.17 0.45 0.71 1.50 1.27 

Mean 1.04 0.52 0.53 1.24 1.05 

Groundnut 	 0 1.18 0.40 0.86 1.53 1.33 
60 1.38 0.38 0.81 2.14 1.43 

Mean 1.28 0.39 0.83 1.84 1.38 

Maize-groundnut 0 0.94 0.74 0.66 1.24 1.14 
intercropping 60 1.42 0.50 0.63 1.77 1.26 

Mean 1.18 0.62 0.64 1.50 1.20 

Yam 	 0 1.11 0.62 0.52 1.01 0.89 
60 1.53 0.64 0.72 1.78 1.36 

Mean 1.32 0.63 0.62 1.40 1.12 

Sorghum 	 0 1.28 0.20 0.24 0.50 0.62 
60 1.67 0.66 0.56 1.14 0.95 

Mean 1.48 0.58 0.40 0.82 0.79 

Mearn 	 0 1.08 0.57 0.52 1.05 0.96 
60 1.44 0.53 0.69 1.67 1.25 

Mean 1.26 0.55 0.60 1.36 1.11 

L.S.D. 	 a* n.s. n.s. 0.19 0.25 0.14 
b 0.09 n.s. 0.07 0.16 0.10 

b/a 	 0.19 n.s. 0.16 0.36 0.21 
ab n.s. n.s. 0.22 n.s. 0.20 

a, b, b/a, ab: Comparison of main and sub-plot treatment means, sub-plot treatments within each main plot treatment. 
interaction, respectively. 

and sorghum. It can be assumed that the roots and 
stubbles of these crops are also low in N. Owing to their 
decomposition in soil, there may be sufficient immobili-
zation of N to adversely affect subsequent cereal yields. 
Farmers may have observed such negative effects and 
are, therefore, inclined to bum cereal residues. Although 
this leads to N losses, they cannot afford incorporation 
into the soil because N application to counteract N-
deficiency would be expensive, 

In the case of continuous sorghum, negative resid-
ual effects have been explained by allelopathy (Burgos-
Leon et al., 1980). A strong negative effect of sorghum on 
maize even in the second season after sorghum cultiva
tion was observed in 1987, the final test year of the crop 
rotation experiment of 1981 (unpublished). 

With the exception of signs of self-intolerance, 
groundnut and yam were not influenced by '-'arious 
preceding crops and are thus ideal rotation partners for 
cereals. The legume does not require N fertilizer. In the 
case of yam, a low N requirement of the crop on the one 

hand and fast decomposition in the soil because of 

intense aeration and favorable water conditions on the 
other, may have contributed to the absence of any 

negatative effect of cereal residues. While legumes or 
root crops are in the field, residues from previous cereals 

can thus decompose without any negative effect. On the 
other hand. these crops have a highly beneficial influ
ence on subsequent cereals, maize in particular. 

Maize appears to be the most responsive to rotation 
as well as to N and P fertilizer. Subsequent legumes 
should not receive these fertilizers nor tall local sorghum 
when cultivated after legumes. Yam after legumes ap
pears not to require N fertilizer either. Maize, on the other 
hand, even when grown after legumes, still takes full 
advantage of our recommended dose of 60 kg N/ha. 
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Introduction 

The practice ofgrowing two or more crops in mixture 
is common in the semiarid tropics of West Africa. The 
results of a survey conducted in Niger in 1980-82 
revealed that up to 84% of the cultivated land was in crop 
mixtures (Swinton et al., 1985). In the two regions 
surveyed, pearl millet [Pennisetum typhoides (Burm. F.) 
Stapf& Hubb.] was the basis for most crop associations 
while cowpea [Vigna unguiculata(L.) Walp.] was the main 
leguminous crop found in these associations. However, 
sorghum [Sorghumbicolor(L.) Moench] and groundnuts 
(ArachtahypogaeaL.) played an important role in crop
ping systems as mean rainfall increased. 

Several advantages of multiple cropping over mono-
cropping have been advanced: (1) insurance against 
crop failure, (2) higher return and total yield per unit 
area, (3) better use of labor at moments of peak demand, 
(4) beneficial effect of legumes on other crops, and (5) 
lower incidence of insect6 and diseases (Fussell and 
Serafini, 1985; Willey, 198 1). Intercropping research in 
Niger has focused mainly on millet-cowpea crop mixture 
while millet-groundnut has received only limited atten
tion (Soumana and Reddy, 1987). In this paper, the 
effects of plant population, soil fertility, and planting 
date on the yields ofintercropped millet and groundnuts 
are discussed. 

Materials and Methods 

The results of three millet-groundnut experiments 
are reported in this paper. The first two experiments 
were conducted at Tarna and Guidan Kaji in south-
central Niger In 1979. At both locations, millet planting 
population was varied from 0 to 10,000 hills/ha (3-4 
plants/hill) and groundnut population from 0 to 167,000 
plants/ha. The highest millet and groundnut popula-
tions represented 100% of their recommended sole croppopulation. 

At Guidan Kaji, each plot was split in half: one half 
received urea while the other halfdid not. In the fertilized 
plots, 2 g of urea were incorporated in the soil near each 
millet hill at the first and second weedings to yield rates 
of 6, 12, and 18 kg N/ha foi" the three populations. 

Approximately 30 kg P2O/ha were uniformly applied to 
all the plots before planting at both locations. At Tarna, 
the 0 urea checks were omitted. The soil of these sites is 
sandy and very low in N, P. and organic matter. 

Another experiment was carried out in 1987 at 
Bengou (642 mm rainfall) and Tarna (234 mm) to study 
the effect of six gioundnut planting dates on the yields 
of millet sown at 10,000 hills/ha and groundnuts sown 
at 100,000 plants/ha. The same varieties of millet (CIVT) 
and groundnuts (55-437) were used in 1979 and 1987. 

Land Equivalent Ratios (LER) were calculated as 
follows: 

Yield of Yield of 
LER= intercropped millet intercropped groundnuts 

Yield of Yield of 
sole millet crop sole groundnut crop 

Results and Discussion 

Population Effect 

AtTarna, LERwere substantially higherwhen millet 
population was increased from 3,300 to 10,000 hills/ha 
(Table 1). The increased population pressure due to 
higher groundnut population did not adversely affect 
millet yields and resulted in higher LERs. The increase 
In millet population did not significantly reduce ground
nut yields (P = 0.05). However, there was a tendency 
toward lower groundnut yields as millet population 
increased. 

Table 1. Land EL aivalent Ratios (LER) as influenced by millet 
and groundnut population, Tarna, 1979. 

Groundnut Millet population (hills/ha) 
population 3.300 6.700 10.000 Average 

Plants/ha
41,666 
83,333 

0.68 
1.12 

0.90 
1.22 

LER 
1.25 
1.32 

0.94
1.22 

125,000 1.10 1.60 1.42 1.37 
166,666 1.29 1.78 1.86 1.64 

Ave,-age 1.05 1.38 1.46 1.30 
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Intercropping resulted in an average yield advan- The result of this experiment may indicate a higher 
tage of some 30% when compared to sole cropping. uptake of fertilizer N in the presence of groundnuts. 

Grain yields and LER values were even higher at Research in Senegal demonstrated that sorghum or 
Guidan Kaji where more rain was recorded: 700 mm millet intercropped with groundnuts made better use of 
against 556 mm at Tarna (data not shown). For both fertilizer N and P than sole-cropped cereals (Schilling, 
locations, the highest LER values were obtained when 1965, reported in Fussell and Serafinl. 1985). 
millet plus groundnut populations were highest. How
ever, Cunard (1979) suggested that under farmers' Planting Date Effect 
conditions, a combination of 10,000 hills/ha of millet 
and 42,000 plants/ha of groundnuts would be more At Bengou (642 mm rain), groundnut yields were 
realistic. decreased as planting was delayed 3 to 5 weeks after the 

June 21 millet planting (Table 2). Groundnut yields were 
highest when sown 10 days after millet. However, thisNitrogen Effect 
planting resulted in a significant reduction in millet 

Urea application increased milletyields significantly yields. In terms of LER values, the biggest yield advan
(Fig. 1). The response was substantial and fairly con- tage from the rmillet/groundnut association was ob
stant (200 to 300 kg/ha) at all three population densities tained when groundnuts were plated about 3 weeks 
in intercropped millet. In sole millet, the response to N after millet.
 
application was highest at 3,300 hills/ha and insignifi- Nigerien farmers usually plant millet first and the
 
cant at 10,000 hills/ha. companion crops a few weeks later. In this way, (1)
 

millet, which is the main crop is given a competitive edge, 
and (2) some adjustment can be made to the planting 

2100 density ofthe companion crop(s). For example, in case of 
tffercropw/Lo poor millet establishment, the population of the com

1900 panion crop may be increased. Ideally, groundnuts are 
170. wU So u/C 0 planted during the first weeding of millet which also 

1700 

saves time and labor. 
At Tarna, where rainfall was below normal (234 

mm), millet and groundnut yields were very low (142 and 
_ 130o 63 kg/ha on the average, respectively) as were the LER 
>- w/ values (less than 1. 0). Groundnuts produced much 

"00 more grain as sole crop (309 kg/ha) thans as an intercrop 

(22 kg/ha). Their grain production as an intercrop was 
reduced drastically when they were planted 3 to 5 weeks 

700 after millet. However, as was observed at Bengou, earlier 
3000 6000 9000 120oo planting of groundnuts lowered millet yield significantly 

Planting rate (Hills/ha) (INRAN, 1988). 

Figure 1. Effect of urea on millet. G. KaJi, 1979. 
Conclusions 

Table 2. The effect of groundnut planting date on the yields of Under favorable water conditions in 1979, a definite 
intercropped millet and groundinuts. Bengou, 1987. yield advantage of millet-groundnut intercropping was 

obtained in south-central Niger. However, in a dry yearGroundnut Yields 
planting Millet Groundnuts such as 1987 at Tarna, sole cropping of millet and 
date (grains) (unshelled nuts) LER groundnuts may be more advantageous. 

Results from Senegal suggest an increase in nitro
kg/ha gen uptake when millet is intercropped with ground-

June 22 1500 ab, 569 b 1.23 nuts, and our results illustrate the importance of plant-
July 2 975 b 875 a 1.13 ing groundnuts about 2 to 3 weeks after millet. More 
July 9 1663 a 469 b 1.26 studies are needed to assess the yield stability of this 
July 16 1744 a 427 b 1.28 stde are neede ae therie s ofetis 
July 27 1906 a 139 c 1.18 crop association in Niger and to determine its potential 
August 10 1925 a 80 c 1.15 benefits, e.g., better use of available resources and 

Sole crop 1756 - higher economic return as compared to sole cropping. 
Sole crop - 1510 

Average 1638 58 1.20 References 
CV (%) 23.6 30.5 
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Introduction 

Of the total Indian arid lands (0.32 million km2), 62% 

lie in western Rajasthan. Ninety percent of the cultivated 

area is devoted to rainfed cropping. The existing crop-

ping systems are mainly subsistence oriented. Single 

crop systerrs using pearl millet (Penniseturnamericanum 

Leeke) and Involving a long fallow (October-June) are 

predominant. Pearl millet is the major crop with more 

than 60% of the land devoted to its production (Singh 

and Daulay, 1983a). Pearl millet-based mixed cropping 

with grain legumes and oilseed crops is quite popular on 

small farms btcause of its "risk spreading effect" (Singh 

and Daulay. 1983b). In recent years, efforts were made 

to stabilize production through crop diversification, 
of different crops. and incorporation ofintroduction 


perennial plant species (fodder/fruit trees and grasses) 


in the cropping system. 


Rainfall Pattern 

Based on annual precipitation, western Rajastho-n 
is divided into three climatic zones. Zone ! (Jaisalmer. 
Barmer, and Bikaner districts) receives less than 300 
mm of rainfall. Zone II (Jodhpur. Nagaur. Jalore, and 
Churu districts) between 300 and 400 mm, and Zone Ill 
(Jhunjhunu, Pall, and Sikar districts) more than 400 
mm. Mean yield ofpearl millet in Zone 1(0.16Mg/ha) was 
significantly lower than in Zone 11 (0.20 Mg/ha.) and Zone 
III (0.29 Mg/ha), with corresponding higher cuefficients 
of variation (76-42%). Productivity in Zonc I can be 
improved or stabilized through introduction of forest/ 
topfeed trees, shrubs, and grasses in the cropping 
systems (Daulay, 1986). In the transition zone withi 300 
to 400 mm rainfall, integrated crop and livestock sys-
tens should be used (Daulay and Henry. 1987a). 

Cropping System 

By adopting suitable cropping systems, crop pro-

duction can be maximized In seasons ofgood rainfall and 

stabilized under drought conditions. This may be pos-
sible using crops with growth characteristics matching 
the rainfall patteris and capable of making h .tter use of 
available water. The following are varieties of different 

crops found to be drought-resistant and suitable for arid 
regions, namely: 

Cereal 
;pearl ROB 2. GHB 27, and BJmillet-W--75. 


Grain legumes
 
G mothbeanlVignaaconfolia(Jacq)Marechal]-JMM 

259, Jwala, T 18. and T 2; 
ct ala T p 	 TanbT

2 HG 75. HG 182; 

cowpea [Vigna .guiculata (Llnn) Walp-Charodi 1 
and S 68; 

greengram Vgna radiata (Llnn) Welczek-S-8, K 
, an S 9K 

* 

851. and S 9; 
* 	horsegram lMicrotylopsaunflorum (Lam) Verdj-PL 

sesamum oseed cro1 n 
25: 

a castor (RicinuscommunLs Linn)-Aruna and Gauch-

I;
 
P sunflower (Helianthusannuus iUnn)-BSH 1 and 

Morden; 

9 mustard [Brasslcajuncea(Linn) Czern and Coss-
T 59 (Varuna) and Pusa Bold 

(Henry and Daulay, 1983a,b.c; Daulay et al., 1984: 
Kackar and Henry. 1984; Henry and Daulay, 1985a.b.c; 
Daulay and Henry, 1987b; Henry and Daulay, 1987; 
Henry and Daulay. 1988a,b.c). 

After identifying varieties, studies on dryland crop
ping systems were initiated. Among single crop systems, 
pearl millet-fallow proved to be most productive (1.72 
Mg/ha). but highly unstable in comparison with grain 
legumes (0.75 to 1.0 Mg/ha) and castor (0.65 Mg/ha) In 
single crop systems, and pearl millet followed by mus
tard (T 59) In double crop systems (inyears of> 500mm 
of rainfall) (Singh, 1980). In sequence, cropping involv-
Ing greengram-pearl millet showed a savings of 20 kg N/ 
ha In the pearl millet crop (Singh et al., 1981). The 

Intercropping/mixed cropping system has proved to be 
a productive system In arid regions. 

Intercropping Systems of Pearl Mille
with Grain Legumes 

In earlier studies, intercropping pearl millet with 
grain legumes (greengram. clusterbean, and mothbean) 
proved to be a viable system for dryland crop production 
(Singh and Henry, 1981; Singh et al., 1981). Some of the 
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efficient genotypes of these legumes for inter/mixed-
cropping that have been identified include greengrams 
($8), cowpea (Charodi- 1). mothbean (JMM-259), and 
clusterbean (FS 277) (Daulay and Henry, 1987c). 

Intercropping of Grain Legumes with 
Sunflower 

Intercropping of S-8 greengram and FS 68 cowpea 
between two rows of sunflower resulted in higher total 
productivity. Application of 30 kg N/ha in the second 
year to sunflower produced yields similar to those ob-
tained with 60 kg N/ha. 

Intercropping of Annual Grain and Fodder 
Legumes in Castor 

The seed yield of pure stands of castor were signifl-
canly greater than those of mixed stands. In general, 
intercropping of legumes (mothbean, clusterbean, and 
cowpea) for fodder offered less competition to the castor 
than the grain (Daulay et al., 1984). 

Intercropping of Grain Legumes in Sesamum 

Mixed cropping ofgrain legumes (clusterbean. green

gram, and mothbean) with sesamum (T 13) revealed that 
mixtures of sesamum (1/3) +clusterbean (2/3)resulted 
in greater total productivity (Daulay et al., 1984). 

Suitable Plant Types of Grain Legumes for 
Intercropping with Forage Grass 

Studies were undertaken to identify suitable plant 
types of greengram and cowpea for intercropping with 
Cenchrussetigerusand Cenchrusciliaris,the dominant 
grasses of the region. Greengram varieties 288-8, RS 4, 
and T 44 gave the highest grain yield when intercropped 
with Cenchnts setigerus. Grass growth was not ad-
verselyaffectedbyintercroppingwithgreengram. On the 
other hand, mean forage production increased consid-
erably when planted with greengram varieties S-8, T 44, 
and RS 4 (Prasad and Choudhary. 1975). Among the 
cowpea varieties. K II and C 152 rested in signifi-
canly higher grain yield in mixtures with Cenchrus 
citariscompared to other varieties. Forage production 
was also increased substantially using K 11. When 
perennial forage legumes (vis.. Clitoria,Dolichos, and 
Siratro were intercropped wlth Cenchrus ciltaris, the 
contribution of peremial legumes to total forage yield 
was small (Daulay and Henry, 1987). 

Agro-horticulture System 

Few orchards exist in the arid tracts except for 
natural stands of wild ber (Zizyphus nummularia)and 
"rair (Capparisdecidua). Recently, a number of fruit 

ops which can be grovwi successfully have been iden-
tifled. Of these. ber (Ztzyphus mauritlana)(varieties 

'Gola, "Seb,' and 'Mundia') was found to be most prom
ising and is accepted by farmers of the region. Agro
horticulture with ber and grain legumes (clusterbean. 
greengram, and cowpea) is desirable to stabilize prodc:c
tion in drought years. Thus, In sub-normal rainfall 
years, the fruit harvest is assured even if the intercrop
ped legumes fail. In good rainfall years, this system is 
capable of producing 0.4 to 0.5 Mg/ha food grain, fruits 
(5.0 Mg/ha), fuel wood (1.5 to 2.0 Mg/ha), and 20 to 30 
days of grazing for 20 goats. Weight gains of 1.5 to 2.0 kg 
per animal can be achieved after the harvest of the fruit 
(Malhotra and Daulay, 1987). 

Conclusions 
Although intercropping of grain legumes with cereal 

and oilseed crops gives higher productivity and savings 
offertilizer nitrogen in normal and above-normal rainfall 
years, it is not capable of stabilizing yields in drought 
years. However, combinations of crops and perennial 
plant species like grass and ber (Ztzyphus mauritiana) 
can give sustained production, even in drought years. 
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Introduction 

Semiarid Ghana consists of two distinct vegetation 
zones-the Northern Guinea Savanna to the south and 
Sudan Savanna to the north. 

Semiarid Ghana extends from latitude 81N to 1 IN 
and from longitude lE to 3"W. The zone is bordered by 
the Republics of Togo to the east, Cote d'voire to the 
west. and Burkina Faso to the north. 

Semiarid Ghana is characterized by a dry season 
lasting from October to April. The rainy season lasts from 
May to September. Mean annual precipitation is about 
600 to 700 mm in the Sudan zone arid 900 mm in the 
Guinea Savanna. Rainfall patterns are very erratic and 
unpredictable. 

Lowest temperatures (about 15,C) are recorded in 
December/January when dry, cold harmattan winds 
blow from the Sahara Desert. Highest temperatures 
(37tC) occur around March/April. 

Soil types which occur on uplands of the Guinea 
Saanna zone are savanna Ochrosols. An example of 
these soils are the Tingoli series which is found on 
summits and upper slopes and can be regarded as 
Paleustalf or Plinthustalf in the Soil Taxonomy classifi
cation and chronic luvisol or plinthic luvisol in the FAO 
system. The Nyankpala s ,ries (Plinthustalfor Paleustalf 
-Soil Taxonomy: PlintLfc Lavisol, Albic Luvisol-FAO) 
occurs on the upper slopes and crests. 

The soils of the valley bottoms are the savanna 
Glelsols, exemplified by the Volta series (Vertic 
Tropaquepts-Soil Taxonomy: Eutric Gleysols or Dyst-
-icGleysols-FAO) (Serno and Van de Weg, 1985). Soils 
of the Sudan savanna are mostly Lithosols. Examples of 
these are Nangodi and Kolingo associations (Typic Us-
torthents-Soil Taxonomy: Eutric Cambisols-FAO). The 
lowlands are occupied by the Tropical Brown Earths. 
exemplified by the Yagha series (Typic Chromusterts-
Soil Taxonomy: Chromic Vertisols-FAO) (Serno and 
Van de Weg. 1985). 

The undisturbed vegetation of semiarid Ghana 
consists of a fire proclima,' tree savanna with changing 
species composition going from Guinea to the Sudan 
savanna zone (Sipkens and Nabila. in press). Common 
tree species in the Guinea Savanna zone are Butyrosper-
mum parkii. Parkiasp., and Bombax sp. (Sipkens and 
Nabila. in press). 

In the Sudanian zone, the vegetation consists of 

open grass savanna with scattered broad and fine
leaved trees. Common upland grasses are Heteropogon 
contortus and Cytmbopogon proximus. The tree flora 
predominant in this zone are Adansonia digitala and 
Acacia albida(Sipkens and Nabila. in press). 

Elevation within semiarid Ghana ranges from about 
60 m in the valleys of the Oti and main Volta up to 400 
to 460 in in the Gambaga and Komkori highlands (FAO, 
1967). 

Semiarid Ghana is traversed by tributaries of the 
Black Volta, White Volta, and Oti Rivers: these flow into 
Volta Lake. 

Cropping Systems 

A cropping system can be defined as the cropping 
patters used on a farm and their interaction with farm 
resources, other farm enterprises, and available tech
nology which determines their make-up. For purposes of 
description, the cropping systems of semiarid Ghana 
have been grouped Into classes based on dominance of 
specific components within the systems in the various 
locations. 

The Guinea Savanna Zone 

Four major cropping system regimes can be recog
nized in this zone (Table 1). These are the Western. 
Central. South-Eastern, and North-Eastern System 
(Nyankpala. 1983/84). 

The major crops of the zone and the percentage of 
cultivated area on which they were observed in selected 
settlements in each of the system regimes are shown in 
Table 2. 
Table 1. Areas allocation to major crop activities in the four 

syse reas oft in ea avor o ne 
system regimes of the Guinea Savanna Zone. 
Crop Activity Western Central 	 South- North

eastern eastern
 

% in 1982 
Sole cropping 12 8 12 4 
Mixed cereal 34 24 14 12 
Mixed cereal/legume 35 55 31 77 
Mixed rooterop/cereal 12 10 38 4 
Other 8 2 5 3 



Systems of Semiarid Ghana 785 

The Western System 

The western system regime is sparsely populated. 
The soils are mostly fertile, well-drained savanna Ochro
sols. The most conspicious cropping system is 
intercroppingof various kinds. The most popular cereal 

in these systems is sorghum followed by maize, while the 
predominant legume is cowpea (Vigna sp.). Some of the 
mixtures involve more than two crops. For example 
sorghum/maize/cowpeas systems are not uncommon, 

The major sole croppingactivity in this regime is the 
relatively large commercial maize farms that are sited 
around major urban settlements and along major routes. 
These farms are owned by wealthy businessmen and 
civil servants from the cities who have access to inputs 
such as fertilizer. Small plots of pure cowpeas are not 
uncommon on the fields of the peasant farmers in this 

area. Cassava cultivation has assumed commercial rele

vance in this regime. 

The Central System 

The central system covers ail area whose soils are 

less productive due to inherent low fertility levels or 

exhaustion due to permanent use. 

It can be described as a sorghum and maize based 

intercropping system (Table 2). Some common combina-

tions are sorghun/maize, maize/millet, sorghum/ 

groundnuts, maize /groundnuts, millet/groundnut. 

maize/cowpeas. and maize/sorghum/groundnuts. 
In the central system, yams are often intercropped 

and relay cropped with other food crops such as barn-

barra (1Voandzeia subterrane), soybeans, maize, millet, 
etc. Photosensitive pigeonpeas (Ccajanuscqjan)are grown 

as hedge crops along the periphery of farms. 
The land around homesteads, often enriched by 

arehouseholds refuse and domestic animal dung. 

cropped to very special crops such as early maturing 

mai.. . tobacco, and tomatoes (Lycopersicon esculon
turn). 

Major urbanite farmers who have access to fai'ming 
inputs such as fertilizers and credit facilities cultivate 
maize, groundnut. and cotton as sole crops. 

Among the peasant farms, crops that are often 
grown as pure stands are cotton (Gossypium sp.), vege-
tables such as okra (Hibiscus esculentus), pepper 

(Capsicum sp.). eggplants (Solantmt melongena var. es
culentum), tomatoes (Lycopersicon esculenturn), and 
bambarra nuts (Voandzeia subterrarte). 

The South Eastern System 

The southeastern system covers a region of a more 
reliable season and good soil conditions due to relatively 
high inherent fertility. From Table I, it is the only system 
regime where root crops occur in highest percentage of 
cultivated area. From Table 2. it is the regime where yam 
is of significant importance in the cropping systems. 

Common intercropping systems in this regime are 
sorghum/maize. sorghum/groundnut. maize/ground
nut, sorghum/ maize/groundnut, and yam/millet. Pi-

The North Eastern System 

This regime is characterized by the Gambaga scarp. 

a prominent range of high lands in semiarid Ghana. 

Common cereals in order of relevance are pearl millet. 

sorghum, and maize. 

Intercroppingsystems prevalent on the periphery of 

the scarpare pearl millet/sorghum. pearl millet/ground

nuts. and pearl millet/cowpeas. On the plateau of the 

scarp, maize features prominently in the crop mixtures. 

This region is the exclusive area where solecropping 

of millet is known to occur. Also sr -all plots of pure 

stands of maize, groundnuts. and cowpea occur on 

peasant farms. 

The Sudan Savanna Zone 

Two major cropping system regions can be distin
guished in this zone. These are referred to as the Upper 

East system and the Upper West system. 

The Upper East System 

The ecology, both soil and climate, of this region is 
relatively unfavorable for agricultural productivity due 
to large pebble proportions of the upland lithosols. 
Potential soil erosion hazards are very high. In this 
rather harsh environment. emphasis in crop production 

Table 2. Area under major crops in five villages within the Guinea Savanna Zone. 

Crop Nakpanduri Nanmbu nigo Wantugu Nakpala Napka 
(North eastern) (Central) (Central) (Western) (S.E.) 

Maize (Zea mays L.) 12.7 79.0 84.7 55.6 61.0 
Sorghum (Sorghum sp.) 14.9 16.0 59.0 78.3 46.6 
Pearl millet lPennsetum 

arnericanum (L.) Leeblel 95.5 71.0 25.5 21.4 .,7 
Cowpeas (Vigna sinensis) 57.4 46.2 42.4 33.4 14.9 
Groundnuts (Arachissp.) 21.4 40.4 72.8 16.2 45.6 
Yam (Dioscoreasp.) 0 9.2 6.5 11.3 35.4 

NB: Figures represent the %of total cultivated areas which a crop is found, sole or in association with other crops (Nyankpala 1984
85). 
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is on prevention of crop failure. Cropping systems, 
therefore, tend to be very complex. 

Common intercroppingsystems of this regime are 
early millet/late millet, early millet/sorghum, early mfllkt/ 
cowpea, early millet/groundnut, early millet/late mil-
let/sorghum/cowpeas/groundnut, etc. Bambarra nuts 
occasionally are grown in the cropping systems. Kenaf,
for both vegetable and rope, is often planted on these 
farms as hedge crops. 

Sole cropping is relatively rare in this regime. The 
most common sole crops are groundnuts and bambarra 
groundnut. Tobacco is cultivated as a sole crop, but in 
sequence with paddy rice (Oryza sativa L.) in small 
valleys. 

The Upper West System 

Soils of this area are more heterogenous and the 
occurrence of pockets of fertile soils is more common. 
Intercropplngis the main cropping practice in this re-
gime. Several crops such as sorghum, millet, ground
nuts, and cowpeas are all planted on mounds. Pure 
stands of crops are very rare in this regime. Commercial 
cultivation of cotton in some parts by farmers associa-
tions is gradually gaining popularity. 

Special Systems 

There are certain cropping practices that are either 
not indigenous to traditional farming in semiarid Ghana 
or are highly localized. 

Lowland Rainfed Rice Farming 

These fields, which occur across the whole of semi-
arid Ghana, include marshy areas uf valleys, natural 
depressions, and relatively flat river basirs where hydro-
morphic soils occur and the fields are seasonally flooded. 
Commercial farmers from the cities utilize these fields 
for small to medium scale commercial paddy cultivation. 
(Sipkens and Nabila, in press). 

Based on recommendation by FAO to the Ghana 
Government (FAO, 1967), three out of the 95 medium 
scale irrigation projects proposed for semiarid Ghana 
have been constructed. These are the Tono Vea and 
Botanga projects. Irrigable areas of these projects are 
2490 ha. 850 ha, and 420 ha, respectively. Crops grown 
on these sites are paddy rice in the rainy season and 
again paddy rice, tomatoes, onions, pepper. and other 
vegetables in the dry season. 

Small dams and dug-outs were constructed in the 
Sudan zone by the government shortly after independ
ence. They are currently utilized for small scale irriga
tions of fields in the dry season to produce paddy rice and 
vegetables such as tomatoes, onions, and pepper. 

Constraints to Crop Production 

In semi-arid Ghana, major constraints to the pro-
ductivity of our cropping systems are low inherent soil 

fertility (low N and P), hazardous effects of monocrop
ping, soil erosion problems, lowyieldingvarieties, inade
quate populations or plant stands, pests and disease 
infestations, weather aberations. and, finally, lack of 
capital to invest. 

Research 

The Nyankpala Agricultural Experiment Station (a 
Ghanalan-German co-operative project of agricultural 
research) located 16 km west of Tamale has the mandate 
of research into the constraints which limit crop produc
tion in semiarid Ghana. Research activities at Nyankpaia 
include breeding the major crops of the region for 
improved yields and resistance to major pests disease, 
soil fertility, entomological, economic, and adaptive 
research. 

Breeding 

A common objective of all breeding programs at 
Nyankpala is to identify superior genotypes through 
hybridization or selection from introduced material to 
replace the local cultivars. Superior genotypes of all 

crops have been identified and rleased to farmers. 

Soil Fertilty 
Most soils of the Sudan Savanna of semiarid Ghana 

are inherently poor due to the granitic parent material 
from which they were derived. Except parts of the 
Westeni system and North Eastern system of the Guinea 
Savanna Zone, most other soils of semiarid Ghana are 
poor in N and P due to overuse or misuse. Research at 
Nyankpala has reveaied that all non-leguminous crops 
respond to phosphorous. The threshold optimum levels 
for these nutrients are 90 kg/ha N and 45 kg/ha P20, 
(Nyankpala Annual Report, 1982/83/84/85/86). Le
gumes respond to P. but work on this was not done at 
Nyankpala. 

Agronomy 

Agronomic research concentrates on detennining 
optimum population densities of crops, determining 
best planting time of crops, establishing compatible 
crops and patterns in intercropping, determining favor
able sequences in rotations, and studying tillage effects 
on the crops of the region. Considerable progress has 
been made in all these programs. 

Entomoloov 

Research in entomology has so far been concen

trated on pest surveys and identifying suitable alterna
tive control measures to expensive synthetic chemical 
application. Attention has so far been concentrated on 
cowpea since this crop seems to be most susreptible to 
pest damage. 
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the complexities of our cropping systems. The con-Economic Research 
straints in our environment determine the productivity 
of these systems and the research activities constituteAgricultural economists at Nyankpala Station con-

centrate on identifying socio-economic and other con- an attempt to improve the performance of the systems. 

straints limiting yields on farmers' fields. They also Efforts in this direction need further emphasis as little 

study farming systems of the region with the view of has been done so far. 
describing farming ana cropping patterns and practices. 
Their findings constitute the basis for formulating re
search objectives on the station. 	 References 
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Introduction 

The dryland farming area in China can be divided 
into two regions (Fig. 1). The first, the area to the north 
of the Yellow River, Huai River, and Qing-Lin Mountain, 
is located around the 400 mm isohyet stretching from 
the northeast to the southwest of China. To the west of 
the isohyet, the annual precipitation is below 400 mm, 
the most part is arid or semiarid, and the aridity is above 
1.5. To the east, the annual precipitation is 400 to 800 
mm, and the aridity is 1.0-1.5. Therefore, this area 
belongs to the subhumid regime and is the main dryland
farming area in China. The second, the area to the south 
of the Yellow River, Huai River, and Qing-Lin Mountain, 
is the main rice (Oryza sativa L.) growing area in China 
because of the moist climate. Annual precipitation is 

" -..
 
"........... .
 L". 


- 400 aohy.t -..... 800 ,sohy.t 

Figure 1. The two regions of dryfarming in China. 

above 800 mm and aridity is below 1.0. In this area. 
however, there are about 20,000.000 ha of hilly drylands 
with poor irrigated facilities and little rainfall in the 
second half of the year, which causes serious water 
shortages. Crop yield is unstable, but of great potential. 
The important strategy, therefore, in the development of 
agriculture for the future is to improve yields on the 
dryland areas in China. 

This paper discusses the cropping system ofdryland 
farming in the inland provinces of southeastern China, 
such as Jiangxl and Hunan. 

Climate and Soil Condition
 

The inland provinces in Southeast China lie in the 
subtropical zone to the south of the middle reaches of 
Yangtze River, aad have a warm climate and abundant 
rainfall. The frost-free period is 250 to 300 days, the 
annual precipitation is 1300 to 1500 mm, and the 
evaporation capacity is about 1600 mm. The photo
thermo-hydro condition is favorable to growing crops 
year round, and usually double or triple cropping is 
practiced. Dry autumns and winters, however, often 
occur due to the northward movement of the summer 
monsoon circulation from July to December. Rainfall 
from July to September and from October to December 
accounts for only 15 and 10% of the annual rainfall, 
respectively. Evaporation capacity reaches about 250 
mm.The cycle of water content in dryland coincides 
nearly with that of the rainfall. 

R dsoil, which is mainly distributed over the hills 
with an elevation of 20 to '0 m and mountains with an 
elevation below 600 mm, accounts for 40 to 50% of the 
total area in the region. The parent material mainly is the 
red clay of the Quatemary period, distributed over the 

Table 1. Nutrient availability in the arable layer of low-yielding dryland of red soil. 

Name of pH Organic Total Total Exchangeable
soil matter N PE bases 

g/kg g/kg g/kg Equivalents/ 
100 g soil

Red loam 5.5 14.7 0.93 0.83 3.42 
Red clay 5.8 9.6 0.74 0.76 3.16 
Red sand 5.5 8.4 0.71 0.72 3.19 
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low, hilly land with an elevation below 50 m. 
The low-yielding dryland accounts for about 60% of 

red soil crop production, relating closely to the limiting 
factors inherent in red soil, such as "acidity," "infertil-
ity," "clay," ah~d "dryness." Table 1 shows the available 
nutrient content in dryland soil. 

Main Dryland Cropping Patterns 

The main purposes of cultivation on the low, hilly 
land are to prevent soil erosion in the wet seasons, to 
prevent water loss in the dry seasons, and to improve soil 
fertility. Owing to the abundant labor, as well as the 
suitable climate, the triple-interplanting cropping pat-
tern has been used in southeastern China. In farmers' 
saying, the pattern is called "the rooi is always in the 
soil." The main pattern in which grain is taken as the 
staple crop is as follows: wheat (Thticum aestivum) or 
barley (Hordeumvulgare)-- soybean (Glycine maxi (in-
terplanted in April) -- sesame (Sesamumindicum), millet 
(Pennisetum americanum), or sweet potato (Ipomoea 
batatas)(interplanted in July). 

The intercropping of wheat with soybean in the wet 
seasons can decrease soil erosion and conserve water, 
and sesame and millet are drought-tolerant crops with 
relatively stable yield in the dry seasons. If sweet potato 
is interplanted, evaporation can be decreased because 
its vigorous leaf growth increases the covered area of the 
soil surface. The yield of this pattern is as follows: 
wheat-800 kg/ha, soybean-1000 kg/ha, sweet po-
tato--0,000 kg/ha, sesame-500 kg/ha, and millet-
1500 kg/ha. 

In recent years, the improved cropping pattern, 
two-belt (part)rotation and triple-interplanting cropping 
systems, has been developed on the t:asis of the cropping 
pattern mentioned above, with the yield being 15,000 
kg/ha in Cili County of Hunan province. The details are 
outlined in Table 2. For this system, the land is divided 
into plots, and the plot into two planting belts. The plot 
width is 2 m and belt width is 1m. Crops are rotated in 
two belts year by year. Wheat and sweet potato are 

interplanted in the first year. The next year, green 
manure and maize (Zea mays L.) are !nterplanted in the 
same belts. The advantage ofthis pattern is remarkable. 

Interplanting two lines of maize in a 1-in wide belt 
can decrease the shading of wheat during the common 
growth period of the two crr,ps. Sweet potato growing 
between rows of maize can intercept 45% of direct light. 
So, the total utilization efficiency of light energy of these 
three crops can be increased from 0.8 to 1.15%. With 
this cropping pattern, maize and sweet potato can be 
sown earlier and evaporation can be decreased because 
of the earlier covering of the soil surface by leaves. 

The improved pattern can promote both food and 
manure production. Green manure planted in the open 
spaces before and after the maize planting belts can be 
used as the base manure for the maize and wheat. Thus, 
this cropping system, in which one soil belt is utilized 
and the other fertilized, can prevent the decline of soil 
fertility. The soil analyses showed that, compared with 
the traditional crop~ping pattern, the N concentration of 
soil in the maize belt is 0.023 g/kg higher and the 
content of organic matter is 1. 1 g/kg higher. The higher 
soil fertility in the maize belt also favors wheat growth. 

The improved pattern can also promote forage 
production, which favors the combination of agriculture 
and animal husbandry. Spring maize in the maize belt is 
usually harvested around July. The wheat is not sown 
until 100 days later, during which time short-growth
period forage crops, green manure, or vegetables can be 
interplanted. These crops not only are used as forage, 
but also can reduce evaporation. Usually, the sowing 
and maturing of soybean, lima bean (Phaseoluslunatus) 
and string bean (Phaseolussp.) is at the same time as 
that of maize. The nitrogen fixation root nodule and 
leaves of these crops can improve soil fertility. If late
maturing soybean and green manure are interplanted 
during the middle growth stage ofthe maize, thIese crops 
can also grow vigorously as long as the field management 
is strengthened. After maize harvest, short-duration 
green manure crops such as radish (Raphanussativus) 
and sesbania (Sesbanic.sp.)orvegetables can be planted, 
yielding 10,000 to 15,000kg/ha. ifgreen bean (Phaseolus 

Table 2. Two-belt (part) rotation ?.d triple-interplanting cropping system. 

First year 
Wheat-sweet potato belt Corn-autumn crop belt 

Nov.-Mar. Wheat (sowing-tillering) Green manure or green forage 
Im 1m 

Apr.-May Wheat (heading-maturing) Corn (sowing-seedling) 
Im Im 

June-July Sweet potato (seedling growing) Corn (heading-maturing) 
Im Im 

Aug.-Oct. Sweet potato (root tuber growing) Autumr crop (sowing-maturing) 
Im Im 

Second year 
Two-belt crops change their locations. 

http:Sesbanic.sp
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sp.) Is planted for forage purposes, around 5000 kg/ha 
can be harvested. Thus, the abundant forage will pro-
mote the development of animal husbandry. 

On mountains with slopes above 25 degrees, tea 
(Thea sinensts) and ramie (Boehmeria nivea can be 
grown.Also, mulberry (Morussp.) and orange (Citn-ssp.) 
orchards can be developed in the micro-regions, 

Main Dryland Crop 


Management Measures 


Dryness Is the leading factor hind'ring dryland crop 
productirn In the inland provinces of Southeast China. 
As thu water supply is Inproved, the other hindering 
fnctors such as clay, infertility, and acidity can be solved 
gradually. So, the emphasis of cultivation should be put 
on preventing drought. 

The most important measure Is the covering 3; toil. 
is possible for crop stems always to d! .ipere over the 

soil by rotated cropping and triple-crop Interplanting. 
Under this cropping pattern, the soli is alhvays covered 
by leaves of crops in both dry and wet seasons. Thus, 
evaporation can he reduced in the dry seasons and water 
can be retained in the wet seasons. It is cald "green 
covering." 

Another covering method is straw mulching or yollow 

covering." Covering soil with straw during the seedling 
stage can decrease evaporation and preserve soil water 
in the dry seasons. With straw covering, water content in 
soil can be enhanced by 17.7% in the dry seasons and 
the organic matter concentration is enhanced by 0.2 to 
0.8 g/kg. The CO2 concentration among plants Is in
creased by 0.054 to 0.068%. Granular aggregates are 
increased by 30%, volume weight of sol' declines by 
8.3%, and the number of earthworms increases greatly. 
Green forage crops with short growth periods not only 
protect bare soils and enhance the soil fertility, but also 
increase forage yields. In the triple-cropping pattern, 
legume green manure, forage, and vegetable crops are 
interplanted before and after the maize growth stage. 
Constant green covering In the dry seasons, therefore. 
decreases the bare soil surface and increases soil fertil
itv. The analysis of available soil nutrients shows that 
the content of organic matter, total N, and total P in the 
arable layer of red dryland soil are increased from 6.4. 
0.4, and 0.36 g/kg to 12.1, 0.66, and 0.67 g/kg, respec
tively. after planting green manure for 3 years. 

Use of minimuim tillage in the dry seasons, i.e., 
cultivating only once before sowing winter wheat, is 
playing a significant role In reducing evaporation. For 
other crops, interplanting among the plants of the first 
crop is used. 
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Introduction 

The Upper Benue Valley of Cameroon covering an 
area of about 424,000 ha (Scetagri-Sogreah, 1984) is 
located beside the Benue River in the Northern Province. 
This semiarid region is situated approximately in lati-
tude 90 north. The soils in the valley are mostly Vertisols. 
Due to construction of a hydroelectric dam at Lagdo 
(about 70 km from South - Eastern Garoua), the tradi-
tional cropping system' was somewhat disturbed. Since 
this dam also offered irrigation possibilities, a plan was 
drawn to put 13.500 ha ofland under irrigation (Scetagri 
- Sogreah. 1984), and an experimental farm (the Ferme 
Experimentalede Karewa, FEK) was created in 1978 to 
research on cropping systci,.s that can benefit small 
farmers. The present study was, therefore, conducted to 
evaluate the suitability of various crop rotations with or 
without irrigation, 

Materials and Methods 

Three separate but non-replicated trials were con
ducted from 1983 to 1985 at Karewa primarily to identify 
suitable crop rotation under Irrigated or rainfed condi-
tions (Table 1). 

In the first experiment cairied out during RS83 
DS84, RS84, and DS85, three plots were planted to 
maize (Zeamays,variety TZ01B), corpea (Vigna unguicu
lata,variety TV3236), and sorghum (Sorghum vulgare, 
variety S34), respectively the fourth plot, which was the 
control plot, was left fallow during the rainy season (RS). 
In the dry season (DS). muskwari (Sorghum dura,vari-
ety Adjagamari) was planted in all four plots. 

In the second trial carried out under irrigation, 
paddy rice (Orizasativa,variety IR 46) was grown during 
RS while in DS. th,- four 30- by 30-m 2 plots were planted 
to maize, wheat (Triticum sativum, variety VEERY), 
muskwarl, and cowpea, ,espectively. 

A third set of trials carried out during the same 
period, but in only three plots, was in addition d-signed 
to study impact of three tillage systems : zero tillage (ZT), 
minimum tillage (MT), and conventional tillage (CT) on 
rice yield. Cherwlcal weed control was used in ZT plot, 
while mounted cultivator and disc plow plus mounted 

'The traditional cropping system in the valley was based on one 
single crop per year. the muskwari (Sorghum dura) which, 
because of flooding or fallowing oicurring during the rainy 
season, was grown only in the dry season.
2RS83 : rainy season of 1983: DS84 : dry season of 1984 : etc. 

disc harrows were used for land preparation in MT and 
CT plots, respectively. All operations were performed 
prior to flooding. 

Plantingdensitywas 125kgseed/ha, giving250,000, 
50,000, 12,500, 62,500, 66,500, and 20,000 plants/ha 
for wheat, rice, maize, muskwari, sorghum, and cowpea, 
respectively. Level of fertilizer applied was 150-75-75, 
90-60-60,90-45-45,0-0-0,60-40-40, and 0-60-0 kg/ha 
of NPK for the respective crops. Grain yield was taken 
from the whole plot prior to conversion to Mg per ha. 

Results and Discussion 

Mean grain yield of maize, cowpea, and sorghum 
averaged for two rainy seasons and that of muskwari for 
two dry seasons as affected by rotation involving muskwarl 
are presented in Tables 2 and 3. The results showed that 
maize, cowpea, and sorghum yields in muskwari rota-

Table 1.Characterization ofthe experimental site (from Ambassa-
Kiki et al., 1987). 

Parameters Characteristics 
Coordinates:Coordinates: 

Latitude 9' 11' North 
Longitude 130 34 East 
Altitude 200 m 

Annual rainfall, 886 
E.T." (mm) 1651 
Mean temperature, (C) 28 
Annual sunshine hours 2016 
Annual humidity, (%) 54 

GeologySoil classification Alluvial sandsVern.gol with poor drainage 

Soil characteristics 
(depth in cm) 0-18 18-32 
pH (120) 6.1 6.2 
CEC (meq/100 g) 13.34 21.64 
Organic carbon (g/kg) 7.5 5.9 

Clay (g/kg) 330 490 
Silt (g/kg) 340 300 
Sands (g/kg 330 210 

Bulk density of undisturbed 
sample (Mg/m) 1.55 1.54 

Average of 5 years. 
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Table 2. Effect of various crops/muskwari rotation on grain 
yields of these crops in rainfed conditions, 

Grain yields 
Plot No. Crops RS 83 RS 84 Mean 

Mg/ha 
1 Maize 2.8 3.0 2.9 
2 Cowpea 1.8 1.8 1.8 
3 Sorghum 2.6 2.7 2.65 
4 (Fallow) - -

Table 3. Effect of various crops/muskwar rotation on grain 
yields of muskwari in rainfed conditions. 

Grain yields
Plot 	 No. DS 84 DS 85 Mean 

-
Mg/ha 

1 1.1 	 1.6 1.35 
2 1.3 	 1.4 1.35 
3 1.2 	 0.7 0.95 
4 1.2 1.0 1.10 

Mean 1.2 1.2 -

Table 4. Effect of rice/various crop rotation on grain yields of 
rice under irrigation. 

Grain yields
 
Plot No. RS 83 
 RS 84 Mean 

Mg/ha 
1 6.2 	 6.4 6.3 
2 6.4 	 6.2 6.3 
3 6.5 	 6.5 6.5 
4 6.5 6.1 6.3 

Mean 6.4 6.3 

Table 5. Effect of rice/various crops rotation on grain yields of 
these crops under irrigation. 

Grain yields 
Plot No. Crops DS 84 DS 85 Mean 

Mg/ha 

I Maize 1.2 1.5 1.35 
2 Wheat 0.6 0.8 0.70 
3 Muskwari 0.8 1.0 0.90 
4 Cowpea 0.9 0.9 0.90 

tion were not different from the yields obtained in other 
types ofcrop rotations. However, the second year results 
(Table 3) showed slight increases in grain yield of 
muskwari harvested from maize and cowpea plots (grain 
yield advantage of 0.5 and 0.1 Mg/ha. respectively) and 
a slight decrease of yield (0.5 Mg/ha) obtained from the 
sorghum plot. The depressive effect ofsorghum could be 
due to the fact that muskwari is not fertilized and both 

crops (muskwari and sorghum) compete for the same 
nutrients. 

Under irrigated conditions with the rice/various 
crops rotation, rice yield was satisfactory (Table 4), while 
those of the other crops (maize, wheat, and cowpea) were 
very low (Table 5). This could be due to the climatic 
conditions during the DS (low humidity, high diurnal 
temperatures, low temperatures at night in December 
and January), which did not favor maize, wheat, and 

Table 6. Effect of rotation and tillage system on grain yields 
of rice. 

Tillage Seasons 
systems RS 83 DS 84 RS 84 DS 85 Mean 

Mg/ha 

ZT 6.2 5.1 6.4 6.0 5.9 
MT 6.3 4.9 6.5 5.6 5.8 
CT 5.9 4.5 6.3 5.9 5.7 

Mean ° 6.1 ab 4.8 c 6.4 a 5.8 b -

Season's values followed by the same letter do not differ 
significantly at the 5% level of probability. 

cowpea, and to the fact that the plots, with bunds, were 
specifically prepared for paddy rice cultivation and might 
not have been suitable for the other crops.

Under inigated conditions with the rice/rice rota
tion in the tillage-system trial, although one may observe 
a slight depressive effect during the DS due to cold 
temperatures at night in December, the results were 
quite interesting (Table 6). The analyses of variance 
showcd no interaction between tillage systems and 

seasons, but showed a significant difference at the 5%
level of probability among the seasons. 

Conclusions 
I. 	 Under rainfed conditions, growing maize or cowpea 

in RS and muskwari in DS instead of fallowing or 
growing sorghum in RS is more profitable. 

2. 	 With irrigation, due to the specific way of land 
prepa,-Ing requirements and the imbient climatic 
conditions in DS, rice/rice rotation is the best as 

compared to rice/maize, rice/wheat, ricc/muskwari, and rice/cow-pea rotations. 
3. 	 With irrigation, land preparation type does not 

interact with rice grain yields, meaning that it is 
more economical to use zero tillage than minimum 

tillage or conventional tillage. 
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Introductiozi 

For more than 100 years, residents of the United 

States Great Plains have been planting trees and shrubs 
to improve living conditions and protect property fram 
climatic extreme. Ealy settlers dug seedlings from 

stream banks and other locations to plant around their 
homesites. Later generations imported seedlings fiom 

other areas. Mo'nv of these species were unadapted to 
their new environment and failed to produce the desired 
results. 

In response to the need for hetter adapted plant 
materials, ti,. U. S. Department ot'Agriculture (USDA), 
Bureau of Plant Industry, initiated tree planting experi-
ments at locations throughout the Great Plains in the 
early 1900s (Read, 1964). In 1912, the USDA Bureau of 
Plant Industry Dryland Field Station at Tucumeari(presentlytheAgrculturalScienceCenteratTucumcari) 

was established. The center is 5 km northeast of 
Tucumcari, in Quay County, New Mexico. The center is 

located at latitude 3512' north and longitude 103041 , 

west, at an elevation of 1250 m (Kirksey. 1987). 
In 1923, the Center became actively involved in the 

performance evaluation of tree and shrub species. Many 
of these original plantings still exist today. This paper 

discusses the long-term growth and survival of these 
dryland plantings arid offers general guidelines to their 
suitability for different uses in this environment, 

1rocedures 

Annual reports and original notes by Donald R. 
Burnham , Superintendent of the Center from 1922 to 
1952, were used to compile data on the dryland tree and 
shrub plantings. The trees and shrubs In this study were 
originally from three separate, but adjacent plantings. 
The soil in all plantings is a loamy fine sand (Ross and 
Pease, 1974). The plantings were initiated in different 
years, but have been managed nearly the same in terms 
of cultural practices. 

The first larf.:-scale tree planting at the center began 
in spring 1923. The distance between rows in this 
planting was 7.6 m. Individual transplants were placed 
in the center of a 5-m plowed strip, spaced 3 rn apart 
within the row. All plants were watered at the time of 

planting and occasionally thereafter during the first 

growing season. After that time. no supplemental irriga
tion was provided. 

The second species planting was in 1931. Species in 
this test were transplanted in contour rows immediately 
north ofthe first planting.The distancebetween the rows 

varied according to the contour of the land, but was at 
least 7.6 m. except where double rows were planted. The 

trees were transplanted in single rows in the center of a 
5.5-ni cultivated strip or in double rows 3.7 m apart in 

the center of the cultivated strip. Spacing within the row 

varied according to the species planted. Trees in this 
planting received only one watering, immediately after 

planting. 
The third major planting was in 1938. This planting 

was immediately south of the first planting. Species were 
transplanted in contour rows with a minimum of 6.4 m 
between rows. All plantings except Chilopsis linearis 

were planted as single rows. Plantings were made in the 
center of a 1-m cultivated strip. In 1945, the cultivated 
strips were widened to 4.5 m to reduce competition from 
grasses. Plant spacing within the rows varied according 
to the species planted. Frees in this planting were 
watered often during the year of establishment and 
received no supplemental water thereafter. 

From planting until 1949, all plantings were clean 
cultivated. For several years after the initial plantings, 
dead trees were replaced on an annual basis. Replace
ments received supplemental water similar to the origi
nal planting. 

Since 1949, the trees and shrubs in all plantings 
have received no care or maintenance other than the 
removal of dead plants. Cattle have been allowed to 
seasonally graze the pastures containing these plant
ings since 1969. 

Annual reports and original notes by D. R. Burnham 
(1922-1950) were used to obtain historical information 
on the plantings. Although these records were incom
plete, they provided periodic summaries on plant condi
tions and survivals between the years 1923 and 1949. In 
summer 1987, data were collected on all living trees and 
shrubs. Percentage of survival was calculated for all 
species. The height of surviving plants was measured. 
Average crown width was determined for each plant by 
averaging its north-south and east-west crown widths at 
their widest points. The amount of dead wood in each 
tree was estimated by visual observation. 
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Table 1. Survival, height, crown width, and dead wood estimate for tree and shrub plantings near Tucumcarl, New Mexico, 
19b7. 

Number of 
Scientific Name Plantings Trees 

Caraganaarborescens 1 48 
Caryaillinoensis 5 23 
Cerctscanadensts 2 13 
Chilopsis linearis 2 55 
Cotinus coggygria 3 18 
Cupressus arizonica 3 22 
Fraxnusamericana 2 10 
Gymnocladus dioica 2 6 
Juglans ngra 7 28 
Juniperus ashei 1 5 
Juniperus chinensis pfitzeriana 3 15 
Juniperus horizontalis 2 12 
Juniperus monosperma 2 18 
Junlperus pachyphlaea 1 5 
Juniperus pinchoW 1 5 
Juniperus sabina 1 10 
Juniperus scopulorum 5 65 
Juniperus virginlana 10 126 
Moms alba tatarlca 4 267 
Morus rubra 5 119 
Pinus edults 5 142 
Pinus ponderosa 8 222 
Prunuspersica 1 10 
Tamarix amurensis 1 20 
Thuja ortentalts 6 219 
Thuja orientalis'B3aker' 4 20 
ThuJa ortentalis 'Berkman' 2 29 
Thuja orientalts 'Excelsa' 2 17 
Thuja orientalts 'Goldspire' 1 10 
"iuja orientalts 'Gractilts' 1 5 
Ulmus pumila 6 413 
Ziziphusjujuba 4 33 

Climate 

Climatic conditions during the period covered by 
this study (1923 to 1987) have been extremely variable, 
Annual precipitation has ranged from a low of 156 mm 
in 1934 to a high of 888 mm In 1941 (Kirksey, 1987). 
Several years near the beginning of the study received 
below-normal amounts of precipitation. The planting 
years (1929, 1934, 1946, and 1947) each had less than 
75% of the normal precipitation (398 mm). Tempera-
tures during the study have ranged from an all-time high 
of 420C (1080F) in 1939 and 1957 to a record low -300 C 
(-220F) in 1963. During the study, the length of growing 
season ranged from a minimum of 136 days in 1945 to 
a maximum of 217 days in 1941. Average length of 
growing season is 188 days. 

Results 

Although historical data were available for 97 differ-
ent species, long-term survival rates were calculated for 
only 59 species. The other species had insufficient data 
to accurately determine survivability. Excluded from the 

Percent 
survival 

Average 
Crown 

Height (cm) width (cm) 

Percent 
dead wood 
estimate 

56 1.0 1.3 5 
9 2.6 2.1 12 

23 0.4 1.3 0 
100 2.6 2.8 38 

6 3.3 3.1 5 
32 6.4 5.1 28 
10 4.4 3.3 95 
83 3.0 3.1 42 

4 3.5 2.5 90 
100 4.0 4.9 0 
73 1.2 3.7 15 
17 1.3 6.2 0 
50 4.0 5.0 1 

100 4.1 5.2 2 
100 3.9 4.9 0 

10 0.6 0.5 0 
17 4.1 4.4 20 
41 4.1 4.9 8 
13 2.7 2.4 53 
5 2.6 2.4 59 

19 6.0 4.3 4 
3 3.1 2.8 8 

20 4.2 7.1 42 
15 2.1 2.0 83 
51 5.4 3.8 0 
70 2.9 1.6 0 
93 2.8 2.1 0 
71 2.3 1.4 0 

100 2.8 2.9 0 
100 4.2 2.2 0 

2 3.6 3.4 11 
79 4.2 3.0 21 

study, due to their small number of observations, were 
26 species that originally had fewer than 5 plants each, 
and 12 species that had only one planting date and no 
plants that became well established. For these species, 
it was impossible to determine whether mortality was 
due to unfavorable climatic conditions at the time of 
planting or the lack of adaptation by the species. 

There were 26 species that had no surviving plants 
in 1987. Included in this group were eight species that 
showed little promise of adaptation. Plants of these 
species began to die soon after planting. These species 
were Swedish juniper (Juniperuscommunis suecica), 
Black Hills spruce (Piceaglauca),Colorado spruce (Picea 
pungens), Jack pine, (Pinusbanksiana),Austrian pine 
(Pinus nigra), Scots pine (Pinussylvestris), Sycamore 
(Platanus occidentalis), and Buffaloberry (Shepherdia 
argentea). Each species had been planted in at least 3 
different years. Most trees of each species were dead 
within 8 years after planting, and all were dead by 1987. 
Species in this group are not adapted to the dryland 
conditions of this study area. 

A second group of 18 tree and shrub species had 
good short-term survival rates, but no survivals in 1987. 
These species were Northern Catalpa (Catalpaspeciosa), 
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Hackberry (Celtls occidentalis), Green ash (Fraxinus species is not adapted to long-term dryland use at this 

pennsylvanica),Arizona ash (Fraxlnus velutinaglabra). location. 

Honeylocust (Gleditsia triacanthos),Althea or Rose-of- The Kentucky coffee tree (Gymnocladus diolca)had 

Sharon (Hibicussyriacus), Waukegan juniper (Junipe- a high survival rate (83%), but also had a high dead wood 

rus horizontalis douglassi), Crabapple (Malus spp.), rating (42%). This tree produces a large bean-like seed 

Chinaberry or Texas umbrella tree (Mella azedarach pod and would make an attractive specimen planting. 

unbracullfera),Apricot(Prunusarmeniaca). Hanson plum Black walnut (Juglans nigra) is not adapted to 

(Prunuscistena), Sand plum (Prunus angustfolia wat- dryland production in this area. Only one tree of this 

soniO, Seedling peach (Prunuscostena), Tamarixhispida, species was alive in 1987 and it was in extremely poor 

Tamarlx odessana,American linden (Tlia americana), condition as indicated by its dead wood rating of 90%. 

American elm (Ulmus americana), and Japanese elm Aschi juniper (J. oshei), Aligator juniper (J. pachy

(Ulmus japonica). For a period of 4 to 20 years after phlaea), and Pinchot Juniper (J. pinchotii) had survival 

planting, each of these species had survival rates in rates of 100%. One-seeded juniper (J. monosperma)had 

excess of 50%, but none were alive in 1937. The only time a survival rate of 50%, but all deaths of this species 

a species in this group should be considered for dryland occurred within the first year after planting. Survival 

plantings is when the planting is to be of a relatively thereafter was 100%. Survival statistics for Eastern 

short duration. redcedar (J. virginiana)are similar. The long-term stir-

None of the original planting of soapberry (Sapindus vival rate for this species was 4 1%. When death losses 

drummondii were alive in 1987, but there were a number during the first year after planting are excluded, long

of volunteer plants of the species near the original term survival improves to 84%. Rocky mountain juniper 

planting site. Although the species is not adapted to (J. scopulorum)had a low survival rate (17%). Average 

long-term dryland plantings, it may be suitable for plant height for all of the above Juniperusspecies was 

short-term use. near 4.0 cm. All these species, except J. s-opulonim. are 

Thirty-two species had original plants surviving in adapted to dryland windbreak use. 

1987 (Table 1). These species are discussed individually Three species of spreadingjuniper were included in 

in the following section. the study. Pfitzer juniper (J. chinensis pfitzeriana)had 

Siberian pea-tree (Caraganaarborescens) had a an average survival rate of 73% and was the best

survival rate of 56% and an average height of 1.0 m. Due adapted prostrate juniper in this study. Creeping juni

to the number of vacancies in the planted row, this per (J. horizonitalis) and Savinjuniper (J. sabina)had low 

species would be marginally adapted to long-term wind- survival rates (17 and 10%, respectively). 

break use at this location. Performance of the Russian mulberry (Morus alba 

Pecan (Carya illinoensis) did poorly in terms of tatarica)and Red mulberry (Monis rubra) was ver 

survival (9%) and growth (2.6 in). It is not adapted to similar. Both species had low survival rates (13% and 

dryland fruit production or ornamental use at this 5%), average heights near 2.6 m, and large amounts of 

location, dead wood (53% and 59%). Neither species is well-

Eastcrn redbud (Cerciscanadensis)had a low sur- adapted to long-term dryland use at this location, but 

vival rate (23%) and lost height since being transplanted may be suitable to short-term planting-. 

in 1928 and 1929. Planting height for this species was Only two species of pine had survivors in 1987. 

1.5 to 1.8 m. In 1987, average height was only 0.4 m. Pinyon pine (Pinus edulis)was the second ,allest species 

Eastern redbud is not adapted to dryland use at this in the study with an average height of 6.0 in. Although 

location. the long-term survival rate for Pinyon was low (19%), 

Desertwillow (Chilopsis linearis)was the only de- most deaths occurred within 2 years after planting. 

ciduous species with a 100% survival rate. For the first When the first 2 years after establishment are excluded 

few years after planting, the plants were cut back every from the survival calculations, survival increases to 

winter to within 0.6 m of the soil surface. Plants had not 75%. Ponderosa pine (Pinusponderosa)had a low sur

been cut back since 1949. Desertwillow makes an excel- vival rate (3%), but unlike Pinyon pine, most deaths 

lent flowering ornamental and would be useful as a occurred after the first few years of establishment. 

hedge row or the initial rows of a multi-row windbreak. Among the Pinus species, Pinyon pine is best adapted to 

Smoke tree (Cotinus coggyria)had a very low sur- long-term dryland use at this location. Although Pinyon 

vival rate (6%), and was not adapted to dryland plantings is difficult to establish, it would make a good species for 

at this location. windbreak plantings. 

Arizona cypress (Cupressusarizonica)had an aver- The flowering peach (Prunuspersica)had a low long

age height of 6.4 m and was the tallest species in the term survival rate (20%) and a high percentage of dead 

study. The species had a large amount of dead wood wood (42%). This species is marginally adapted for 

(28%). Arizona cypress makes an attractive ornamental, ornamental use. 
but low survival (32%) and susceptibility to freeze and Only one tamarisk (Tamarixamurensis)had survi

wind damage make it unsuitable for windbreak use at vors in 1987. Due to its low survival rate (15%) and large 

this lo ition. amount of dead wood (83%), this species would be poorly 

White ash (Fraxlnusamericana) had a 70% survival adapted to dryland conditions at this location. 

rate in 1942, which decreased to only 10% in 1987. The Six varieties of Chinese arborvitae (Thtjaorientalis) 

surviving plant of this species was about 95% dead. This were included in the study. T. orientalis'Goldspire' and 
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T. orientalts'Gracillis' had survival rates of 100%. When 
first and second year deaths were excluded from the 
survival calculations, the remaining arborvitae (T. 
orientalis 'Baker', T. orlentalis ' Berkman', T. orientalis 
'Excelsa', and an unnamed species) had long-term sur-
vival rates exceeding 90%. All named varieties of arbor-
vitae would make excellent specimen plantings. The only 
non-compact form of arborvitae, the unnamed species, 
would be well suited for windbreak use. With an average 
height of 5.4 m, this species was taller than all species 
ofJuniper in this study. 

Siberian elm (Ulmus pumila)had an extremely low 
survival rate (2%) and is poorly adapted to long-term use 
at this location. During years of good precipitation, 
Siberian elm grows rapidly, but during years of low 
precipitation, the species dies back never to regain its 
attractive appearance (Burnham, 1940). Siberian elm 
should only be used in situations where short-term, 
rapid growth is a primary consideration. 

Ziziphusjujuba, the jujube or false date, had one of 
the better survival rates for a deciduous tree (79%). This 
thorny tree formed dense thickets at this location. The 
species would make excellent wildlife cover. Due to its 
thorny growth and spreading nature, caution should be 
used when considering this tree for other uses. 

SunMiMay 

Only three deciduous species, desertwillow, Ken-
tucky coffee tree, and Jujube, had good long-term sur-
vival rates. Several conifers had good rates of survival, 
the most outstanding of which were the Chinese arbor-

vitae. When first and second year deaths were excluded 
from the survival calculations, all varieties of Chinese 
arborvitae had survival rates in excess of 90%. Six 
upright species ofjuniper had good survival rates when 
death losses during the first year after planting were 
excluded. Of the five pine species in the study, only the 
Pinyon and Ponderosa had long-term survivals. 

The reader should be aware that the low survival 
rates for some species could be the result of factors that 
were unique to this study. For example, the low survival 
rate for Ponderosa pine. a widely used windbreak spe
cies, may be the consequence of an unadapted seed 
source, poor quality planting stock, or poor planting 
techniques. Undoubtedly, those species that had good 
survival rates are adapted to long-term sarvival at this 
location. With additional testing, some of the poorer 
performing species could prove to be adapted to dryland 
conditions at this location. 
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Introduction 

Cowpea IVigna unguiculata(L) Walp.] is an impor-
tant food legume in the semiarid tropics of West Africa 
(SATWA) where more than 70% of the world cowpea is 
produced. Cowpeas play an important role in the subsis-
tence farming of the region. Cropping systems are pre-
dominantly mixed and cereal-based. The most impor-
tant cereals are pearl millet (Pennisetumglaucum(L.) R. 
Br.] and sorghum [Sorghumbicolor(L.)Moench]. Produc-
tion of cowpeas is unstable due to the inherent low yield 
potential of local landraces and their susceptibility to 

pests and diseases. Most local varieties are of long
duration and grown without any chemical protection 
against insect pests. Consequently, average grain yields 
range from 0.20 to 0.30 Mg/ha. In this paper. we 
examine production alternatives for intensifying cowpea 
production in SATWA. 

Crop Improvement 

Traditional cowpea cultivars of SATWA require a 
growing season of 80 to 120 days. Shorter cycle culti-
vars, requiring 65 days to maturity, would be more 
effective at the drier boundary of the semiarid zone 
wherethedurationofanormalrainyseasonisfromJune 
to September. Traditional cultivars often remain vegeta-
tive till the end of September; however, if rains end early, 
yields are poor. 

Research at the International Institute of Tropical 
Agriculture has emphasized development of short cycle, 

photoperiod-insensitive cowpea cultivars resistant to 
diseases and insects. Many of these cultivars mature in 

55 to 75 days and have opened the possibility of success
ful sole cropping in areas with a short rainy season, relay 
cropping in relatively longer rainfall zones, and inter
cropping with cereals (Singh and Ntare, 1985). Trials 
conducted at Sadore Niger in 1984, an extreme drought 
year (total annual rainfall 261 mm) showed that early
maturing cultivars can produce grain while the local 
cultivars fail because the growth cycle was much longer 
than the length of the rainy season and they could be 
harvested only for fodder. 

Cowpea in Intercropping Systems 

Intercrop systems in SATWA are dependent on the 
duration of the growing season and the water storage ca
pacity of the soil. The most common combination is 
millet with cowpeas, particularly in the drier northern 
areas. 0:'er combinations such as millet/sorghum. 
sorghum/cowpea, and millet/sorghum/cowpea are also 
found. From these systems, the farmers seek a full cereal 
grain yield, with additional cowpea grain and fodder. 
Farmers use these systems to reduce risks and spread 
labor requirements (Norman, 1974). Research efforts 
have been aimed at improving these systems without 
radically changing them. 

In the short rainy season environments of SATWA, 
growing two crops together will require crop combina
tions that are complementary. Therefore, a screening 
program was initiated in 1984 at the ICRISAT Sahelian 

Table 1. Grain yield of cowpea and millet from three sowing dates of morphologically different cowpea. ISC, Niger., 

Planting times 

Millet/cowpea. same day 
Cowpea. 6 days after millet 
Cowpea, 25 days after millet 
SE cowpea 
SE millet 

Average over two years, 1985 and 1986. 
b No grain production on late cultivar. 
(Source: ICRISAT, 1987) 

Cowpea Millet Cowpea Millet Cowpea Millet 
(early (early (late 
erect) spreading) maturing)" 

Mg/ha 
0.25 1.02 0.34 0.80 0.45 
0.19 0.93 0.18 0.97 0.65 
0.095 1.20 0.09 1.03 1.08 

±0.054 
±0,063 
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Table 2. Effect of row arrangement on yield of early maturing Table 3. Grain yield of an early maturing cowpea and millet at 
cowpea and millet intercropped at ISC, Niger., different cowpea densities in Niger., 

Cowpea Millet Spacing of cowpea
 
Planting system Grain Fodder grain along pearl millet row Cowpea Millet
 

Mg/ha Mg/ha
 
Sole millet - - 1.03 Plant 10 cm apart 0.49 0.99
 
Millet/cowpea, alternate rows 0.51 0.59 0.71 Plants 30 cm apart 0.46 1.11
 
Millet/cowpea, paired rows 0.58 0.72 0.79 Plants 50 cm apart 0.37 1.25
 
Sole cowpea 0.96 1.12 - Plants 100 cm apart 0.22 1.45
 
SE ±0.057 ±0.094 ±0.110 Traditionalb NA, 0.81
 

SE +0.045 +0.014
 
'Average over two cropping seasons, 1985 and 1986.
 
(Source: ICRISAT, 1987) over two cropping seasons, 1985 and 1986.
aAverage 

bLate spreading cultivar intercropped 100 cm apart between 
Center (ISC) tu identify compatible combinations of millet rows. 
millet and cowpea genotypes. Millet yields were not cNA - No grain produced. 
greatly affected by the presence of an early-maturing (Source: ICRISAT, 1987) 

cowpea when soil fertility and water were not limiting 
(Table 1). gen (N) requirements through symbiotic N fixation by 

indigenous Rhizobium. In the absence of adequate N 
fertilization for cereals, grain yields are lowered In situ-

Agronomic management ations that favor cowpea competition, such as high 
cowpea density (Seraflni, 1985). Research findings at 
ISC have shown that mixed cropping systems can be 

Sowing Dates, Patterns, and Densities Intensified and made more productive by increasing
Traditionally, pearl millet is sown after the first plant densities of the component crops and applying

Irainally dpea 2appropriate amounts offertilizers, particularly P (Fussell
useful rainfall and cowpeas 2 to 6 weeks later at very low et al., 1987). 

densities (1 000 to 10,000 plants/ha). In such combina

tions, cowpea grain yield is low. Studies were conducted 
to determine the effects of manipulating date of sowing Crop Rotations 
and spacing on yields of the two crops. In one experi- Yield of cereals that follow 
ment, three morphologically different types of cowpea Yed of cere.s979).falowcowpeas are oftenim(early erect, early spreading, and late prostrate types) proved (Girl and De, 1979). although very little informa
wearyereomparlby so ing, ad slatneosleth) tion is available in West Africa on the effects of rotatingwere compared by sowing cowpea sinm ltaneously withmil t w h o p .A t eIS ,r s rc rs av b guamillet, and at 6 and 25 days after millet. Yields of early- millet with cowpeas. At the ISC, researchers have begun
milleat nd atw6eas were hisfter milet. Yield ear- to quantify the utilization of residual N and P from the
maturingously withcowpeasor shortlywereafterhighestthe milletwhen(Tablesown1).simultane-The late- cwe crop. nta niaeta that cowpea-dercowpea rp Initial eutresults indicate opadr
murig cotir roducafted nogrina millet(Table1).Thrivedmaturing cultvar produced no grain and reduced millet 

N and P have a positive effect on subsequent millety ed I R S T 9 8 .A o p aI ann np p l r 
yields when the two crops were sown on the same day. yields (ICRISAT, 1988). As cowpea is gaining in popular-Productofocowpea grain was negligible when cowpea ity as a cash crop In the region, it may become more 
Production odesirable to use purchased inputs such as fertilizers. 
was planted 3 weeks after millet. This was likely due to Enhancing cowpea yields through fertilization may re
early competition and shading of the cowpeas by millet. sultnIng ea yields the folizaon. 

In another experiment, early-maturing, spreading 
cowpeas were sown in alternate and paired parallel 
rows. Cowpea grain and fodder and millet grain yields Conclusion 
were somewhat higher in paired rows than in alternate 
rows (Table 2). Increasing the density of an early
maturing cowpea intercropped with millet did not re- lesearch findings reported herein demonstrate that 
duce the mllletyield belowthat ofthe traditional cowpea/ the millet/cowpea cropping system can be intensified 
millet Intercrop (Table 3). Thus, covrpea performance and made more productive by an appropriate choice of 
may be improved without adversely affecting millet cultivars for both crops, manipulating agronomic fac
yields by manipulating row arrangements, planting dates, tots such as row arrangemtnts and densities of compo
and densities of the two crops. nent crops, and increasing the use of fertilizers. 

Soil Fertility References 

Soils of SATWA are deficient in organiccowpeasmatter and Fussell, L.K., P.G.Seraflni, and 1987.phosporus(P), yet fertilizer use on is negli- A.Bationo, M.C.KlalJ. 
phosphorus (Management practices to increase yield and yield stability of 
gible. After nodulation, cowpea meets much of its nitro- pearl millet in Africa. p.255-268. In Proceedings of the 
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Introduction 

Peanuts (Arachis hypogaea L.) are an important 
worldwide food source. Much ofthe world's crop is grown 
under dryland (rainfed) conditions. An example of the 
disastrous effect of drought plus high temperature on 
peanut production occurred in the U.S.A. In 1980, there 
was a 40 to 50%reduction in peanut production through-
out the peanut belt. Although widespread dought may 
be rare. localized droughts have caused reduced peanut 
production in most years. Peanut production was 
hampered by lack of water in Mainland China in 1986 
and 1987 (USDA-FAS, 1988). Low average yields of 
peanut in Australia are attributed to limited water 
availability because most of the crop is grown under 
rainfed conditions (Middleton, 1980). In South Africa. 
about 80% of the peanuts are grown Linder rainfed 
conditions (South African Departnent of Agricultural 
Water Supply, 1986). The above examples illustrate: 1) 
the importance of worldwide peanut production on 
rainfed agriculture, and 21 the need to stabilize produc-
tion. 

Production Areas and Productivity 

Figure 1 shows the percentage of total world area 
and production of the six major peanut-producing re-
gions in the world. Asia. Africa, and North America are 
1st. 2nd, and 3rd, respectively. However, productivity 

WORLD PEANUT PRODUCTION 1985-86 
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Figure 1. Six major peanut producing regions in 
the world. 

(Mg/ha) is highest in the U.S.A. (2.97). followed by
Europe (1.5), South America (1.48), Australia (1.16), 
Asia (1.12), and Africa (0.77) (USDA. 1987). A major 
reason for low productivity is temporal rainfall patterns. 
Table 1 shows some examples of the extent of rainfed 
pea'-'ut production in some principal peanut-producing 
countries. An interesting comparison is noted between 
productivity in the southeastern (Alabama) and mid-
Atlantic (Virginia) areas with the southwestern area 
(Texasand Oklahoma). Approximately two to three times 
as Much rainfall occurs in the eastern states (1100 to 
1400 mm) than in tile semiarid southwest (400 to 700 
mm) during a -normal" peanut growing season. Also, 
rainfall patterns are usually more erratic in the South
west. This difference in potential rainfall is clearly indi
cated in the production potential of the two regions 
under rainfed conditions (Table 1). However. high tern-
Table 1. Examples of area and/or production of peanuts under 
rainfed conditions. 

Country Rainfed area as percentage Productivity 
of total area 

% kg/ha
 
China  1962.1 
India 	 87 655 
South Africa 80 537-743, 
United States 

Alabama 80 2531 (3304)" 
Florida 6065 _ 
Georgia 56, _ 

North Carolina 86" 2576 
Oklahoma 29 15689 
Texas 50 12889 
Virginia 85-90 3024 (3472)" 

1987 crop USDA-FAS. rainfed area is unknown, but irrigation
 
facilities are limited.
 

1985 rainfed crop. July-October (Personal communication,
 
R.C. 	Nageswara. ICRISAT, India).


1986 crop. drought occurred.
 
crop, heat and drought occurred, number In (I expected 

yield (Personal coIunication. Dallas L. -fartzod. Extension 
Agrononist. Alabana). 
'Personal connnunication. Fred M. Shokes. Florida; John P.Beasley. J, Georgia: and Gene A. Sullivan, N. Carolina.ea lev" t. 

IProduction based on rainfed area alone Is not available. 
1986 crop. harvested acres. USDA-Nat. Agric. Stat. Service. 

Washington, D.C.1'1987 crop, heat and drought occurred, number In () expected 
yield (Personal conmmnication, Allen H. Allislon. Extension 
Agronomist. Virginia). 
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perature, another climatic factor, adds further con-
straint to peanut production under rainfed conditions. 
Table 2 shows an association between low rainfall, 
number of high-temperature days in July and August, 
and peanut yield at one location in Oklahoma. Compare 
1981 with 1.982-84 and these years with 1985 and 1986. 
Correlations (r2) of seasonal rainfall with the upper and 
lower yield ranges were 0.88 and 0.90, respectively, P < 
0.01 (Fig. 2). 

Synchronization of Plant Ontogeny 

with Rainfall Patterns 

Peanut growing seasons range from as short as 75 
to 110 days in semiarid regions to as long as 160 to 180 
days in temperate regions. Because of this diversity, it 
seems essential to synchronize the growing season with 
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Figure 2. Rainfed yield (high and low range) of 
peanut genotypes at Perkins, Oklahoma, 1981-
1987. 

prevailing rainfall patterns to obtain the highest possible 
rainfed productivity. Using 30 years rainfall data, Vir
mani and Singh (198b) calculated a moisture-availabil
ity index (MAl) for a number of locations in the semiarid 
tropics (SAT). Probability estimates were made of suc
cessful growing season length and the months when this 
would occur. Their results clearly showed that timely 
rains during the growing season would be needed to 
maintain productivity. Annual monitoringofwateravaila
bility for the crop has been developed by FAO and 
adopted by several countries (Frere. 1986). An index 
determined from the degree that crop water needs were 

met was highly correlated with yield compared to rainfall 

alone. 
Efforts are in progress to develop cultivars with 

appropriate niatu-ity for the length of the available 
growing season as dictated by available water (Dancette 
and Forest, 1986; Khaliaoui and Annerose. 1986). A 90
day cultivar was best adapted for Bambey. Senegal, in 
terms of water availability and use, and ET/ETO ratio in 
relation to crop phenology. 

Development of
 
Drought-Resistant Cultivars
 

Gautreau (1966a, 1966b. 1970, 1977) determined 
traits associated with peanut drought resistance 

were: 1) higher germination of seeds at high osmotic 
concentration, 2) more rapid seedling growth recovery 
from heat treatment or reduced water. 3) lower relative 

transpiration rates, and 4) more negative leaf water 
potentials. Both resistant early and late cultivars that 

have good potential have been selected with these crite
ria (Bockelee-Morvan et al., 1974). The tendency in the 
U.S.A. has been breeding of Virginia-runner type culti

vars with longer growing season (140 to 180 days), but 
with higher yield potential. 

However, Spanish types have been observed to be 

Table 2. Rainfall and number of days with high temperatures for July and August, during eight peanut-growing seasons at 
Perkins, Oklahoma., 

-Totals 
July August July + Season Yield range 

Temperature' Monthly Temperature Monthly August June- (Rainfed 
Year 35-38 >38 rainfall 35-38 >38 rainfall Days rainfall Oct. condition) 

No. of days mm No. of days mm no. mm kg/ha 

1980 6 24 1.3 10 13 39.6 53 40.9 - 
1981 12 6 124.2 2 0 128.5 20 252.7 477.5 2680-1600 
1982 5 0 94.2 9 7 8.4 21 102.6 210.6 820-290 
1983 11 8 0.5 20 8 24.4 47 24.9 210.1 680-540 
1984 11 7 1.3 15 7 39.1 40 40.4 221.9 400-30 
1985 13 1 121.2 13 0 61.4 27 182.6 610.0 3070-2230
 
1986 13 8 39.1 7 0 83.5 28 122.6 580.4 2270-1930
 
1987 10 4 35.4 9 13 42.0 36 77.4 354.2 1920-1510
 

dData are for experiments conducted at the Perkins, Oklahoma. Agronomy Farm in the years shown.
 
bThe average maximum temperatures (°C" in July and August were 38.9 and 37.7 in 1980, 32.8 and 30.0 in 1981, 32.2 and
 
35.0 in 1982. 35.6 and 37.2 in 1983, 35.6 and 36.1 in 1984. 34.0 and 33.0 in 1985, 37.0 and 33.0 in 1986, and 33.0 and 34.0 
in 1987, respectively. 



802 CroppingSystems 

more drought-resistant than Virginia types and exhibit 
some of the physiological criteria associated with drought 
resistance described above. The Spanish cultivar Co.1iet 
uws found to have more n ;gative leaf water potentials, 
somewhat higher osmotic adjustment, and higher ap-
oplastic water fraction that the drought-sensitive Flo-
runner cultivar. A selection from the Comet x Flov.unner 
cross (a Virginia-runner type like the Florunner parent) 
was intermediate but not significantly different from 
either parent, which suggests some genetic improve-
ment in drought resistance of the selection (Erickson 
and Ketring, 1985). 

Based on drought intensity and timing, Williams et 
al. (1986) were able to classify peanut genotypes into 
three groups: 1) below average yields in all droughts, 2) 
resistant or sensitive to specific drought patterns, and 3) 
resistant to all droughts. Physiological criteria luund for 
the drought-resistant cultivars were leaflet folding to 
reduce heat load from radiant energy, higher water use 
efficiency. differences in root extraction ofsoil water, and 
pod addition rate. 

Peanut genotypes have the root growth potential for 
extracting soil water to escape drought. Peanut roots 
extend to a depth of about 280 cm and extract water to 
about 240 cm in a deep fine sand (Boote et al., 1982). 
Pandey et al. (1984) found that peanut avoided drought 
better than soybean (Glycine max. L.) and mungbean 
(Vigna radiataL.) and attributed this to larger root 
densities at 40- and 80-cm soil depths. Peanut geno-

types extract water to a depth of 120 cm in a Teller loam 
soil (Ketring, unpublished). Considerable diversity in 
rooting traits has been found for peanut genotypes 
(Ketring et al.. 1982; Ketring, 1984). In addition, differ-
ences in apparent sap velocity were found among peanut 
genotypes under reduced soil water (Ketring et al., un-
published). 

When roots are unable to supply sufficient water to 

leaves to meet transpiration demands, stomata close 

and leaf temperatures rise. Membrane thermostability 
at elevated temperatures is the basis for a heat tolerance 
test. Leaf samples from field-grown peanuts showed 
significant differences among genotypes in membrane 
thermostability (Ketring, 1985). In 1983, which was the 
hottest and driest year of the 3 years (1981- 1983) (Table 
2) when the tests were conducted, the least membrane 
thermostability occurred. Membrane thermostability 
could be a trait that can be utilized to adapt the peanut 
crop to excessive field temperatures that frequently
cr todre sive cin 

occur under rainfecd conditions. 

Agronomic Practices for 

Rainfed PeaLut Production 


One strategy for growing rainfed peanuts in Okla-
homa is late planting (after June 20) of Spanish-type 
peanuts. The crop escapes drought until rains begin in 
late August or early September. The crop is harvested in 
late October (about 120 DAP). Yields are usually about 
the state average (Table 1) for rainfed peanuts. Observa-
tions of such late plantings also have been made in 

Texas. 
Another approach to maximize use of resources (soil 

water and light energy) is intercropping. In the rainfed 
SAT, both temporal and spatial intercropping with pi
geonpea (CajantiscajanL. Huth) and pearl millet (Penni
seturntyphoides L.), respectively, resulted in dry matter 
yield advantages over either sole crop (Willey et al.. 
1986). 

Recently calcium (Ca) has been found to alleviate 
water stress. Stressed leaves with higher Ca levels had 
higher relative water contents, and membranes from 
stressed leaves were less leaky than control leaves (Chari 
et al.. 1986). Gypsum applied at flowering to genotypes 
subsequently subjected to drought increased podinitia
tion and yield until the drought was relieved by irrigation 
(Williams et al., 1986). 
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The papers in this group pertained to the role of 
agroforestry and food crops in dryland farming situ-
atioris. The presentations focused on dryland cropping 
rotation strategies and intercrcpping schemes for con-
serving soil and water. There was a substantial amount 
of discussion on the utilization ,fcrop residues and land 
use values. 

In discussions on t'.rop residues, it was pointed out 
that the different residue uses consisted of soil surface 
management practices and socioeconomic benefits. As 
to soil surface management, the objectives of using crop 
residues are to protect the soil and conserve water for 
crop production. In the developed countries, the focus of 
crop residue research is on maintaining soil productiv-
ity: in developing countries, crop residues are used as 
feed for livestock, fuel for domestic purposes, and in the 
construction of homes and fences. Thus extremely little 
of the precious crop residues are available for maintain-
Ing soil productivity as practiced in the developed coun-
tries, 

Researchers from developing countries indicated 
that much of their research is directed toward the 
current land use based on domestic needs rather than 
on land capability. Presentations pointed out that land 
was being used to grow food crops because of the small 
farm size and the demand for food by the farm family, 
while the land may be better adapted to trev crops or 
other crops such as oilseeds and fiber. The real concern 
expressed was that a different land use based on s.,, 
capability could well reward the farmer with greater 
economic returns by growing industrial-type crops rather 
than low returns now received by producing food crops. 

The presentations, both verbal and poster, provided 
a general overview of progress being made to improve 
cropping systems in the developed and developing coun-
tries. A point was made that windbreaks are demon-
strating successes in Africa through increased crop 
yields, erosion control, wood products, and a socio-
economic gain for small farmers. Agroforestry schemes 
in semiarid areas where nitrogen-fixing wood species are 
being used, such as alley cropping or scattered plant-
ings, contribute to improved soil fertility and higher 
stable grain yields, as well as providing fodder for 
livestock. 

Dryland agricultural research in semiarid West Africa 
demonstrated that land productivity can be increased 

through a well-managed crop rotation system using 
both cereal and legume crops. The crops used in the 
rotation included sorghum (Sorghum sp.), millet 
(Penntsetumsp.), and cowpeas (Vign sinensts. It was 
emphasized in the presentation that early-maturing 
crop varieties were needed to intensify production in low 
rainfall areas when following a rotation system. Other 
agronomic factors such as plant spacings, cropping 
patterns, and plant densities play an important role in 
rotation cropping systems. 

A major constraint in the agroforestry research area, 
discussed by the group, has been the difficulty of meas
uring the sociological impact on small farmers. The 
group suggested that more attention should be given to 
socioeconomic impact by social scientists on multidisci
plinary research teams. An economic analysis of agro
forestry research work would be particularly beneficial 
to determine the costs and benefits of Intercropping 
trees and food crops. Moreover, behavioral scientists 
could provide insights into the agroforestry farming 
system as to labor demands, life styles, and other social 
benefits that may or may not be important to the farm 
family and community. 

The group suggested that future research needs in 
cropping systems be focused on issues dealing with the 
following topics: 

1. Fertilizer treatments of leguminous woody species. 
Some of the group suggested that investigations be 
conducted to determine the effects of nitrogen, 
phosphorus, and micro elements on leguminous 
woody species. The studies should look at the growth 
of woody species, fodder and seed production, and 
the nutrient uptake of the plant. 

2. 	Impact of weeds. Since weeds are users of soil water 
reserves, it was suggested that the impact they have 
on crops in an intercropping aystem should be 
further explored to determine the detrimental ef
fects. 

3. 	Use of fruit and nut trees in an agroforestry system. 
The group suggested that fruit and nut trees be 
tested to determine their plausibility in an agro
forestry systems as contrasted with other types of 
woody species used for fuel, fodder, and wood. Fruit 
and nut trees, if adaptable, would provide improved 
nutrition as well as a source of cash income to small 
farmers. 
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239 Alternative Cropping Systems for Rainfed 
Agricultural Regions in Jordan - A Modelling Approach 

Abdullah A. Jaradat 
College of Agriculture, Jordan University of Science and Technology, Irbid, Jordan 

Introduction 

The dryland farming systems that were developed in 
Jordan and other Mediterranean countries more than 
2000yearsagowerebasedonadelicatebalancebetween 
crop and livestock systems, involving tree crops, range-
lands, cereals, and grazed fallow. This balance is being 
disturbed by rapid growth of population, soil erosion, 
extension of cropping areas to marginal lands, and 
uncontrolled increase of livestock numbers (Bakhtri, 
1980). 

Farmers in the drylands of Jordan operate within 
the following range of circumstances (Aresvik, 1976): 1) 
rainfall and soil fertility are adequate and only crop 
genotype limits crop yield, 2) rainfall and/or soil fertility 
are limiting with few external inputs, and 3) both rainfall 
and soil fertility are limiting with no external inputs, 

One ofthe great challenges to researchers in Jordan 
is how to raise productivity of the dryland farming areas 
of the country. Areas that merit the greatest attention 
are: increasing the biological efficiency of the cropping 
systems, managing soils to conserve water and fertility, 
and improving integration of livestock and crop produc
tion. Simulation models can be a valuable tool in this 
effort: many examples can be cited (e.g., Williams et al.. 
1984: Ritchie, 1988) to illustrate this use of models. 

Materials and Methods 

Agroecological Zones 

Two locations, representing the arid and semiarid 
zones of the country, were selected for the simulation 
study. Maru Dryland Research Station, which repre-
sents the semiarid wheat growing regions, is located 10 
km northeast of Irbid with an average rainfall of420 mm. 
The soil is a fine, montmorillonitic, thermic Entic Chro-
moxerert: it is deep, with relatively high clay content 
(550 g/kg), moderately drained, and neutral. Ramtha 
Dryland Research Station is located 20 km east of Irbid. 
It represents the arid barley (HordeumvulgareL.) grow-
ing regions in the country. Average rainfall is 240 mm. 
The soil is a very fine, montmorillonitic, thermic Typic 
Chromoxerert. It is a relatively deep (1.5 in), silt clay, 
well drained, and neutral soil (ACSAD, 1984). 

Traditional Cropping Systems 

Traditional agriculture in Jordan is characterized by 
a heavy reliance on low inputs and a fallow system 
(Watkins and Harvey, 1983). Conventional tillage in-

volves the use of unsuitable implements such as heavy 
disks and moldboard plows. Several tillage operations 
during a fallow period of 16 to 18 months are common. 
Fertilizers are not used at optimal rates and the native 
fertility of the soil is low. A common practice in the 
rainfed areas of Jordan is complete utilization of crop 
residues during the fallow period by grazing sheep and 
goats. The intensive grazing with animal traffic leaves 
the soil bare and highly vulnerable to wind and water 
erosion. Two-year crop rotations are widely practiced in 
the semiarid (350-500 mm) region: wheat (Triticum du
rum) is alternated with a grain legume crop, a summer 
crop, or with fallow. A 3-year crop rotation is practiced 
when annual rainfall exceeds 400 mm. In this case, 
wheat is grown in rotation with a summer crop, then a 
grain legume crop or fallow. Two-year crop rotations are 
predominant in the arid (<350 mm) regions: barley is 
alternated with fallow or, to a lesser extent, with lentil 
(Lens culinaris)(Loizides, 1980). Moreover, these crop
ping systems are not conducive to integrated crop/ 
livestock production (Bull, 1984). 
Simulated Cropping Systems 

CERES-Wheat model (Ritchie, 1988) and EPIC model 
(Williams et al., 1984) have been used to simulate wheat, 
barley, lentil, vetch (Vicia sativa), and medic (Medicago 
sp.) production in the arid and semiarid regions of Jor
dan. For each simulation, the cumulative probability 
plots, as described by Gnanadesican (1977), were used. 
A newly developed package of practices (JCCIP, 1984) 
was used and consisted of minimum tillage, timely 
sowing, optimum N and P fertilizer applications, and the 
use of seed drills and herbicides. A number of cropping 
systems, with or without crop residue during the fallow 
year, have been simulated for 20 years in the semiarid 
region. Detailed results of these simulations are pre
sented elsewhere (Jaradat, unpublished). Also, high 
yielding semidwarf wheat and barley genotypes were 
used. The inclusion ofa forage crop in the barley growing 
regions was simulated. This is necessary for the proper 
integration of crop and livestock production. The EPIC 
modelwasusedwith20to40yearsofactualrainfalldata 
to evaluate the effect of alternative management prac
tices and crop rotations on crop yields, to suggest alter
native cropping systems, and compare them with tradi
tional ones in arid and semiarid regions of the country. 

Results and Discussion 
A close association (r = 0.85, p<0.01) was found 

between rainfall and simulated wheat yield at Maru. The 
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use of local genotypes, traditional cultural practices, 
and late planting is reflected in the low simulated mean 
wheat and lentil yields (Fig. 1). However, the simulated 
yields are within the 95% confidence intervals for a4-tual 
mean wheat yield in that location (JCCIP, 1984). Figure 
I also shows that a local wheat genotype, with a maxi-
mum leaf area index (LAI) of 3, is not capable of respond-
ing to high rainfall (>500 mm). This finding is supported 
by yield data of a well fertilized local wheat genotype, 
which reached a maximum of 2.1 Mg/ha (JCCIP, 1984). 

The EPIC model was used to simulate an increasing 
level of external inputs and improved, high yielding crop 
genotypes. Results of some of these simulations are 
presented in Figure 2. In a wheat-lentil rotation, an 
improved lentil genotype gave a simulated mean and 
maximum yield of 0.82 and 1.6 Mg/ha, respectively, 
when traditional cultural practices were used. This 
represents 39 and 100% increases over mean and 
maximum yield ofa conventional genotype, respectively. 
Improved lentil genotypes have been shown to respond 
better to higher rainfall than conventional ones (Had-
dad, 1983). The impact of optimum N and P fertilizer 
applications, using the model's automatic fertilizer 
applicator, improved lentil genotype, and minimum 
tillage practices are shown in Figure 2. The simulated 
mean and maximum yields were 1.4 and 2.0 Mg/ha. 
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Figure 1. Effect of conventional genotype, tradi-
tional cultural practices, and rainfall on cumula-
tive yield probabilies for wheat and lentil in a 
semiarid region, 

respectively. This represents 70 and 35% increases in 
simulated mean and maximum yield, respectively, which 
can be attributed to minimumi tillage and optimum 
lertilizer application. The contribution of minimum till
age was estimated in a simulation where a semidwarf 
wheat genotype (LAI = 6.0) was well fertilized and planted 
before the onset of rainfall for the region. Whcn mini
mum tillage was used, the simulated mean yie!d was 2.3 
Mg/ha, however, simulated mean yie'ld of the same 
genotype dropped to 2.0 Mg/ha when conventional 
tillage was used. The 15% increase In simulated mean 
yield could be attributed to conserving more soil water 
and a better water use effeciency when fertilizers were 
applied (Loizides, 1980). 

A crop rotation of wheat alternated with lentil, both 
of which are fertilized and planted early in the season 
and using minimum tillage practices and a seed drill, 
could be one of the viable cropping systems for this 
agroecological zone. The maximum simulated yields of 
lentil and wheat were 2.0 and 3.2 Mg/ha, respectively. 
These findings are supported by results of long-term 
field experiments under similar environmental and 
edaphic conditions in southern Syria (Loizides, 1980). 

In the fallow-based simulated cropping systems, 
mean simulated yield of wheat with adequate N and P 
fertilizers (as determined by the model's automatic fer
tilizer applicator) was 15% higher for the 3-year rotation 
as compared with the control (Table 1). This indirectly 
indicates that fallow effeciency is low in this environ-

Theoretical and experimental results support this 
(Jaradat, unpublished). However, simulated 

Atlntil .trol Il ult01 P -tictsi, N.P. 

o LvtiiirW-d At-. - ti ., 

-,o 0 . 
5 £ A 00 a 0 

L A 
00

00 

000 
0 

ZA 0. 

A 
, 

25 A 
0 

0 
A 

A * 

0E ~ '.ttoilni~A.o 

A a 
__ _ _ _ _ _ __0_ _ _ _ _ _ _ 

0M.0 1.2 1.6 Z 2.5 2.8 3.2 

Mg h8 1 

Figure 2. Effect of crop rotation, cultural prac
tices, and N and P fertilizer on cumulative yield 
probabilities for improved wheat and lentil geno
types in a semiarid region. 

Table 1. Summary of fal low-based simulated cropping systems in a semi-arid region of Jordan. 

No. Rotation Fertilizer, Cultural Crop residue, 
N P practices 1.5 Mg/ha 

I F-W-Wb + + Improved Yes 
2 F-W-W + + Traditional No 
3 F-W-W + + Traditional Yes 
4 F-W-W .- Traditional No 
5 F-W -- Improved No 
6 F-W - Traditional No 
7 F-W (control) + + Improved Yes 

N =60 kg/ha. P = 30 kg P205/ha. 
6F = fallow, WV= wheat. 
,Yield of control was 2.3 Mg/ha. 
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Figure 3. Ef-ct of crop rotation, and N and P 
fertilizers oi.a cumulaftive yield probabilities offertlier on cumultivearid r i saoa* .Figure
barley and uic in or-arid region, 

wheat yields after fallow displayed a slightly lower year-
to-year variation than simulated wleat yields when crop 
residues were retained (Table 1). 

In the arid location, a 2-year rotation was simulated 
in combination with traditional and improved cultural 
practices, conventional and improved crop genotypes, 
and a forage crop ,alternated with barley. Although this 
region is not a typical lentil growing region, fanners grow 
lentil in rotation with barley during years of high rainfall. 
Farmers broadcast lentil seed in mid- to late-winter, 
thus avoiding the problem of winter weeds in their lentil 
crop (Haddad, 1983). 

In an effort to simulate the Australian ley-farming 
system (Bakhtri, 1980), medic and vetch have been used 
in rotations with barley. Figure 3 shows the results of 
alternative simulated crop rotations and management 
practices for the arid zone of Jordan. Cojitinuous barley 
with optimum N and P fertilizers averaged a simulated 
yield of 1. 19 Mg/ha. H1wever, when medic was intro-

duced in a rotation and only P fertilizer was applied, 
barley simulated mean yield was increased to 1.27 Mg/ 
ha. On the other hand, riedic averaged a simulated 
forage yield of 2.3 Mg/ha. In years of higher rainfall 
(>300 mm), a maximum simulated forage yield of 3.5 
Mg/ha could be obtained (data not presented). However, 
the average simulated barley yield, when alternated with 
lentil in a traditional cropping system, was about 1.0 
Mg/ha. 

As a modification of the ley-farming system, medic 
s rproject. 

was replaced by vetch that was cut green orharvested for 
seed and straw (Fig. 4). Ihe improved package of prac-
tices was used throughout the following simulation 
runs. Barley simulated mean yield after vetch harvested 
for seed was 1.2 Mg/ha; however, its simulated mean 
yield after vetch cut green increased by41% to reach 1.7 
Mg/ha. This increase was probably due to conserving 
more soil water in the latter case. Vetch, on the other 
hand, averaged 1.6 and 4.8 Mg/ha of simulated dry and 

fresh matter, respectively. The sharp rise in the proba-

bility plot of dry matter (Fig. 4) as compared with that of 
vetch cut green reflects a better response of vetch in 
producing more dry matter in years of above average 
rainfall. These simulated results are in agreement with 
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4. Effect of crop rotation, crop genotype,
and N and P ferilIzer on cumulative yield 
probabilities of barley and vetch in an arid region. 

yield data obtained in the same location. These simula
tions indicate that there is a good scope for bringing large 
dryland areas in Jordan under medic or vetch/barley 
rotation for developing pastures with a view to enhanc
ing the agricultural productivity. 
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Introduction 

Wheat (Triticum aestivum) and barley (Hordeurn 
vulgare)are grown in cvery region of Turkey as winter 
and spring crops. Most of them are winter crops, which 
are primarily produced on the Central Anatolian Plateau 
and on its eastern and southeastern extension and in 
Thrace. 

In these regions, fallow-wheat and/or fallow-barley 
have been the primary cropping sequences for centuries 
(Fig. 1). Fallow has been practiced not only because of 
the limited and variable annual precipitation, but due to 
the long tradition as well. This means that, in many 
regions, the land has not been used efficiently and the 
productive potential has not been reached, 

The first attempt in utilizing the fallow areas was 
made in late 1970s by Corum-Cankiri Rural Develop-
ment Project in the north transitional area. Tile success-
ful results obtained by this project served as a base for 
the next research and extension project: utilization of 
fallow areas (NAD). 

In order to delineate the fallow areas, an index was 
developed for each location by utilizing long-term mete-
orological data. Monthly total precipitation and monthly 
average temperatures within the growing period were 
used in calculation of the indexes. Each index was 
compared to the index belonging to a certain location 
that has been practicing annual cropping for many 
years. Similar locations were classified as the areas 
where fallow may possibly be utilized. 

Figure 1 shows the fallow and annual cropping 
areas. As is seen, fallow is required mainly in the Central 
Anatolian Plateau. 
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Figure 1. Possible areas for fallow and annual 
cropping in Turkey. 

Itvas decided that in the first step 1.4 million ha and 
in the second step 1.7 million ha of fallow areas could be 
utilized. The previous research data, farmers' practices, 
and agricultural structure of the area were taken into 
consideration, and certain crops were selected to be 
grown in rotation with small grains. In the pilot area (1.4 
million ha). lentil (Lens culinars), chickpea (Cicerart
etinum)and vetch (Vicia pannonica)were recommended 
for flat land, while sainfoin (Onobrychis sativa) was 
encouraged to be grown in the areas with a slope more 
than 8%. 

In order to reach the target, some incentives are 
given to the producers. The government adopted support 
prices for these crops. Additionaliy, farmers are entitled 
to obtain seed purchase and fertilizer credits. These 
incentives and measures hastened the adoption of the 
new practice. Supported by a strong extension program, 
the fallow areas decreased significantly within 4 years 
(1983-86). 

Fallow practice has been gradually abandoned not 
only in the project area but in many areas as well. Many 
farmers that were convinced of the benefits of the new 
practice began to crop annually. 

Research Program 

The NAD Project requires the contribution of tile 
research institutes in solving the problems of annual 
cropping. Four research institutes (Ankara, Eskisehir. 
Diyarbakir, and Erzurum) are responsible fordeveloping 
proper cultivars, management practices, and crop rota
tion systems. 

Crop Improvement Research 

Unavailability of disease-tolerant, high-yielding 
type legume cultivars has been the major limita

tion to productivity of chickpea and lentil crops. Current 
research priorities include the development of disease
resistant and winter-hardy cultivars. Recent efforts have 
been directed toward breeding large-seeded lines, too. 
Breeding tall and upright cultivars is also under consid
eration to improve adaptation to mechanical harvesting. 

The cultivars that have been developed by the na
tional project are currently being used in rotation stud

and crop management research. 

Crop Rotation Research 

Various crop rotation experiments are being con
ducted by four research institutes. Two-year, 3-year and 



Annual Croppingin Turkey 809 

Table 1. Soil water, nitrogen, and yield data obtained in 2-year rotation experiment. Haymana, 1982-1986. 

Soil Nitrogen Total Crop Wheat 
Treatments Moisture, NH, NOz, inorganic N yield" yield h 

mm kg/ha 
Sunflower-wheat 201 79 27 106 900 2780 
Winter lentil-wheat 238 106 30 136 1170 3140 
Spring lentil-wheat 209 107 30 137 940 2930 
Hungarian vetch-wheat 238 110 27 137 1850 3230 
Safflower-wheat 192 60 5 67 1010 2340 
Barlev-wheat 195 54 10 64 1790 1770 
Cumin-wheat 244 93 31 124 580 2860 
Chickpea-wheat 204 110 20 130 1430 2910 
Fallow-wheat 281 101 39 140 - 3230 

"Average of 2 years (1985-86). 
Average of 5 years (1982-86). 

4-year rotation experiments are being conducted for the soil profile was determined as ammonium and nitrate N. 

purpose of determining the fallow frequency and the Average values (Table 1) showed that ammonium N 

most economical crop rotations, provided by legumes was at least as much as fallow. The 

Data obtained from a 2-year rotation experimept will differences among the treatments were significant, and 

be given below, since sufficient data have already been legumes and fallow were in the same group. The results 

developed to get a global idea. also showed that 2/3 ofthe total ammonium N was in the 

In the 2-year rotation experiment, which is being upper layers of the profile. It decreased gradually with 

conducted by Field Crops Improvement Center (TARM). increasing depths. 

various crops are being rotated with wheat like Hungar- The amount of total nitrate N also differed signifi

ian vetch (Vicia pannonica),barley, and lentil as winter cantly among the treatments (Table 1), and the nitrate N 

crops, and chickpea, lentil, sunflower (Helianthusan- was significantly higher in fallow plots. The legumes 

nuus), and safflower (Carthamustinctorius)as spring except chickpea made up the second group. The lowest 

crops. These systems are being compared to the fallow- amount of nitrate N was in safflower and barley plots. In 

wheat sequence. The cropping periods within 26 months fallow plots, more than half of total nitrate N was in the 

(fallow year + wheat year) are given in Figure 2. 0 to 30-cm depth. 
The 2-year average of soil water and nitrogen data The data also indicated that fallow and legumes 

collected at wheat seeding time from the 0 to 120-cm soil were the best treatments providing the highest amount 

profile is given in Table 1. The differences among the of total inorganic nitrogen (Table 1). 

treatments were significant. Fallow was significantly According to the wheat yield data (Table 1), the 

better than other treatments in terms of water storage. legumes, particularly the winter crops, resulted in wheat 

The data indicated that the crops that complete their yields nearly as large as where fallow was used. 
growth before the onset of dry and hot period leave the 

highest amount of water for wheat. In other words. Crop Management Research 

winter legumes gain an advantage over the summer Determination of the rotation systems Is only one 

crops in the rotation system. Among the summer crops, part of the whole issue. Development of a proper man
legumes performed better than sunflower, safflower, agement package is very important, too. It is not only 

and barley. Results obtained with barley indicated that important for the rotating crop Itself, but for the wheat 
continuous small grain is not a proper cropping se- as well. Therefore, within the system, numerous expert
quence in terms of water accumulation. I. Pre rain piowing 4. Post rain plosing 

1.P r etin 5. Pos .p ,raino....
The N status of the rotation systems in 0 to 120-cm 

1?0 . - 5.. w. p aroadst
- rofstavao wv
 

3. - -Orotant 6. broadcast.sseepa longter. *onthly av. tesp. 


-- lonqter. total ionthly prep.
 

ria 860 84060 -3o . . I 

- .- al.30"'
 
-200
 

00.' " VII * VI 
50 60
 

winter crop% wheat I 2 3 4 5 6 Average
 

s .... r crops wheat a. Unweedy
 
fallow period wheat b. Wleedy
 

Figure 2. The cropping periods within a 26-month Figure 3. Effect of soil tillage systems on grain 
period. yield of winter vetch, Haymana, 1984 - 1987. 
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870 Figi'ie 6. Effect of seedbed preparation systems
950 and weed control on whestt yield, Haymana, 1985 

1987. 

' 9750 	 negative effect of weedy grain production of vetch on 
Ua 
 b 	 wheat yield was higher than weedy forage production.For the spring legume (lentil)-wheat system, another 

soil tillage experiment is being conducted under the 
conditions of Central Anatolian Plateau. Data are being 

a ii collected on soil water, some soil physical characteris
tics, and lentil and wheat yield. Four-year results are
given in Figures 5 and 6. As seen from Figure 5, fall 

I .Fall plowing+seep in spring+drilling 	 plowing plus sweep in spring and drilling yielded 24% 
11. 	 Broadcasting in spring+ploming more than broadcasting and covering the seed with 

moldboard under non -weedy condition. In comparison 
a. Unmeedy 	 to the non-weedy environment, the average yield de
b. Weedy crease was 13% under weedy condition in both tillage 

systems.
Effect of seedbed preparation systems on following

Figure 5. Effects of soil tillage and sowing method whet f seeded preparation and 
on lnti yild, 187.wheat 	 is given in Figure 6. The seedbed preparation andaymna,1984- seeding methods for spring lentil significantly affected 

ments are being conducted to determine the mutual the wheat yields in the second year. Seeding the lentil by
effects of the various practices like soil tillage, fertiliza- broadcasting plus plowing yielded 13% more compared
tion, weed control, etc. for each crop :n the system. to fall plowing plus sweep in spring and drilling due to 

The data obtained in a soil tillage experiment carried easier seedbed preparation for wheat in fall. Leaving the 
out in a winter legume (vctch)-wheat system are given in lentil weedy decreased the wheat yield 21% on the 
Figures 3 and 4. Data from three cycles are being average.
collected on soil water, grain and forage yield of vetch, In both experiments, the negative effect of soil tillage
and grain yield of wheat under weedy and non-weedy systems and weed competition was cumulative over the 
conditions. years.

Leaving the crop weedy reduced the grain yield In addition to these studies, seed and nitrogen rate 
significantly. The lowest yleld decrease was 29%. It could trials are also being carried out to determine the opti
be as high as 68%. Grain production negatively affected mum rates. Economic optima will be evaluated, too. 
theyield of the next crop. The wheat yield decreased 17% In order to resolve the weed problem, weed control 
compared to forage production of the previous crop. The trials are also being conducted. 
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Introduction 

The dryland farming system incorporating cereal 
crops and pasture leys (ley farming) became widely 

adopted in the cereal belt of temperate Australia in the 

1950s and led to an increase in cereal yields and 
livestock production. However, biological and economic 
constraints since the 1970s have applied considerable 
pressure to this system and have led farmers and 

researchers to investigate alternatives. There has been a 
trend towards more intensive cropping rotations, and 
the challenge has been to devise systems that allow 
intensive cropping while still maintaining soil fertility, 
soil structure, and crop yields, 

Against this background, a rotation trial was estab-
lished in 1977 to monitor the effects of intensive and 
traditional rotations on soil properties and crop produc-
tion. This paper summarizes data on crop yields and soil 
fertility changes during the first 10 years of the trial, 

Details of the Tarlee
 
Rotation Trial 


Site Details 

The rotation trial is located at Tarlee, 80 km north of 
Adelaide, on a hard-setting red-brown earth soil with a 
sandy loam texture. Some soil properties (0-10cm) at the 
start of the trial were: pH, 6.8; available phosphorus, 
0.054 g/kg; total N, 1.0 g/kg; organic carbon. 10.0 g/kg; 
and clay content. 140 g/kg. The mean annual rainfall is 
475 mm and growing season (April-October) rainfall is 
355 mm. The site had been farmed on a crop-pasture 
rotation before the trial began. 

Experimental Design and Treatments 

There are eight rotations x three stubble treatments, 
and these plots (6 m x 40 m) are split for three rates of 
N fertilizer. There are two replicates and two phases. The 
eight rotations are: (i)continuous wheat (Triticumaesti-
vum), (ii) wheat - barley (Hordeumvulgare). (iii) wheat 
field peas (Pisurnsativum), (iv) wheat - lupins (Lupinus 
angustifolius), (v) wheat - field beans (Vicia faba), (vi) 
wheat - volunteer annual pasture (grasses and broad-

leaf weeds plus medics, Medicagosp.), (vii) wheat - sown 
annual pasture (medics and subterranean clover. Trifo

lium sp.), and (viii) wheat - cultivated 9-month fallow. 
The three stubble treatments are: (i)stubble burned, (ii) 

stubble incorporated Into the soil, and (iii) stubble 

chopped and retained as a surface mulch. The three 
rates of N fertilizer are 0, 40. and 80 kg/ha of N as 

ammonium nitrate applied to wheat and barley plots 
only and incorporated by sowing. 

Cultural Methods 

After the initial stubble treatments, all plots are 
cultivated for pre-sowing weed control and seedbed 
preparation, but the number of cultivations has been 
reduced as better herbicides have become available. 
Herbicides are applied as necessary for in-crop weed 
control. The crops are sown in May-June, with I I kg/ha 
of phosphorus as single superphosphate. The pastures 
in the trial are topped during the growing season to 
simulate grazing. 

Results and Discussion 

Wheat Yields 

Rotations and N fertilizer have had marked effects 
on the yield of wheat (Table 1). Without N fertilizer, the 
best 10-year mean yields were in rotations with grain 
legumes, fallow, or sown pasture. Wheat in all rotations 
responded to N, but yields in continuous cereals with N 
fertilizer did not reach those in the legume rotations with 
no added N. In 1987, the highest wheat yield with no N 
fertilizer was after sown pasture. Yields in continuous 
cereals had further declined relative to the 10-year mean 

yields. 
Stubble treatments have had no consistent effect on 

wheat yield up to this stage. On two occasions, there has 
been an indirect effect when yields on stubble incorpo
ration or retention plots were depressed due to weed 
competition, while the wheat on stubble burn plots was 
weed free. 

There has been no interaction between stubble 
treatment and rate of N fertilizer. Thus, there is no 
evidence for a tie-up of available N where stubble is 
incorporated or retained and no evidence for a build-up 
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Table 1. Wheat yield In 1987 and averages for 1978 to 1987 showing effect of rotation and Nfertilizer (averaged for stubble 
treatment). 

1987 Mean 1978 - 1987 

Rotation N0 N40o N N40 N. 

Mg/ha 

Wheat/Wheat 
Wheat/Barley 
Wheat/Peas 
Wheat/lupins 
Wheat/Beans 
Wheat/Volunteer pasture 
Wheat/Sown pasture 
Wheat/Fallow 

0.76 
0.75 
1.97 
2.31 
2.11 
1.46 
2.39 
1.97 

1.35 
1.33 
2.51 
2.73 
2.66 
1.70 
2.54 
2.18 

1.73 
1.93 
2.61 
2.84 
2.73 
2.04 
2.50 
2.54 

1.10 
1.19 
2.03 
2.24 
2.26 
1.68 
1.96 
2.11 

1.72 
1.80 
2.47 
2.50 
2.50 
2.06 
2.28 
2.52 

1.95 
2.07 
2.44 
2.55 
2.58 
2.22 
2.34 
2.59 

LSD. 0.05 level - 1987 data, same previous crop: 237; other comparisons: 333.
 
- Mean 1978-1987 data, same previous crop: 75, other comparisons: 105.
 

of free-living N-fixing organisms as reported by Roper 
(1983). 

Water use efficiency of wheat ranged up to 1.09 kg/ 
m3 April - October rain (in wheat-lupins and wheat-
beans). After allowing for water loss of 170 mm by direct 
evaporation, the maximum efficiency of water tran-
spired was 1.82 kg/m 3. equal to 91% of potential pro-
duction as defined by French and Schultz (1984). 

Yields of Alternate Crops 

Barley responded to Nfertilizer applied each year in 
a wheat-barley rotation, with mean yields of 1.50, 2.28, 
and 2.57 Mg/ha on rates of 0, 40, and 80 kg/ha N, 
respectively. The grain legumes showed no response to 
N applied to the wheat phase. Beans averaged 2. 10 Mg/ 
ha, peas 1.43 Mg/ha, and lupins 1.10 Mg/ha. The 
annual production of sown pasture averaged 4.55 Mg/ 
ha dry matter In spring compared with 3.56 Mg/ha of 
volunteer pasture. 

The Effect on Soil Fertility 
Farmers are very aware of the importance of soil 

fertility and are keen to know the long-term effects of
their farmning practices. For example, when grain leg-

umes are harvested and removed, large amounts of N are 
taken from the system. In the wheat-beans rotation 
without N fertilizer, about 600 kg/ha of N has been 
removed in the wheat and bean seed compared with 200 
kg/ha for continuous wheat. With such large amounts 
of N being removed, farmers wonder what effect the 
legume crops are having on the levels of soil N and 
organic matter. After 10 years of the Tarlee rotation trial, 
the rotation and N fertilizer effects are significant and 
agriculturally important. 

Thefertility index 

A fertility index, based on total soil N and organic C 
values in the 0- to 10-cm layer, has been calculated, and 

changes In the index due to rotation effects over the 
period of the trial are shown in Table 2. Without N 
fertilizer, the wheat-sown pasture rotation has increased 
soil fertility, but wheat-volunteer pasture has had little 
effect. The wheat-grain legume rotations have lost fertil
ity, Indicating that these rotations cannot be sustained 
Indefinitely. However, grain yields are being maintained, 
suggesting that these rotations are still within the upper 
and lower levels of soil fertility required for efficient 
production (French et al., 1968). The exploitive wheat
fallow and continuous cereal rotations have lost about 
14% of Initial fertility, and grain yields are declining. 

The high rate of N fertilizer has raised the fertility 
index in all rotations (Table 2); this Is especially so in 
continuous cereals that receive the fertilizer every year. 

Where stubble is consistently burned, the loss of 
fertility has been greater than where stubble Is incorpo
rated into the soil or retained as a surface mulch (Table 
3). In continuous cereals with no N fertilizer. 23% of the 
Initial soil fertility has been lost where stubble is burned. 
The addition of N fertilizer slows the loss of fertility in all 
situations, with a small gain in cases.some Farmers 
have been advised to retain stubble to reduce the risk of 
soil erosion, to improve rainfall infiltration and reduceevaporation, and to improve soil structure. These data 

onasortilit ad oidrae eig to Tht ac 
on soil fertility add considerable weight to that advice. 

Soil nitrate-N Is higher In legume rotations than in 
those without a legume. This Is because of a N saving 
effect in the legume phase and mineralization of N-rich 
organic matter. Values are similar for all three stubble 
treatments. 

Other Effects 

All rotations and all stubble treatments are main
taining an adequate soil structure. Measurements of 
aggregate stability indicate a small advantage In the 

wheat-volunteer pasture plots; these are the only plots 
that are not cultivated every year. Reduced cultivations 
and increased reliance on herbicides may have pre
vented the loss of soil structure that could otherwise 
have occurred in the continuous cropping systems. 
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Table 2. Change in the fertility idex from 1977 to 1987, Table 3. Change in the fertility index from 1977 to 1987, 
showing effect of rotation and N fertilizer (averaged for showing effect of stubble treatment and N fertilizer (mean of 
stubble treatment, mean of two phases). two phases). 

Change in fertility index Change in fertility index 

Rotation N, All rotations Continuous cerealsNo 


%. Stubble treatment N,. N.No No 


Wheat/Sown pasture + 8.5 + 10.5 %" 

Wheat/Volunteer pasture - 0.5 + 1.0 
Wheat/Grain legumes - 5.0 + 0.5 Burn - 9.5 -6.0 - 23.0 - 12.0 
VWeat/Fallow - 13.5 - 9.5 Incorporate - 5.0 + 2.5 - 6.5 + 2.5 
Continuous cereals - 14.5 - 4.0 Retain - 4.5 + 2.5 - 12.5 - 2.0 

1Mean change in total soil N and organic C. At start of trial: I Mean change in total soil N and organic C. At start of trial: 
total soil N - 1.0 g/kg: organic C = l0 g/kg. total soil N = 1.0 g/kg; organic C = 10 g/kg. 

Soil pH has tended to decrease, especially where N tional ley farming system, particularly in the wetter 

fertilizer is applied. In continuous wheat with the high parts of the southern Australian cereal zone where grain 

rate of N fertilizer every year, the pH has decreased from legumes can be grown. The capacity of grain legumes to 

6.8 to 5.8 over 10 years. minimize the loss of soil fertility and keep root diseases 

The sown pasture and grain legume rotations have under control when grown in rotation with wheat means 

kept wheat root diseases under control, but there have that continuous cropping is a real possibility, provided 

been moderate Infestations of cereal cyst nematode that suitable cultivation and management techniques 

(Hetercdoraavenae) in continuous wheat and take-all are used. Nitrogen fertilizer has a role, especially in non

(Gaeumannomyces graminis) in wheat-volunteer pas- legume rotations, as a means of lifting crop production 

ture. and helping to maintain long-term soil fertility. Where 

Weed control in the various rotations has generally ley farming is practiced, it is worth endeavoring to 

been effective, basically by controlling broad-leaved maximize the benefits from annual pastures by ensuring 

weeds in the wheat and grasses in the legume phase. an adequate seed supply and legume dominance. 

Herbicide-resistant strains of annual ryegrass are now Thus, data from the Tarlee rotation trial show that, 

appearing in some rotations, but stubble burning ap- when suitable fanning practices are used, continuous 

pears to have given effective control. cropping can maintain soil fertility and structure and be 
more profitable than ley farming. 

Economic Analysis 

ReferencesAn economic analysis of the trial data shows that 

continuous cropping rotations have been more profit

able than ley farming. Nitrogen fertilizer at the N40 rate French, R. J.. W. E. Matheson. and A. L.Clarke. 1968. Soils and 

gave economic returns on average, particularly in the agriculture of the northern and Yorke Peninsula regions of 

continuous cereal, wheat-fallow, and wheat-volunteer South Australia. Department of Agriculture, South Austra

pasture rotations, but not in wheat-lupins or wheat- liaBulletin. 
beans.Obviously,the economics of alternative farming French, R. J., and J.E. Schultz. 1984. Water use efficiency of 
bens Obvious the qeonomiclys oateav farm ng to wheat in a Mediterranean-type environment. I.The relation 

between yield. water use and climate. Australian Journal of 

review their farming practices annually. Agricultural Research 35: 743-764. 

Roper, M. M 1983. Field measurements of nitrogenase activity 
in soils amended with wheat straw. Australian Journal of 

Conclusions Agricultural Research 34: 725-739. 

The data presented here suggest that intensive 
cropping rotations are a viable alternative to the tradi
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Introduction 

In places where evaporation greatly exceeds precipi-
tation and where growing season rainfall is highly vari-
able, stored soil water is critical for profitable grain 
yields. Farmers settling in western Canada from such 
humid areas as eastern Canada, Europe, and the U.S.A. 
Corn Belt states readily adopted summerfallowing every 
second or third year as a natural way of farming. Genera-
tions of school children have even grown up believing 
that summerfallowing was discovered in Saskatchewan 
in 1885, when farm horses were diverted from sowing 
the spring crop for use in fighting in the Riel Rebellion. 

Summerfallowing was promoted and accepted to the 
extent of having district summerfallow competitions 
with awards to farmers with the cleanest looking sum-
merfallowed fields. It is now belatedly realized that 
summerfallowing has accelerated soil degradation proc-
esses and incurred delayed production costs for present 
and future generations of farmers. 

Geographic Setting 

Saskatchewan lies between 490 and 600 N latitude 
and mostly between 1020 and 110 0 W longitude. Farming 
is practiced only as far north as 540 N, beyond which lies 
a band ofcommercial forest and the Precambrian Shield 
(Canadian Shield). Most of the farming occurs on cher-
nozemic soils developed under grassland or a transi-
tional grassland - aspen vegetation, 

The climate is distinctly continental. Central Sas-
katchewan is 1000 km from the nearest coast (Hudson 
Bay) and 1500 km from the Pacific. The climate limits 
crop production because the frost-free period is short, 
about 100 days, and highly variable, because of aridity. 
If the climate warms from its present annual mean 
temperature of00 to 3.50 C, cropping will not be extended 
significantly northward because of soil limitations, 
mainly, coarse textures and shallowness to rock. 

Soil Degradation 

publicized to attract settlers from the U.S.A. plains 

states. Declining organic matter (OM) is an expected 
result of summerfallowing when no plant residues are 
grown and added to the soil in half the years. 

As early as 1921, Bracken (1921) acknowledged that 
summerfallowing dissipated OM and nitrogen (N) to a 
very serious degree, but that it was, nevertheless, nec
essary to store soil water. He predicted that when OM 
and N became more limiting than water for crop yields, 
they would have to be restored to the soil. He implied that 
such restoration could be readily accomplished with 
barnyard manure and legumes. 

Many years later, Hill (1954) compared wheat yields 
over 50 years at three research stations in western 
Canada and concluded that while there were some 
declines in soil quality with summerfallowing, the sys
tem of wheat-fallow could be continued profitably for 
some time, providing soil erosion and weeds could be 
controlled. 

Ridley and Hedlin (1968) found that soil under a 
fallow-wheat rotation for 37 years had only half the OM 
and N of an adjacent plot cropped annually to wheat for 
the same period. None of this difference could be attrib
uted to erosion, and would likely have resulted from 
mineralization and zero crop production for 18 of the 37 
years. 

Rennie et al. (1976) estimated that the OM content 
in Saskatchewan soils had declined to 35 to 44% oftheir 
original values. They estimatc-d that crop removal could 
account for only 30 to 33% of the N in that lost OM, and 
that the missing N was equivalent to approximately 36 
millionMgto 1974. They further estimated that about 10 
million Mg of this lost N (600kg N/ha) was leached below 
rooting depth, mainly during fallow periods. 

The same water that is allowed to percolate below 
rooting depth when no plants are growing also carries 
soluble salts to discharge areas, where the salts are 
concentrated by surface evaporation. About 250,000 ha 
of land within cultivated fields have saline areas with 
zero productivity for crops (Henry et al., 1987). Several 
million more hectares are salt-affected to varying de
grees. There is general agreement that salinized ai eas on 
farms are becoming larger and that lack of crop growth 
is a conributlng factor in this problem. 

The chernozems of the western Canadian prairies The first clear and well publicized call to Sas
were originally regarded as being very fertile, and their katchewan farmers to reexamine their summerfallowing
high average wheat (Titicumaesdvumr yields were widely frequency was issued by Dean D.A. Rennie to a Univer
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sity ofSaskatchewan Farm and Home Week audience in 
1973. His message was received critically by many in the 
Industry, including some agricultural scientists of the 
day. Erosion losses associated with summerfallowing 
were generally controllable with stubble mulching, strip 
cropping, and regrassing of strongly erodible land. The 
declining N fertility of the soil and the increasing salini-
zation were not so readily recognizable as soil drifting 
and, therefore, were not a cause for alarm to the farming 
public. Nevertheless, many perceptive farmers readily 
agreed with Dr. Rennie and were willing to try his advice, 

New Technology 

Some developments at the time of Dr. Rennie's 
speech that encouraged stubble cropping for one or 
more yars were (a) the introduction and wide usage of 
selective herbicides to control two common grassy weeds, 
wild oats (Avelafhtua)and green foxtail (Setaria viridis) 
in cereals: (b) new information on crop responses to N 
fertilization on stubble land and even on summerfal-
lowed land: (c)a sudden steep rise in grain prices, with 
a lag in price rises for fertilizers and crop chemicals: (d) 
research on snow trapping to augment soil water: and (e) 
research on winter wheat. The first three listed have 
been generally well appreciated, while the last two have 
not yet gained wide acceptance because of recent eli-
matic departures from normals. 

Throughout most of the farming area of Sas-
katchewan. one-third of the annual precipitation occurs 
as snow. Only one-third of this precipitation (snow) 
amount is added to soil water when crop stubble is left 
standing over winter. When that land is then tilled in the 
conventional manner during a summerfallow year, the 
snow of the second winter blows off the field and only 
16% of it is effective in contributing to soil water. Over 
the past 20 years in the northern plains, various ways of 
improving the capture of snow as soil water have been 
investigated, 

Simply eliminating fall tillage after harvest has 
sometimes enabled farmers to improve their soil water 
sufficiently to obtain greater stubble crop yields. How-
ever, with improved snow trapping by leaving a taller 
stubble, crop yields can be further increased. Steppuhn 
et al. (1987) reported a case where stubble crop yields 
were more than doubled when swathers were modified to 
leave tall-standing stubble strips spaced 6 m apart. 

In this experiment (Table 1). tall stubble strips were 
formed by deflectors that pushed standing grain aside 

from sections of the swather knives, leaving a somewhat 
ragged appearance, but with little loss of spikes. The 
clipper method required modifying the swather with a 
separate short sickle bar at one end of the main sickle set 
to cut just below the spikes. 

The improvement in soil water gain from snow trap
ping was approximately equal to that obtained during a 
full year of conventional summerfallowing. Unfortu
nately, it has not been possible for farmers to duplicate 
the research work on snow trapping because of much 
below normal snow falls during most of the years since 
the research was done. At Saskatoon, for example in the 
1980-1988 period, precipitation during the months of 
December and January, almost entirely in the form of 
snow, has averaged only 63% of the 30-year (1951-1980) 
normal. In southwestern Saskatchewan, the snowfall 
amounts have been even less, and snow trapping has 
become largely an academic issue. 

To a farmer, winter wheat has many natural advan
tages over spring wheat, including higher yield, earlier 
harvesting, greater competition with common spring
germinating weeds, and more efficient use of favorable 
spring growing conditions. All of these add up to a more 
profitable stubble crop than spring wheat or other spring 
grain. 

Winter wheat production in Saskatchewan had been 
tried from time to time with such lirited success that few 
scier..ists gave it serious consideration until 1970, when 
two scientists were employed at the University of Sas
katchewan to studN cold stress and ways to improve 
survival of winter wheat during long, cold winters. Their 
research established that winter wheat could survive 
most Saskatchewan winters if it could be sown by about 
September 1 into undisturbed stubble (Fowler. 1983). 
This would provide time for crown development, some 
tillering, and generally good snow trapping. 

By 1982-1983, it appeared that winter wheat was 
becoming an accepted crop when a series of natural 
disasters occurred. In the fall of 1984, with 486,000 ha 
seeded to winter wheat, a snowfall of 15 to 20 cm 
blanketed most of Saskatchewan in mid-October. This 
was much more and about a month earlier than normal, 
but normally it would have been melted in a few days and 
permitted furthergrowth and hardeningofwheat plants. 
When the snow failed to melt and lost much of its 
insulation value because of settling and ice formation, 
winter wheat survival was greatly reduced. The area 
harvested in 1985 was only 67% of the area sown the 
previous fall. 

In 1985, farmers cut back 25% on the winter wheat 
area they had sown in 1984, and in 1986 disaster struck 

Table 1. Snow depth. soil water gain, and stubble wheat yields on a Sutherland clay soil as influenced by swathing techniques 
at University of Saskatchewan, 1979-80 (After Steppuhn et al., 1987). 

Swathing treatment Snow condition, March 
Depth Water equivalent 

Overwinter 
soil water gain 

Yield of 
stubble wheat 

cm mm mm kg/ha 
Uniform height 
Deflector strips 
Clipper strips 

18 
43 
46 

42 
114 
122 

52 
86 

134 

1160 
2160 
2580 
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in the form of the worst incidences of leaf rust (Puccinla 
recondita)and stem rust (Pucciniagraministritici) seen in 
30 years. Unfortunately, the winter wheat cultivar 
'Norstar,' which has the best winter hardiness, has poo! 
resistance to rusts as well as to a number of other 
diseases. 

Despite these discouragements, farme:'s have not 
completely abandoned winter wheat, but the past two 
seasons have seen new climatic abnormalities. Normal 
precipitation patterns provide 80 to 100 cm of snowfall, 
which gives good insulation plus a variable but signifi-
cant amount of soil water in the spring. In 1986- 1987 
and 1987-1988, snowfall amounts have been far below 
normal, ranging down to nearly zero. Spring rains, 
normally peaking in June, likewise have been below 
normal and delayed until too late to benefit winter wheat. 
Winter wheat may yet expand to occupy a significant 
niche in Saskatchewan if winter temperatures become 
more mild, but only if the perturbed rainfall patterns of 
the past 3 years are not a part of a continuing green-
house effect. 

Economic and Policy Factors 

It appears that hope for a large reduction in sum-
merfallowing in Saskatchewan lies beyond the farm 
gate. Snow trapping and winter wheat will come back 
into the picture following -. 'eturn to long-time normal 
snowfall and rainfall patterns. Higher grain prices would 
make stubble cropping more attractive, but these result 
from worldwide balances of supply and demand and the 
present circumstances tilt toward summerfallowing. 

Another factor influencing farmers' attitudes to-
wards summerfallowing is government policies that 
have the unintended effect of not encouraging stubble 
cropping. An example of this is the quota delivery 
system, which rations access to the Canadian grain 
handling and transportation system on the basis of 
cultivated area rather than seeded area on a farm. The 

Canadian government through its Prairie Farm Reha
bilitation Administ*,'ation is presently considering a 
conservation reserve program to encourage retirement 
from annual cropping ofa limited area of marginal land. 
The suggested funding would not go far in reducing the 
Saskatchewan summerfallow area, nor would it be a 
particularly long-term reserve. It is to be hoped that 
farmers and the general public w!P someday force a reex
amination of all government programs influencing land 
use decisions so that soil degradation becomes a major 
factor in policy making. 
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Introduction 	 orographic effects, varying from 124 days at an altitude 

of 2350 m to 303 days at 1800 m (extrapolated from 

Grassi Cantero. 1983).
The semi-arid highlands of Mexico consist of three 

In this environment, maize (Zeu mays L.) is the most 
extensive plateaus characterized by waste-filled basins 

surrounded by high mountain ranges or lower hills important crop occupying 2.9 million ha and giving an 

average yield of 1.05 to 2.2 Mg/ha under dryland condi
(Mosiio Aleman and Garcia, 1974). The Central Plateau 

tions and 3.2 Mg/ha urder irrigation (SARH, 1982;
where the potential for sorghum [Sorghum bicolor (L.) 


Moench] is greatest has an elevation between 1600 and Arellano Vasquez, 1984). Ninety percent of this area is
 

farmed without irrigation and 1.3 million 	ha of it give
3000 m and is rich in volcanic ash giving rise to Pellic 

poor and unstable yields due to the prevailing semi-arid 
Vertisols, Vitric Andosols, and Chromic Luvisols. 

Over the plateaus, the blocking and diversion of 	 conditions: it is precisely this portion that is a potential 

area for sorghum [Sorqhum bicolor (L.) Moenchi and 
upper air currents by extensve mountain ranges greatly 

minor millets (Panicum iiaceum and Selaria italica)
affect precipitation and temperature distribution. Be-

tween 1600 and 2600 m, the mean annual temperature which can yield more remunerative harvests and fulfill 

is 12 to 1611C with that of the coldest month (January) the 2.5 million Mg sorghum (or small grain) deficit in the 
1984; Vega Zaragoza,

being 4 to 13iC and that of the warmest month (August) country (Romo Calderon et al., 
of the semi-arid highlands that is 

14 1, 24"C: absolute minimum temperature within this 	 1985). The part 
zone is-511C or less (FAO-UNESCO,1975).Garcia (1973) considered potential for sorghum under dryland farming 
classified this region as seNi-arid, conditions (Fig. 2) has been defined by FAO (Ortiz 

Solorio, 1984) from an edapho-agroclimatological clas-
Monthly values of precipitation, evaporation, and 

sification of Mexico. The maize genotypes grown in the 
temperature for three selected locations in the central 

plateau are shown in Figure 1. Mean monthly evapora-	 highlands invariably suffer from frost at the end of the 

growing period as well as from poor rainfall distribution;
tion exceeds mean monthly precipitation throughout the 

these factors make maize production risky for farmers 
year. Most of the central and northern part of the 

(INIA, 1981). However, while minor millets mature before 
plateaus receive between 200 and 400 mm of rainfall per 
year (MonsiftoAleman and Garcia, 1974). the night temperatures become low during September, 

The frost-free period varies with altitude and other 
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Figure 1. Meteorological data for selected 
locations in the highlands of Mexico. 

Figure 2. Partof the semiarid highlands of Mexico 
considered potential for sorghum production 
under dryland farming conditions (Ortiz Solorio, 
1984). 
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Table 1. Validation of four cold tolerant sorghum cultivars in ha (two split doses) + 40 kg P20/ha. Weeds werelarge plots in four farmers' fields in the State of Mexico, Mexico controlled with pre-emergent applications ofatrazine 12
1985. under dryland conditions." (from Paul, 1986) chloro-4-(ethylamino)-6-(sopropylamino)-s-triazine at 

the rate of 1.50 kg/ha. Data are presented in a series of 
tables and figures in which some details of the trials are 

Mg/ha noted.
 
VA-110 5.28
 
VA- 130 3.63

BTP-28 2.78 Results and Discussion 
IC/CI-4 2.73
 
Mean X 3.61 
 Experiment 1 
CV% 25
LSD 5% 1.27 The need to obtain sorghum cultivars that mature in 
Maizebless than 140 days and that can be widely adapted ina 

'Plot size: 60 m x 10 m = 600 m: fertilization: 40 kg N+ 30 kg variable environment is exemplified in Figure 3. which 
P2O,/ha at planting + 40 kg N/ha at 6 weeks: experimental shows the growth stages of three highland cultivars in
design: randomized complete block with four replicates, relation to rainfall, growing degree days. and frost-free
bAverage maize yield, central plateau Mexico, under dryland period at two locations in the valley of Mexico during
farming conditions during 1985 (SARH. 1985). 1988. Tulantongo at 2240 m had an average 242 frost

free days and 699 mm total annual rainfall: Temascal
sorghum suffers from androsterility induced by as little apa at 2100 m had 235 frost-free days and 715 mm total 
as 2 hours' exposure to temperatures below 8")C during annual rainfall. The long period between the last frost
macrosporogenesis (Ortiz and Carballo, 1972: Soltero, and plant emergence (3 months), restricting the effective 
1981). length of the growing season, is a serious limitation to 

Ambient temperatures below 8 to 10"C also ad- dryland agriculture in the area. At Tulantongo (com
versely affect germination, emergence, seedling develop- pared to Temascalapa), the most important climatic 
ment, vegetative growth, and the development of repro- factor in determing yield was a 23-day delay in the killing
ductive structures (Livera, 1975: Clegg et al., to1983). To frost, thus enabling cultivars VA- 110 and IC/CI-4 
overcome these problems, sorghum research in Mexico attain physiological maturity and yield 4.16 and 2.35 
since 1944 has had as one of its objectives the develop- Mg/ha, respectively, at Tulantongo. and 0.45 and 0.22 
ment of genotypes with cold and drought tolerance for Mg/ha, respectively, at Temascalapa. Yield of creole 
the highlands (Romo Calderon et al.. 1984). Genotypes maize 'San Diegito' in the adjoining farmer's field was 
from the highlands of Rwanda and Ethiopia were intro- 0.58 Mg/ha.
 
duced and the cultivars Nyundo, Mabere. and Magune
 
were found to be adapted to the cold environment Experiment 2
 
(Carballo and Mufioz. 1969). However, these materials
 
were tall, late, and of poor agronomic characteristics. During 1983-1986, four cold tolerant cultivars sor-

Breeding programs of the National Research Institute of ghum were planted in 18 varying highland dryland

Forestry and Agriculture (INIFAP) and the International environments. Their response is shown in Figure 4.
 
Crops Research Institute for the Semi-Arid Tropics Cultivars IC/CI-I, IC/CI-3, and IC/CI-4 were stable
 
(ICRISAT) have since crossed these genotypes with early,
 
short-statured, elite lowland types so as to obtain cold ,-U.,Xo
 
tolerant plant types showing good adaptation 
to the F-t FIvi?l.
 
harsh highland environment, and high stable yields of c0C/cI-6 
good grain quality for human consumption. Co ,,^VAI11ltity40 tICIC-


In this paper. the growth, development and overall '20 A~

performance of maize, sorghum, and millets are dis- . " . . , 0 

cussed in relation to their suitability to the highland Giq L-j,- dy 271 255 251 215 197 lS6 193 59 

environment. Emphasis is placed on the central high- S0i"qt t"lrq

lands where sorghum and millets have a greater poten- M-H 

Ual. Co ...V 
nCIC -


Materials and Methods -- --
1 
-20 25 AO1 

Gro- d4_qr-'days 265 180 166 16 122 11$ 122 62 D 

On-farm trials were conducted in the central high- CT T l l est
 

lands during 1983 - 1987. These trials were mainly of 
randomized complete block or split-plot designs with Figure 3. Growth stages of three highland sorghum
four or five replicates. Experimental plots were four rows cultivars in relation to rainfall, growing degree
wide and 5 to 10 m long. Plant population was about days, and frost-free period, Tulantongo and 
130.000/ha and fertilization was maintained at 80kg N/ Temascalapa, Mexico, 1984 (Paul, 1984). 
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Table 2. Plant height, panicle length. and grain yield of minor millets under dryland conditions, El Batan, Mexico, 1986,(from Paul 

and OJeda, 1987) 

Row spacing 
60 cm 30 cm 

Genotype Plant Panicle Grain Plant Panicle Grain 
height length yield height length yield 

cm Mg/ha cm Mg/ha 

Foxtail 
P1391634 127 23.9 3.80 131 24.3 5.15 

Foxtail 
24.1 5.35NESE-2-A 122 24.3 2.91 126 

Proso 
132 37.0 3.03P1367683 131 37.4 1.76 
130 28.5 4.51Mean x 127 28.5 2.82 

CV% 6 12 9 5 9 23 

SE± 8 3.5 0.26 7 2.5 1.05 

LSD (5%) 4 3.2 0.48 6 5.9 1.26 

LSD (5%) for comparisons of row spacing within each genotype: plant height = 1.2 cm. panicle length = 7.8 cm, and grain yield 

- 1.27 Mg/ha: experimental design: randomized complete blocks with five replicates; rainfall during crop cycle: 498 mm. 

Crop cycles: 


Plant Emergenm Floral Physiologgcal 

Foxtail 20/5 
29/5 30/6 11/8 09 

Proso 20/5 
29/5 8/6 9/8 13/9 

across the environments while cultivar VA-i110, al-
though outyielding the others at all environments, was 
somewhat variable in its yield and showed a significant 
value of the deviation from regression, S2 

,. Grain yields 
varied from 1.6 to 4.9 Mg/ha in the favorable environ-
inents. The average grain yield of maize in the central 
plateau under rainfed conditions during the period 1983 
- 1986 was 0.92 Mg/ha (SARH, 1983-1986). 

Experiment 3 

The best cold tolerant cultivars developed by the 
ICRISAT program in Mexico have been evaluated in 

farmers' fields under dryland conditions during the 
period 1983-1985. In 1983, six varieties were sown at 

three locations and gave an overall mean yield of3.2 Mg/ 

ha (Paul, 1984). In 1985, 10 varieties were sown at 10 

locations giving a mean yield of 1.81 Mg/ha and a 

maximum of 2.79 Mg/ha for cultivar VA1 10 (Paul, 

1986). Also in 1985, four cultivars were planted in large 
semi-com mercial plots in the state of Mexico with full 

farmer participation. The data are presented in Table 1 

the mean yield was 3.61 Mg/ha with cultivar VA-110 

yielding as much as 5.28 Mg/ha. The average maize yield 

in the central plateau of Mexico under dryland farming 
conditions during 1985 was 1.43 Mg/ha (SARI, 1985). 

Experiment 4 

Maize Is intercropped with beans (Phaseolusvulgaris 

L.) in over 1 million ha of dryland farms in Mexico (INIA, 
1981) and a large part of this is in the highlands. If 

sorghum is to serve as an alternative to maize, it is 
important to test its performance in association with 
beans. To test this, an intercropping system (S,) of 

sorghum + bean was compared with one (S2) of maize + 
bean in three varying environments in the Mexican 
highlands during 1986. The study utilized a split-plot 

design with five replicates. The data are presented in 

Figure 5. Yields of both sorghum and maize declined 

with decreasing rainfall and at no site did maize outyield 
sorghum. On the contrary, in monoculture plots in the 
driest site of Tecamachalco (annual rainfall = 350 mm), 
the average sorghum yield was 2.54 Mg/ha as compared 
to 1.93 Mg/ha for maize (difference significant at 5% 
probability level). The bean yield was greater (p < 0.05) 
in the maize/bean association (S2) than in the sorghum/ 
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Figure 4. Response of four cold tolerant cultivars 
of sorghum to 18 varying environments in the 
Mexican highlands, 1983-1986 (Paul, 1988). 
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semi-commercial scale at three locations (Resurreccion. 
500 A. 4 Tulantongo, and Los Reyes) in the valley of Mexicom....opp.c s(,,(I ods during 1986; average grain yields across sites did not 

A.o . vary among the three millets which gave an overall mean 
4000 -of 3.34 Mg/ha (Paul and Ojeda, 1987). Maize yield in a 

- rainfed trial at one of these sites (Resurreccion) during 
,..... ,,h - v,,lo. IP-28. the same crop cycle was 4.14 Mg/ha (Paul et al.. 1987). 

IC/CI-4 ;d IC/C1-8 
3000 m - ar aool-I 1 2 ad 

k Conclusions 
2000 6600 
 The failure of the maize crop in the Mexican high-

A o lands due to scarce and poorly-distributed rainfall as 
400 
 well as adverse factors of soil has caused farmers to look 

100 300 for alternatives in cereal production. Genotypes of sor
20O ghum and minor millets developed by ICRISAT have 

4A been tested in farmers' fields under dryland conditions,
mainly in the central plateau of the highlands. Data from 

0 0 these field trials over the period 1983-1987 indicate that 
Locvi. 

- 630ul-
SE 667 16 " 552 4SR 8 9 638 

these small graiis can serve as viable alternatives to 
S 1 42 631 360 299 4 416 maize, producing good stable yields of grain in the 

S: bon (Mn f') s e Of chronologically environment+ft-- at 6 a Pluv w and spatially variable of 
S2 Mio +been (within - i Pd' the central highlands. Extensive field tests are continu-

Figure 5. Grain yield of maize and sorghum (mean ing in the more marginal areas of the highlands where 
of four cultivars in each crop) in two intercropping the advantages of the small grains over maize are 
systems at three locations in the highlands of expected to be greater.
 
Mexico, 1986 (Paul et al., 1987).
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Introduction 

In rainfed Mediterranean agriculture, fallowing 
means leaving land uncropped for one growing season. 
During this period, the soil is either kept weed-free by 
chemicals or cultivation (bare fallow) or it is left to grow 
weeds to provide winter grazing for animals (weedy 
fallow) prior to spring cultivation. The aim of bare fallow 
is to optimize the growth conditions for the subsequent 
crop. An additional function ofweedy fallow is to produce 
extra animal feed, with less emphasis on possible bene-
fits to the next crop. Any attempt to replace fallow with 
a crop must, therefore, balance the value of that crop 
against any loss of benefit to the next crop and any loss 
of feed. The new crop rotation should be an agronomic 
and economic improvement on the fallow-cereal rotation 
it replaces. 

Efforts to find crops to replace fallow are not new. 
From Cyprus, Littlejohn (1946) reported mean wheat 
(Tritcum aestvum L.) yields (Mg/ha) over five rotation 
cycles of0.19 incontinuous wheat, 0.49 after fallow, and 
0.74 and 0.39 after common vetch (Vicia satira)plowed 
in as green manure or harvested for grain. respectively, 
Similar results were later obtained by Loisides (1958) 
and Samios (1979). These studies showed that N fertil-
izer was needed for maximum cereal yield in all rota-
tions. 

Fallowing has not been practiced in Cyprus for the 
last 15 years. Due to land shortage, mechanization, 
fertilizer availability, and government subsidies, barley 
(HordeumvulgareL.) Is now produced under continuous 
cultivation. However, in many other countries of the 
Near East and North Africa, cereal-fallow rotations, 
though now under pressure, still predominate in the 
200- to 400-mm rainfall zone (Rafiq, 1982; Cooper and 

Water 

By conserving soil water during 1 year, fallowing 
may si ipplement the rainfall and. thereby, increase crop 
yield th ' next year. The extent and value of such conser
vation dtpend on soil factors (texture and depth), man
agement factors (type of fallow, time of tillage), and the 
rainfall itself. In particular, soil depth is critical for water 
storage. During the long, hot Mediterranean summer, 
any plant-available water in the top 30 to 45 cm is 
usually lost by evaporation; only water stored below that 
depth can be useful to the next crop (Loisides. 1979; 
Cooper et al., 1987). Shallow soils, therefore, have little 
value for water storage. Similarly, if the fallow-year 
rainfall is less than 200 mm, its penetration is only 
shallow, and no water is stored for the subsequent ycar. 
regardless of soil depth (Fig. 1). 

Even when water is stored in deep soil, its actual 
value to the next crop depends very much on the pattern 
and amount of rainfall during the cropping year. When 
the growing season starts with dry topsoil. germination 
and early growth rely entirely on current rainfall. Crop 
roots reach the depth of water storage only at the end of 
the tillering stage. If there has been plentiful rain by 
then, 250 mm or more, the new wetting front will already 
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Gregory, 1987). This report examines the main factors......... 
 . 1 te . 

involved, discusses the results of recent rotation studies 
in Cyprus and Syria, and outlines research priorities. 

Factors Involved in Fallowing 
The nature of the benefit of fallowing is often dis-

puted. This is because various factors can be involved, 
but to different degrees and in different combinations 
according to site and season. Here, briefly, we summa-
rize the main ideas. 

Pro,.. , ...... 

--. Profit* a ,,.a.imu. rechar, 

-. Profile at harve. of bariay crop 

Sell ooporalion during ,umn e¢ 

M S. .......d by,
I .. 

Figure 1.Soil water profiles at four times during 
the crop cycle in a wet year following a dry year 
(left) and a dry year following a wet yaar (right) for 
barley following fallow (Data: Farm Resource 
Management Program, ICARDA). 



Replacement ofFallow in the Mediterranean Region 823 

Table 1. Effects of rotation and N-fertilizer on mean barley many organisms specific to particular plants species, 
grain yields in Cyprus (6-year means over two sites). crop rotation may be equally effective. Thus, populations 

ofPorphyrophora tritici, a root-sucking pest of bar.ey and 
Rotation wheat in Syria. Turkey. and Iran. can be kept low by 

Applied N Barley/vetch Barley/fallow Barley/barley rotating cereals with bare fallow or non-susceptible crop 

kg/ha Mg/ha species (Rashwani, 1981). The mild and very wet winter 
0 1.86a 1.51 0.95 of 1987-1988 in Syria provided ideal conditions or the 

1.94 1.74 wheat ground beetle (Zabnrs tenebroides), but it posed a60 1.74 
serious problem only where cereal crop followed cereal 

a All differences were significant at P< 0.05. 	 crop, particularly where residues have been left on the 
soil. In general, fallows and rotations are more effective 

against relatively immobile pests, whose larvae arehave reached at least the 70-cm depth. and water stored 
found in the soil.from the previous season will likely be of little value, 

Thus. previous bare-fallowing improves water availabil
ity to a crop only when a relatively dry year foliows a 
relatively wet year. The probability of such a benefit Effect of Fallowing on Production 
tends to decrease as the climate becomes drier. Below a 
certain mean annual rainfall (depending on soil type, In varying degrees, the factors described above, 
altitude, etc.), there may be little point in trying to acting singly or together. tend to favor crops grown after 

conserve water by fallowing (Orphanos and Metochis. fallows: all else being equal, such crops are usually 

unpublished data), higher yielding. The question of fallow replacement 
arises only because good arable land is scarce every

where in the Mediterranean region, and fallowing isNutrients 
increasingly seen as a wasted, unproductive practice. 

A period of bare fallow allows time for soil nutrients Weedy fallows produce some grazing, but this is rarelyof 
to accumulate in available forms. particularly mineral- major economic value. For this reason, more farmers 

N mainly as nitrate. However, amounts may vary widely have stopped fallowing and now sow crops every year. In 

according to soil type, cropping history, weather, and wetter areas, where wheat is the main cereal, this poses 
tillage operations over the fallow period. French (1978), no immediate problem. Many crops are available to 
in a 5-year study at five locations in South Australia. rotate with wheat, viz., lentils (/,nssp.), chickpeas (Cicer 

found from 10 to 293 kg/ha nitrate-N in the 0- to 60-cm arietinum). faba beans (Vicia faba), forage and pasture 
horizon. The mean was 70 kg/ha. of which about half legunmes, and simmer crops (grown on residual soil 
couid be directly attributed to fallowing. but this in- water) like melons (Citnilus sp.) and sorghum (Sorghum 

cluded3on .esites at which fallowing did not increase soil sp.). In drier. barley-growing areas, the situation is 

nitrate-N content. Recent data from the 0- to 40-cm different. it is often too dry even for lentils, and more 

horizon at over 70 sites in northern Syria tell a similar farmers now are choosing to grow barley continuously. 
story. Mean values for ex-fallow and ex-barley fields were Although serious yield decline can usually be prevented. 

approximately 60 and 40 kg N/ha, respectively, but site at least in the short term by using fertilizers, continuous 

differences were often greater than rotation differences. cereal cropping is risky. As with the wheat ground beetle 
In Cyprus, NO,concentration values of 64 g/kg after 
fallow. 56 g/kg after vetch, and 26 g/kg of soil after 

TEL HADYA BREDA
continuous barley have been recorded. 
Rotation, B/V B/F B/B B/V B/F B'B t/ho 

5 
Seed-Bed Preparation 

] 	 4
Fallowing is often said to assist seed-bed prepara-

tion. In a continuous cropping system, a dry start to the I,

growing season delays tillage and may affect seed-bed 
quality. A fallow (bare or weedy) allows primary tillage to .2 

be achieved before the slimmer drought, and seed-bed 
preparation can be completed later, under dry condi
tions if necessary. However, any resulting differences in 
yield are difficult to demonstrate. In Cyprus, direct- Fortiizr: 

drilled barley in a continuous barley system yielded the -Vacr, hay - Borloy grain EM Barly straw 

same as barley sown in a well-prepared seed-bed. The 
only critical factor was weed control (Papastylianou, Figure 2. Mean total dry matter production (Mg/ 

ha) in barley/vetch (B/V),barley/fallow (B/F), Lndunpublished data). 
barley/barley (B/B) rotations over 4 years at two 

sites in northern Syria. Four-year mean rainfall:
Pest Control 

Breda, 235 mm: Tel Hadya, 314 mm. Fertilizer 
Bare fallows undoubtedly limit the survival and (kg/ha) applied to barley in alternate years only: 

multiplication of pests and pathogens. But against Breda, 20N, 26P; Tel Hadya, 40N, 26P. 
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in Syria last winter, meteorological events can trigger 
biological time-bonlbs. An urgent research need is to 
find viable alternative rotations to continuous barley. 

Since the primary focus of agriculture in these dry 
areas is sheep production and the main purpose of 
barley is sheep feed. it makes sense to try to rotate barley 
with fodder crops, particularly legumes. This has been 
an important focus of research in the region for some 
years. By way of example, we quote from recent work in 
Syria and Cyprus comparing barley/vetch (B/V) with 
barley/fallow (B/F) and barley/barley (B/B) rotations, 

Six-year mean barley yields in Cyprus reflected a 
strong interaction between rotation and N-fertilizer 
regime. Barley in a 13/V rotation receiving no N yielded 
as much grain as barley in B/F and B/B rotations 
receiving 60 kg N/ha (Table 1).This level of added N 
improved yields strongly in B/B. slightly in B/F. but not 
in the B/V rotation (though in this last rotation. sonie 
increase was obtained at lower levels of N fertilization). 

Two trials in Syria compared tie effect of no fertilizer 
and N and P fertilizers applied together on mean total dry 
matter production in three rotations over 4 years (Fig. 2). 
The main effects were: i) at both sites, with and without 
fertilizer, the B/V rotation was the most productive 
(mean advantage, approximately 33%): (it) relative to B/ 
F. the barley in tile B/V rotation produced less grain and 
straw, but this shortfall was more than compensated for 
by the mass of legume hay; and (if) at the wetter site, 
differences between B/F and 13/13 rotations were small 
(i.e., barley in rotation with fallow produced roughly 
twice as much per unit area ofcrop), but at the drier site. 
continuous barley yielded more. This latter result goes a 
long way toward explaining why farners are prepared to 
accept the lower yields (per unit area) of continuous 
barley. 


The farmers' interest is, of course, mainly economic. 

and, for the comparison of different research treat
ments, an economic approach. using input costs and 
crop price ,might seem more realistic than one based on 
total dry production. However, crop prices tend to flue-
tuate widely even over short periods of tine. and in what 
are mainly animal production systems, the current 
market price of crop products may in any case tiisrep-
resent farmers' economic priorities. An alternative is to 
compare treatments in terms of theoreLical aninial car-
tying capacity, based on the feed values of their prod-
ucts, I.e.. metabolic enerkv and/or (,rude protein per 
hectare (Papastylianou and Samnios, 1987). This ap-
proach also shows barley/vetch to be te inost produc-
ive rotation in the Syrian trials, though somewhat 

handicapped by the high cost of \etch seed (Jones and 
Harris, 1987). 

Discussion 

Detailed research station trials, such as the above 


data are drawn from. will continue. Many cultivars of 
Pisun. Vicia, Lathyrus. and Medicago have high poten-
tial for these dry areas, and an Important research task 
is to screen them for (I) resistance/tolerance to drought 

and frost and, hence, year-to-year reliability: {ii) per
formance in rotation with barley (N and water relations): 
(ii) palatibility to annals at different growth stages: and 
(iv) 	optimum management. 

Given that tile ultimate requirement of any promis
ing innovation is acceptance by farmers, concurrent 

testing in farmers' fields with the active participation of 
farmers and their animals is essential. A methodolokv 
for this has been described by Tully et al. (1985), and 
inilal results from it have had an important impact on 
research thinking (Thompson and Oglah, 1987). Above 
all, they showed that the original perception that fodder 
legumes would best be utilized as hay was not shared by 
farmers in Syria. They preferred to use them at tile green 
stage - to fatlen lalnbs and increase milk production - or 
harvest them mature as grain and straw for later supple
mentary feeding. Further, mature harvesting solves the 
problem of high seed costs. In addition. coninion chick
ling (Lxathylnts salitus)appeared to hiave greater poten
tial for farm use than common %etch (Vicia sativa) in 
terms of farmer acceptability, seed yield. N-fixation, and 
subsequent barley yield. This contrasts with tile situ
ation in Cyprus, where animals are kept in a more 
intensive system and fodder legumes are cut for hay. 

Continuing feedback of thi.s nature from the farm is 
an essential research component. In this context, the 
widespread oopularity of barley itselfas replacement for 
fallow, even in the absence of fertilizer, is equally rele
rant information. Dcpite the risks involved, continuous 
barley must still seem the best option to many farmers. 
Another important resea-ch task. therefore, is to study 
continuous barley, the risks inivolved and ways to mini
mize them, illcomparison with barley/fallow and vari
ous barley/legume rotations on tile research station and 
farmer's fecld and from both biological and economic 
points of view. 
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Introduction 

Water is the primary factor limiting crop production 
on drylands in the Southern High Plains (SHP). Precipi-
tation averages 400 to 600 mm annually from west to 
east across the SHP. but only 15 to 20% of the precipi-
tation remains as soil water at the end of a fallow period 
in a dryland cropping sequence (Jones, 1975). Improved 
soil and water management practices such as conserva- 
tion tillage to maintain high infiltration rates and reduce 
evaporation rates and land-leveling to prevent runoff are 
important tools in conserving water supplies for use by 
crops (Unger, 1984). Crop selection and the sequencing 
of crops in the rotation are also important to efficient 
water use. Stewart (1985) recognized the three compo-
nents of a successful dryland management system as 1) 
retaining precipitation on the land, 2) reducing evapora-
tion, and 3) utilizing crops that have drought tolerance 
and fit rainfall patterns. The problem dryland producers 
face, however, is integrating the three components into 
workable farming systems. The research reported herein 
is a report on our integrated approach to developing 
water-efficient farming systems using leveled land, 
conservation tillage systems, and adapted dryland crop 
sequences. 

Description and Procedure 

The research was conducted on the USDA Conser-
vation and Production Research Laboratory, Bushland, 
Texas. The soil is a slowly permeable Pullman clay loam 
(fine mixed, thermic Torrertic Paleustoll, order Mollisols) 
that is highly fertile and retains approximately 180 mm 
of plant available water in the top 1.2 m of soil. The slope 
is 1.5%. Precipitation averages 460 mm/year. with 
highest rainfall (about 70 mm/month) occurring from 
May through August. and with a range of 10 to 40 mm 
in the remaining months. The average frost-free growing 
season is 185 days. Average monthly minimum and 
maximum temperatures are 17 and 320 in July and -6 
and 100C, respectively, in January. 

In 1982, crop sequence and dryland tillage treat-
ments (three replications) were established on leveled 

tion. The crop rotation treatments were winter wheat 

(Triticum aestivum L.)-fallow (WF), continuous winter 
wheat (CW), continuous sorghum [Sorghum bicolor (L.) 
Moench] (CS), and winter wheat-sorghum-fallow (WSF). 
With wheat-fallow, one wheat ci op was produced every 
2 years with 15 months of fallow between crops. A crop 
was harvested each year from continuous wheat and 
continuous sorghum. Wheat-sorghum-fallow is a 3-year 
sequence with one wheat and one sorghum crop, with an 
11-month fallow preceding each crop. 

Each crop sequence treatment had tillage treatment 
subplots with no-tillage (NT) and conventional stubble
mulch tillage (CT). No-tillage treatments for each se
quence are described in Table 1. With CT, weeds were 
controlled and seedbeds prepared using 2-i-wide 
sweeps. 'Slouxland' winter wheat was seeded at 33 kg/ 
ha in October using a hoe-type grain drill with a 0.30-m 
row spacing. Wheat was harvested in mid-June. 'DK42Y" 
hybrid sorghum was seeded at seven seeds/M2 in inid-
June with a six-row double disk planter on 0.72-m row 
spacing. Sorghum was harvested in late October or early 
November. 

Data obtained included soil water content to a 1.8
m depth at planting and harvest; precipitation, meas
ured with a standard gauge adjacent to the plots; 
biomass yield from two 2-M 2 areas/plot; and combine
harvested grain yield from the total plot area. 

Results and Discussion 

Sequence Effects 

Both biomass and grain yields for sorghum (Fig. 1) 
were very high due to favorable precipitation, both In 
amount and distribution during the growing season. As 
might be expected, sorghum grown in the WSF system 
had greater grain and biomass production than did 
annually cropped sorghum (CS). However, the difference 
in grain yield was only 0.6 Mg/ha because favorable 
growing season rainfall reduced dependence on water 
stored during fallow. During dryyears, we expect a much 
larger difference in sorghum yield between sequence 
treatments. 

minibencnes (10 m x 160 m) which retain all precipita- There were no significant differences in grain or 
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content at wheat sowing was only 6 mm greater on WF 

than on WSF. Grain and biomass yields of wheat wereo 12 
I" Grain Yield greater on WSF than on CW because 57 mm more PAW 

:0,10 AW Blomass Yield were stored at planting on WSF as a result of the 11
month fallow on WSF compared to the 3-month fallow on 
CW. 

En 6 ' A A The ranking of total grain production for sequence 
treatments was CS > WSF > CW > WF (Table 2). While _ 	 _ l IB grain yields per planted area were greater for fallow 

M systems than for continuous cropping, the CS treatment
Ad 	 .. 
z 2 b had 80% greater production (system/ha) than the WSF 

. I IFsystem and over 400% greater production than WF. 
0 When comparing sequences. greater total grain produc-

WSFOHF CS WSF CV; tion does not correlate directly to greater economic 
WiIEAT beneflt because costs of production for the systems are 

different and wheat prices are 	higher than sorghum
Figure 1. Effect of op sequence on 4-ye r aver-	 prices. Water-use-efficiency (WUE) is also an important 
age grain and total t,'y bioma & yields of grainy 

measure of sequence performance. The WUE for grainsorghum Bnd winte: wfleat, Bushtand, Texa~s, 	 production for each sequence treatment is shown in 
pouto o ahsqec ramn ssoni1984-1987. Grain or biomass mean yields 'Tor each

1818 tha ha rh n sar mssme y ~ h 	 Table 2. Conclusions from these data are 1) that WUE~anot inifi-
crop that has tile same letter wcea not signifi- decreases as the length of the non-crop (fallow) period 

cantly different at P < 0.05 accordIng to Duncan's dicreases 2) that f con crop weat 
2) that WUE for continuous cropped wheatMultple-RaneTst.increases. 

Multiple _Range Test. and sorghum was greater than for systems with fallow, 

and 3) sorghum uses precipitation much more effec
biomass yields of wheat grown fn the WSF system and tively for grain production than wheat. Other factors 
the WF system (Fig. 1). This indicates that long fallow such as grain price, cost of production, and stability of 
periods were not as effective as short fallow periods in production must be considered. Also during the 4 years 
storing precipitation as soil wrater available for use by of the study, sorghum yields were double what is nor
plants. The 4-year average plant available water (PAW) mally expected on dryland, while wheat yields were only 

Table 1. No-tillage program for dryland crop sequences, Bushland . Texas, 1984-1987." 

WHEAT-SORGHUM- FALLOW (3-year sequence) 
Immediately after wheat harvest, apply 3.3 kg/ha atrazine + 0.8 kg/ha 2,4-D. 
At oi a few days before sorghu,.: planting, apply 0.21 kg/ha glyphosate" + surfactant. 
After sorghum planting, apply 1.7 l-g/ha propazine pre-emergence. 
In late February, during fallow after sorghum, apply 35 g/ha chlorsulfuron + surfactant + 0.6 kg/ha 2,4-D. 
At or a few days before wheat pLinting. apply 0.21 kg/ha glyphosate + surfactant. 
Glysopbate at 0.21 to 0.31 kg/ha is also used to control weeds and grasses that escape chlorsulfuron or atrazine during 
fallow. 

WHEAT-FALLOW (2-year sequence) 
Apply 39 g/ha chlorsulfuron + surfactant to growing wheat about March 15. 
Apply 1.1 kg/ha atrazine + 0.8 kg/ha 2.4-D immediately after wheat harvest. 
Glyphosate at 0.21 to 0.31 kg/ha is also used for weeds and grasses that escape chlorsulfuron or atrazine during the 15
month fallow. 

CONTINUOUS WHEAT (annual seqt, -ncei 
Apply 35 g/ha chlorsulfuron + surfactant to growing wheat about March 15. 
Apply 0.31 kg/ha glyphosate +surfactant in the summer after volunteer wheat has emerged. 
An additional application of glyphosate for weed and grass control may be required prior to seeding wheat. 

CONTINUOUS SORGHUM (annual sequence) 
Apply 3.5 kg/ha Milocepc + 0.6 kg/ha 2.4-D in late March. 
Plant Concept safened treated seed. 
Use 0.31 kg/ha glyphosate + surfactant to control volunteer sorghum if needed. 

The chemical names for herbicides used are: at,azinc=(2-chloro-4-{ethylamino-6-(Isopropylamlno)-s-trazlne); 2.4-D=(2,4
dichlorophenoxylacetic acid; glypliosate=(N-phosphonomethyl) glycine: propazine=(2-chloro-4,6-bis(isopropylamno)-s-triazne: 
chlorosulfuron=(2-chloro-N-[[(4-mcthoxy-6-niethyl- 1,3,5-trlazln-2-yl) amino carbonyll benzenesulfonamide: metolachlor=(2-chloro
N-(2-ethyl-6-methylphenyl)-N-{2-methoxv- 1-methylethyl) acetamide.
 
bThe effectiveness of glyphosate is enhanced by using a low volumc of carrier 1<93 L/ha water) and by adding 2-kg feed-grade
 
ammonium sulfate per 100 L of water.
 
Milocep is a combination of metolachlor and propazine. Seed softened with Concept (CGA-43089) must be planted.
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Table 2. Effect of crop sequence on grain production and water-use-efficiency for grain production. Four-year average (1984-1987), 
Bushland, Texas. 

Crop sequence 

WSFV WFb CW, CS, 

Sorghum Wheat Wheat Wheat Sorghum 

Mg/ha 
Avg. annual grain yield 

(planted/ha) 4.07 1.56 1.57 1.08 3.45 
Avg. annual production 

(system/ha) 1.36 0.52 0.78 1.08 3.45 

kg/m 3 

Water-use efficiencyd 0.470 0.185 0.149 0.203 0.571 

"Wheat-sorghum-fallow sequence (WSF): 1/3 of land area is cropped in wheat. 1/3 is cropped in sorghum, and 1/3 is fallow each
 
year.

bWheat-fallow (WF) sequence: 1/2 of land area is wheat each year while the remainder is fallow.
 
'Continuous wheat (CW and continuous sorghum (CS): these are amnual cropping systems with 100% of the land area planted each
 
year.
 
dWUE = grain yield + (fallow season precipitation + growing season ET). WUE calculations include all precipitation that occurred
 
from the harvest of one crop until the harvest of the next crop. 

slightly above average. A factor contributing to high 
yields was land leveling, which prevented runoff and 
increased total water available to the crop, particularly 
for sorghum, which was growing when most large storms 
occurred. 

The WSF system has performed well and is well-
adapted to dryland crop production in the Southern 
Great Plains. The advantage of WSF is high yield per 
planted/area which is characteristic of fallow systems, 
yet it produces two crops in 3 years compared to one crop 
in 2 years for WF. While WSF is the second-ranked 
system in this study for total grain production and WUE, 
we expect the difference between CS and WSF to narrow 
during dry years. 

o 10 
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Figure 2. Effect of tillage system on grain and 
total dry blomass yields of grain sorghum and 
winter wheat, Bushland, Texas, 1984-1987. Grain 
or blomass mean yields for each crop that have 
the same letter were not significantly different at 
P < 0.05 according to Duncan's Multiple Range 
Test. 

Tillage Effects 

Tillage system had little effect on grain yield in any 
sequence for either wheat or sorghum (Fig. 2). However, 
in comparison to CT, NT resulted in greater blomass 
yield of sorghum on WSF (13% increase) and wheat on 
CW (20% increase) (data not shown). The PAW at seeding 
tended to be 10 to 20mm greater for NT on all sequences, 
but only at sorghum planting on WSF was PAW signifl
cantly greater on NT (243 mm on NT vs 214 mm on CT). 
Considering that both wheat and sorghum biomass 
yields were high because of above average precipitation, 
the advantages of a NT system were minimal for water 
storage during fallow and grain yield. The CT (stubble
mulch tillage) system used in this study is a proven, 
reliable method for dryland crop production in the 
Southern Great Plains (Johnson and Davis, 1972). No

tillage on dryland does not reduce storm runoff, but"it 
does reduce soil loss by water threefold (Jones et al., 
1987). Both tillage systems effectively controlled wind 
erosion. No-tillage in the WSF system on sloping land 
does have some economic advantages (Jones et a l ., 

Conclusions 

Crop selection and crop sequence are important forefficient use of precipitation for dryland crop production.
Continuous sorghum produced four times as much 

grain as did the wheat-fallow system, which produced 
one crop in 2 years. The wheat-sorghum-fallow se
quence, which produces two crops in 3 years, was the 
next most efficient system, having greater total grain 
production and WUE than con+tnuous wheat or wheat
fallow systems. Both tillage systems tested (no-tillage 
and conventional stubble mulch) were effective in con
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Introduction 

Wheat (Triticum aestivum L.) and grain sorghum [Sor-
ghumbicolor (L.) Moench] are two crops most commonly 
grown on dryland in the Great Plains. Low rainfall, high 
temperatures, and high winds make water conservation 
and erosion control extremely important. The wheat 
fallow (WF) cropping system produces one crop in 2 
years and has 14 to 15 fallow months to store water, 
Several tillage operations are necessary during fallow for 
weed control. Such tillage results in soil water loss and 
the destruction ofvirtually all crop residue, exposing the 
soil to erosion from wind and water. Considerable re-
search has been conducted to alleviate these problems. 
Substituting herbicides for tillage results in reduced 
erosion (Good and Smika, 1978), reduced weed growth 
(Greb and Zimdahl, 1980). and increased residue reten-
tion (Tanaka, 1986), soil water, and yield (Fenster and 
Peterson. 1979; Fenster and Wicks, 1982). 

While WF is the predominant dryland cropping 
system in the Great Plains, the two crop in 3 years wheat- 
sorghum-fallow (WSF)rotation (Phillips, 1969) has proven 
suitable for western Kansas (Nilson et al., 1985) and 
western Nebraska (Fenster and McCalla, 1971). Other 
dryland cropping systems are the one crop in 2 years 
sorghum-fallow (SF) system, continuous sorghum (SS), 
and continuous wheat (WW). The purpose of this study 
was to compare several dryland cropping systems under 
conventional and reduced tillage conditions. 

Materials and Methods 

Wheat-fallow, WSF, SF, SS, and WW cropping sys-
tems were compared at Tribune and Garden City, Kan
sas from 1973 to 1985 and 1979 to 1987. respectively. 
The SF, WW, and SS systems utilized only conventional 
tillage (CT) for weed control. Tillage implements were the 
sweep plow, rodweeder, and, occasionally, the tandem 
disk. In addition to CT. herbicides were used in WF and 
WSF to give reduced tillage (RT). minimum tillage (MT), 
and no tillage (NT). Atrazine (2-chloro-4-(ethylamino)-6-
(isopropylamino)-s-triazine) was applied after wheat 
harvest at 1. 1 kg/ha to RT, MT, and NT in WF and at 2.2 
kg/ha to PT and NT in WSF prior to sorghum. Cyanazine 
(2-1[4-chloro-6-(ethylamino)-s-triazne-2-yl] amino]-2-

2.7 kg/ha to MT and NT in WF and at 1.8 kg/ha to NT in 

WSF prior to sorghum. Prior to wheat in WSF, cyanazine 
at 2.7 kg/ha was applied to RT, MT, and NT. Depending 
on weed species present, 2,4-D (2-chloro-4-ethylamino)
6-isopropylamino-s-triazine), paraquat (1. l'-dimethyl
4,4'-bipyridinium ion), or glyphosate (N-(phosphonom
ethyl) glycine) were used after the residual herbicides for 
additional weed control. One postemergent herbicide 
aplication was made in MT. Two applications were 
usually needed in NT. Tillage in RT and MT was used as 
needed for weed control after the final application. 

The treatments varied somewhat between locations. 
There were no NT treatments at Tribune and no herbi
cides were used between sorghum harvest and wheat 
planting in WSF. There were no WW plots at Garden City. 

The soil type at Tribune was a Ulysses silt loam with 
a pH of 7.9 and an organic matter content of 15 g/kg. The 
soil type at Garden City was a Satanta loam with a pH of 
7.0 and an organic matter content of 13 g/kg. Experi
mental designs were randomized complete blocks with 
four replications at Tribune and three replications at 
Garden City. Plot size was 8 by 29 m at rribune and 24 
by 61 m at Garden City. Gravimetnc soil water samples 
were taken at the beginning and end of fallow at 30-cm 
intervals to a depth of 180 cm at Tribune and 150 cm at 
Garden City. Wheat was planted at a rate of 45 kg/ha in 
30-cm rows with commercially available hoe drills. 
Sorghum was planted with a John Deere flex planter at 
Tribune and a Buffalo slot planter at Garden City. Row 
spacing was 75 cm and plant population was 50000 to 
62500 /ha. 

Results and Discussion 

Storage of Precipitation 

Precipitation amounts stored during fallow, as af
fected by tillage, are presented in Table 1. Averages are 
presented, since there was no tillage by year interaction. 
The reduction in tillage resulted in more water storage 
prior to sorghum only at Tribune. In WF, RT resulted in 
additional water at Tribune, while more water storage 
occurred at Garden City only during the 1984 to 1987 
period. The data from Garden City and Tribune are from 
overlapping time periods, but the data are consistent for 

methylpropionitrile) was applied the following spring at both locations during the overlap. 
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Table 1. Effect of tillage on the amount of precipitation stored during fallow at Garden City and Tribune, Kansas. 

Wheat-fallow 

Garden City 

Tillage system 1980-83 1984-87 

Conventional 110 90 
Reduced 120 -
Minimum 127 122 
No till - 125 

LSD (0.05) ns 30 

Prior to sorghum. 

Tribune 

1975-85 

mm of water stored" 
92 
127 


... 
-

12 


Wheat- sorghum- fallow 

Garden City Tribune 

1976-86 1973-85 

105 105 
112 .37
 

105 

ns 12 

Smm of water stored in 150- and 180-cm profiles at Garden City and Tribune, respectively. 

Table 2. Effect of cropping system and tillage on the yield of winter wheat. Garden City. Kansas, 1980-1987. 

Cropping system, 

Year WF-CT WF-RT WF-MT WF-NT WSF-CT WSF-RT WSF-MT WSF-NT 

mg/ha 
1980 3.02 a" 2.75 a 2.99 a 2.68 a 
1981 2.08 a 2.65 a 2.06 a - 1.30 b 
1982 3.52 ab 3.29 abc 3.57 a i 3.10 bc 
1983 3.00 a 3.37 a 

Mean 2.90 a 2.89 a 

1984 2.04 c 
1985 2.50 ab 
1986 2.15 bc 
1987 2.03 bc -

Mean 2.18 b 

3.32 a - 2.02 b 

2.98 a - 2.28 b 

2.26 ab 2.40 a 2.33 ab 
2.36 b 2.62 a 2.67 a 
2.33 a 2.50 a 2.16 bc 
2.12 b 2.24 ab 1.90 c 

2.27 ab 2.44 a 2.26 ab 

2.64 a 2.64 a -
1.601) 1.50 b
3.06 be 3.12 abc -
1.96 b 1.98 b -

2.31 b 2.31 b 

- 2.49 a 2.12 bc 
- 2.35 b 2.33 b 
- 2.49 a 2.10 c 
- 2.38 a f.03 bc 

- 2.42 a 2.14 b 

1WF = wheat-fallow, WSF = wheat-sorghum-fallow, CT = conventional tillage, RT = reduced tillage. MT = minimum tillage. NT = no 
tillage.
"Yields within a row followed by the same letter or letters do not differ at the 5% level according to Duncan's multiple range test. 

Yield 

Wheat yields are presented in Tables 2 and 3. 
Wheat-sorghum-fallow yields were lower than those of 
WF at Garden City in 1981 and 1983; otherwise, there 
were few differences between the two systems at either 
location. A late spring freeze in 1981 reduced all yields 
and theWSFwheat may havebeen in a more susceptible 
growth stage. The reason for lower WSF yields in 1983 is 
unknown. Yields of WW were less than those of WF and 
WSF because of less subsoil water. Continuous wheat 
produced no grain in 1976 and only 0.41 Mg/ha in 1982. 
Yield increases at both locations occurring as a result of 
a reduction In tillage were due to more stored soil water. 

Grain sorghum yields are presented in Tables 4 and 
5. Since there were no differences in stored soil water, 
there were few differences in WSF sorghum yields at 
Garden City due to tillage system (Table 4). There was 
more stored water due to reduced tillage atTribune. thus 
RT yielded more than CT in 9 of 13 years (Table 5). 
Comparing cropping systems at Garden City, SS yielded 

less than WSF and SF in 4 of 6 years due to less stored 
water. WSF yields were similar to those of SF in 3 of 6 
years. The longer fallow period of SF resulted ini more 
stored water and higher yield only in 1981 at Garden 
City. SaIl surface crusting reduced emergence and re
sulted in SF yields less than those of RT in WSF in 1985 
and all WSF yields in 1986. Wheat residue reduced 
crusting in WSF. At Tribune, SS yields were lower than 
those of RT in WSF in 9 of 13 years however, SS yields 
were greater than or equal to those of CT in WSF in 9 of 
13 years. It appears that reduced tillage in WSF was 
more important for soil water storage at Tribune than at 
Garden City. The longer fallow period of SF was more 
advantageous at Tribune, since yields of SF exceeded 
those of RT in WSF in 6 years. 4 of which were 1982 
through 1985 when yields of SF did not exceed those of 
WSFat Garden City.Thus, atTribune, SFand RTinWSF 
usually produced Lhe most grain while SS and CTinWSF 
produced the least. At Garden uity, the WSF treatments 
usually did not differ. and WSFand SFusuallyproduced 
more grain than did SS. 
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Table 3. Effect of cropping syste'" and tillage on the yield of Table 4. Effect of cropping system and tillage on the yield of 
winter wheat, Tribune. Kansas, 1973-1985. grain sorghum, Garden City, Kansas. 1981-1986. 

Cropping system, Cropping system-, 

Year WF-CT WF-RT WSF-CT WSF-RT WW Year WSF-CT WSF-RT WSF-NT SF SS 

Mg/ha Mg/ha
1973 2.15 al 2.30 a 1.95 a 2.13 a 1.58 b 1981 3.77 bc" 3.49 c 4.38b 5.26 a 2.75 d 
1974 2.16 b 2.55 a 2.43 ab 2.33 ab 1.11 c 1982 4.50 a 4.60 a 4.75 a 4.97 a 4.46 a 
1975 2.37 b 3.31 a 2.35 b 3.21 a 0.87 c 1983 1.86 a 2.32 a 2.18 a 2.20 a 1.81 a 
1976 0.83b 1.53a 0.91 b 1.03b 0.00e 1984 4.00a 4.08a 4.15a 4.25a 3.22b 
1977 2.04 a 2.06 a 1.25 b 1.90 a 0.99 b 1985 4.15 ab 4.94 a 4.50 ab 4.03 b 2.85 c 
1978 1.99 c 3.21 a 2.54 b 3.46 a 0.99 d 1986 4.40 ab 4.69 a 4.45 a 3.81 b 2.43 c 
1979 2.28 b 2.94 a 2.28 b 2.43 b 0.91 c 
1980 0.93 b 1.32 a 1.55 a 1.32 a 0.96 b Mean 3.78 a 4.02 a 4.07 a 4.08 a 2.92 b 
1981 2.25 bc 2.65 a 2.11 c 2.53 ab 1.33 d 
1982 2.02 b 2.28 b 1.33 c 2.76 a 0.41 d "WSF = wheat-sorghum-fallow, SF = sorghum-fallow. SS = 
1983 4.23 a 3.94 a 3.45 b 4.01 a 2.41 c continuous tillage. RI"= reduced tillage. NT = no tillage.
1984 3.21 a 2.99 a 3.15 a 3.26a 1.96 b Yields within a row followed by the same letter or letters do not 
1985 4.37b 4.15 b 4.48 b 4.92 a 1.37 c differ significantly at the 5% level according to Duncan's 
Mean 2.37 ab 2.71 a 2.29 b 2.71 a 1.15 c multiple range test. 

, WF = wheat-fallow, WSF = wheat-sorghum-fallow. W =
 
continuous wheat, CT = conventional tillage, 11' = reduced
 
tillage. References
 
bYields within a row followed by the same letter or letters do 
differ signifcantly at tie 5% level according to Dunctt Fenster. C. R.. and 1. M. McCalla. 1971. Tillage practices in 

western Nebraska in a wheat -sorghum-fallow rotation. 
Nebraska Agricultural Experiment Station Bulletin 5B 515. 

Table 5. Effect of cropping system and tillage on the yield of Fenster. C.R., and G. A. Peterson. 1979. Effects of no-tillage
grain sorghum. Tnbune, Kansas, 1973-1985. fallow as compared to conventional tillage in a wheat-fallow 

system. Nebraska Agricultural Experiment Station Bulletin 
Cropping system" 289. 

Fenster, C.R.. and G. A. Wicks. 1982. Fallow systems for winter 
Year WSF-CT WSF-RT SF SS wheat in western Nebraska. Agronomy Journal 74:9-13. 

Good, L.G., and D. E. Smika. 1978. Chemical fallow for soil and 
Mg/ha water conservation in the Great Plains. Journal of Soil and 

1973 2.74 btl 4.39 a 4.41 a 3.01 b Water Coisernation 33:89-90. 
1974 0.61 b 1.46 a 0.82 ab 0.98 ab Greb, 13. W.. and R. W. Zimdahl. 1980. Ecofallow comes of age
1975 3.20 a 3.09 a 3.24 a 3.24 a in the central Great Plains. Journal of Soil and Water 
1976 0.00 b 0.60 a 0.88 a 0.00 b Conservation 35:230-232.
 
1977 2.70 a 2.72 a 3.27 a 2.77 a Nilson, E. B.. P. W. Stahliman. C. A. Thompson, R.E.Gwin, C.A.
 
1978 3.81 b 4.55 a 5.09 a 3.89 b Norwood, F. R. Lamm,and M. E. Mikesell. 1985. Wheat
1979 0.00 d 2.67 b 4.01 a 1.14 c grain sorghum-fallow using reduced tillage with herbicides.
 
1980 3.36 b 2.86 b 4.08 a 4.32 c Kansas Agricultural Experiment Station Report of Progress
 
1981 5.56 b 6.59 a 6.46 a 4.37 c 482.
 
1982 2.84 c 3.88 b 6.38 a 2.06 d Phillips. W. M. 1969. Dryland sorghum production and weed
 
1983 3.36 b 3.55 b 4.84 a 1.43 c control with minimum tillage. Weed Science 17:451-454.
 
1984 4.03 c 4.85 b 6.06 a 
 3.27 d Tanaka. D. L. 1986. Wheat residue loss for chemical and 
1985 1.47 c 2.14 b 4.76 a 2.14 b stubble mulch fallow. Soil Science Society of America Jour

nal 50:434-440. 
Mcan 2.59c 3.34b 4.18a 2.51 c 

IWSF = wheat-sorghum-fallow, SF = sorghum fallow. SS =
 
continuous sorghum, CT = conventional tillage, RT = reduced
 
tillage.
 
"Yields within a row followed by the same letter or letters do not
 
differ significantly at tile5% level according to Duncan's
 
multiple range test.
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Introduction 

In order to appreciate more fully the success story of 
a practical maize (Zea mays L.) production system for 
arid situations, it is necessary to highlight beforehand 
(a) the main features of the problem, (b) the guidelines 
that are available to farmers on how best to handle the 
problem, (c) a brief indication of the situation at the farm 
where the particular system was developed and prac-
ticed the last 26 years, and (d) the basic principle for 
successful maize production under arid condition. 

The General Problem of Maize Production 
in Arid Regions 

Although rainfall in arid regions is comparatively 
low, the main cause of the problem is its distribution 
during the growth season. This is caused by the unpredictbilty mounf bth xpetedandthehe tobe 

ti ofccurrene aman 
tme pfoccrble igvand 

summer drought. It is a regular feature in the rainfall 
patter d i-growi regio ofeaSothernfrlaIthe 
pattern in the maize-growing regions of eSouthern Africa 
and is caused by a serious drop in or total stoppage of 

rain, which usually occurs for longer or shorter periods 
from approximately the end of December to the end of 
January. An additional factor during this period Is the 
high rate of evaporation, averaging as much as 8.6 mm/ 
day and caused by the high day-time temperatures 
during this time of the year. The main concern of the 
maize farmer is, therefore, not only the optimum conser-
vation of water, but also, the optimum vtilization of the 
available water. 

Practical Guidelines 

As a result of the enormous risk faced by maize 
farmers in arid regions, research and extension institu-
tions have over the years developed certain guidelines 
meant to guide maize farmers along ways that will enable 
them to reduce the risk Involved to an absolute mini
mum. These guidelines include steps that can be taken 
to conserve as much water as possible through proper 
cultivation practices. effective weed control measures, 
and effective control of soil erosion. They also include 
steps that will help the farmer to make the best possible 

use of all the water that is available. The manipulation 
of planting date, plant population, and cultivars that are 

the best adapted to the specific circumstances is of 
special importance in this regard. 

It must. however, be emphasized that the applica
tion of these guidelines requires not only the necessary 
willingness from the farmers concerned, but also dill
gence and a certain amount of managerial expertise. 
Managerial ability, as far as the problem of risk is 
concerned, is particularly involved with the cost factor. 
Careful budgeting to ensure that cost expended does not 
exceed the expected income is required and must be 
conscientiously exercised during every stage of the 
program. 

The Farm Manana 
All the conditions typical of ard regions are present 

at Manana. This includes fairly low average rainfall with 
erratic and unpredictable pattern, periodic droughts,

high day-time temperatures with, consequently, 
high rates of evaporation, especially during December 
and January. A rather flat topography id soil condi
tions which are conducive to wind and water erosion arealopentMngmntnthfrhwvrcnb 

also present. Management on the farm, however, can be 
described as of an exceptionally high standard. 

The Basic Principle 

In order to produce maize successfully, at Manana 
in particular or in arid regions in general, careful consid
eration must be given to a principle which is considered 
as basic under these circumstances. The principle is 
that only those farming practices must be implemented 
which are specially adapted to reduce the problem of risk 
to its absolute minimum. The success of the Manana 

maize production system can be attributed to the effec
tive application of this principle. 

The Manana Maize-Production System 

Broad Policy 

The broad policy that underlies maize farming in 
arid regions consists of certain practices which are 



834 Cropping Systems 

fundamental to any system that has tile successful 
reduction of risk at stake. A policy which, for instance. 
can be considered as vital for maize production under 
arid conditions, is to keep row width as wide as practi-
cally possible. Row width at Manana is permanently kept 
at 2.3 m. The entire system revolves around this single 
practice. A second important policy, and one to which 
Manana is strictly adhering, is to limit tile choice of 
cultivars to only those which have been scientifically 
proved to be tile best adapted to the specific circun-
stances. A third policy of major importance adopted by 
Manana is the total control of weeds throughout tile 
year. The ain is to eradicate weeds entirely by strict 
adherence to tile practical and effective approach of 
never to allow any weed to reach the flowering and 
seeding stages. 

Two policy miatters of special importance are plant 
population and planting date. The' go hand-in-land 
and can be manipulated separately or in conjunction to 
reduce the risk of unforeseen drought situations as best 
as possible. Plant population for Manana is. therefore, 
usually between 16,000 and 17.000 plants per hectare. 
This figure is high enough to be able to capitalize on a 
good rainfall season and at the same time not so high 
that unexpected drought conditions will necessarily 
cause a total collapse of the crop. This step is reinforced 
by a planting date policy to which Manana strictly 
adheres, namely, not to plant maize befbre the soil-water 
reserve has been liberally replenished by early summer 
rain 

Soil Erosion 

A first requirement for the successful management 
of the risk problem is to curb soil erosion or to eliminate 
it altogether. All the above measures to conserv_water 

and to ensure the optilum utilization thereof becomne 
useless if valuable topsoil is allowed to be carried away 

by water or blown away by wind. The terrain at Manana 
is rather flat. so that wind erosion is of greater impor-
tance than that caused by water. I lowever, circum-
stances can develop where both can become equally 
important, and meticulous attention must be paid to the 

effective control of both. 
Control consists of' four elenenitar, but practical 

steps. The first is simply tile fact that maize is planted in 
an east-west direction. That is perpendicular to the 
prevailing north to northwestern wind. the slope, and, 
therefore, the flow of water. This step is reinforced by the 
other steps. First, all maize residue is used as a covering 
mulch where. by means of a special technique, it isspenial iis 
concentrated in strips instead of being scattered all over 
the place. Second. plant rows are ridged as a matter of 
principle. Third. maize stubble remaining after harvest 
is kept intact well into the next season. The ridge 
reinforced by the stubble not only serves as the main 
bastion against water erosion, but also as an effective 
windbarrier. 

Soil Cultivation Practices 

A second requirement regarding the management of 
the risk problem is single-minded attention to every soil 
cultivation practice before, during, and after the plant
ing of maize. The main aim ofthese practices is tofurnish 
the maize plant with the best possible soil conditions in 
which to grow, develop, and produce at its maximum. 

Basic requirements in this regard are, firstly, to 
ionstantly keep the soil in a condition allowing rain
water to be received, absorbed. and stored for use by the 
crop; secondly, tile prevention oftunnecessary water loss 
caused by run-off, evaporation from the surface, and 
competition by weeds; and, lastly, to keep costs in check 
by te careful monitoring of the cost factor during all 
stages of tile program. The degree to which these re
quirements are fulfilled is best understood by a short 
description of the basic components of the soil eultiva
tion practices at Manana. 

The first component involves a unique method of 
controlled traffic. Plant rows and wheel tracks are ro
tated in fixed positions every season. Maize is planted in 
the same row positions only every alternative season. 
The same principle applies to wheel tracks, although in 
a slightly different manner. The rotation ofwheel tracks 
prevents the formation of soil compaction layers to a 
large extent, while the rotation of plant rows seems to 
prohibit the build-up of plant-disease inoculum in the 
soil. 

A second component involves the establishment 
and continuous maintenance of track-free zones of 
approximately 0.46 in width. These ;we the zones in 
which the plant rows are seasonally rotated. No wheel 

heavier than the pressure wheel of the planter is ever 
allowed to move along these zones. These zones are, 
furthermore, ridged during one season and flattened 
again during the next and the soil, as such, is never 
disturbed at a depth deeper than t 0.1 m. Ali these 

steps provide additional methods to prevent soil com
paction problems in the immediate vicinity of the maize 
plant and so provides the seed with a firm seedbed and 
the roots with an obstruction-free rootbed. 

The third component involves the corrugated type of 
top- and subsoil disturbance created during the primary 
soil preparation action before the start of the new growth 

season. Primary soil preparation is executed with an 
implement consistingoftwo single tines (without shares) 
in front, 0.80 m apart and operating at a depth of 0.35 
im.The rear is taken ip by three springloaded tines with 
shares operating at a depth not deeper than 0. 10 m. The 
most important aspect of this operation is that the wellfissure subsoil crete beanthe tw tinesque 
fissured subsoil created by the two single tines. approxi
mately 0.75 m away from th e plant row, provides a 
furtherextension of the rootbed discussed above and, at 
tre same time, improves the soilscapacity to absorband 
store rain water. A second aspect of major importance is 
that the cost ofthis method of prmary cultivation is kept 
low by the fact that only abott 46% of the soil is
disturbed at a depth deeper than 0.10 m. A third 



important aspect is that this method was adopted only 
after extensive research on the farm itself. It has proved 
satisfactorily because it gives the best results under the 
circumstances prevailing at Manana. 

Conclusions 

The first conclusion is that the Manana maize 
production system is not only effective, but also practical 
and scientific. It is PRACTICAL because every principle 
involved and method applied is based on common sense. 
For example, total weed control was made possible as a 
direct result of the practical approach of never to allow 
weeds to reach the flowering and seeding stages. The 
system is also SCIENTIFIC. Every step taken fits scien-
tifically into a larger. tactical plan where it serves a 
specific purpose on its own, but where, at the same time. 
it is mobilized together with all the others to serve the 
larger purpose of successful maize production under 
arid conditions. The effectiveness ofthe system is proved 
by the fact that maize yield at Manana averaged 2.68 
Mg/ha over a period of 26 years. This figure must be 
compared with an overall average in the rest ofthe region 
of less than 1.50 Mg/haand must also take into account 
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the severe and prolonged drought the past 6 to 8 years. 
A second conclusion is that the Manana system is 

undoubtedly a management-intensive system. Firstly. 
the system requires close supervision of the manager to 
ensure the timely and correct execution of every step at 
all times. Secondly, it is necessary that all relevant data, 

especially those concerning the cost factor, be carefully 
scrutinized by the manager as soon as they become 
available. In the last instance, the development of such 
a system is impossible without research being done on 
the farm itself. The research required may, however, be 
of such specialized nature that the execution thereof 
may in many instances be hampered by a lack of the 
managerial ability required. 

The final conclusion is that the standard for suc
cessful maize production under arid conditions, as 
proved on the Manana 'arm, istofollowasystemthatwill 
create and maintain the greatest possible harmony 
between the growth requirements of the crop and the 
soil-climatic circumstances under which the crop is to 
be cultivated. The main problem in this regard, however, 
is that the fulfillment of this standard requires manage
rial ability of an exceptionally high standard. 
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Introduction 

Common dryland cropping systems in the central 
Great Plains region of the U.S.A include a 2-year rotation 
of winter wheat (Triicum aestivum L.) - fallow and a 3-
yearwheat-grain sorghum [Sorghum bicolor(L.) Moenchl 
- fallow rotation. A need for alternative dryland crops has 
renewed interest in a wheat - corn (Zea mays L.) - fallow 
(WCF) rotation. As with any dryland cropping system, 
successful dryland corn production depends on many 
management factors, particularly those that affect the 
quantity of available soil water. Weed control, tillage/ 
residue management, plant population, fertility, and 
timeliness of management practices are the primary 
factors that strongly influence dryland corn yields. 

Weed Control 

The most critical management input in a WCF 
rotation is weed control. Under semi-arid conditions, 
weed growth during the crop growing season and in the 
fallow periods can rapidly reduce available soil water 
and, therefore, increase the probability of drought stress 
and yield loss in dryland corn following winter wheat, 
Weed control in a WCF system must begin in the growing 
wheat. Studies in west central Nebraska derT',nstrated 
that reducing wheat row width from 35 to 17 c-n and 
increasing wheat seeding rate to 67 or 100 kg/ha from 
33 kg/ha significantly improved weed control through-
out the WCF cycle (Vander Vorst et al., 1983). Wheat 
yields were increased by increasing seeding ro'es, but 
not by reducing row width. Herbicide applications in the 
growing wheat can be especially effective in reducing 
weed pressure in late summer and fall after wheat 
harvest (Havlin. 1985). The benefit ofweed control in the 
growing wheat may be greater to the following corn crop 
than to the wheat (Kleir, 1986). Provided the wheat 
straw and chaff are distributed uniformly over the 
combine header width, an application of 2.0 to 3.0 kg/ 
ha atrazine [2-chloro-4-(ethylaminol-6-isopropylamino-
s- triazinel and 0.25 kg/ha paraquat (1,1-dimethyl-4.4
bipyridiniLum) or 0.75 kg/ha glyphosate (N-(phosphon-
omethyl) glycinel after wheat harvest will generally pro-

vide adequate control of volunteer wheat and other grass 
and broadleaf weeds until the corn is planted. Delaying 

herbicide application until spring allows weeds to re
duce available soil water and, subsequently, corn yields 
(Wicks, 1986). Timely tillage with a sweep plow can also 
be effective in controlling weeds after wheat harvest, 
while maintaining surface residue cover. Preplant appli
cations of 1.3 kg/ha cyanazine [2-((4-chloro-6
(ethylamino)-s-triazin-2-yl)amino)-2-methylpropontrile) 
or 1.7 kg/ha metolachlor (2-chloro-N-(2-ethyl-6-
methylphenyl)-N-(2-methoxy- 1-methylethyl)acetamide] 
have been very effective in dryland corn (Klein, 1986; 
Wicks, 1986). 

Tillage/Residue Management 

Tillage and residue management studies with WCF 
were conducted in Nebraska between 1974 and 1977 

(Hoefer et al., 1981). Treatments that left wheat stubble 
standing and weed-free from wheat harvest to corn 
planting resulted in greater available soil water as a 
result of increased rainfall infiltration, reduced evapora
tion, and increased snow trapped in standing stubble 
compared to treatments in which tillage flattened or 
incorporated residues. Controlling weed growth during 
and after winter wheat and in the growing corn also 
contributed to increased available soil water. All the 
above factors contributed to significantly higher corn 
grain yields under no- tillage residue management. 

Tillage studies have been conducted in northwest
ern Kansas since 1982 (Lamm. 1985, 1987, 1988). Corn 
yields were generally greater under no-tillage than with 
the two disk tillage treatments (Table 1). Yield compo
nents were also generally higher under no-tillage than 
under disk tillage. The differences in yield and yield 
components reflect improved conservation and use of 
available water, resulting in higher productivity under 
no-tillage. 

Plant Population 

Plant population is a critical management factor 
because populations that are too high for the available 
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Table 1. Influence of tillage on corn yields and water use in wheat-corn-fallow rotation at Colby, KS. in 1984-87 (from Lamm, 1988). 

Tillage Grain Water 
system Year yield use 

Mg/ha mm 
No-tillage 	 1984 2.80 245 


1985 5.42 265 

1986 5.06 350 

1987 5.58 333 


Fall Disk 	 1984 2.99 233 

1985 6.50 288 

1986 3.30 303 

1987 4.05 300 


Spring Disk 	 1984 2.88 238 

1985 5.75 260 

1986 4.35 345 

1987 4.72 328 


1984 LSD (0.05) NS NS NS 

CV% 21 4 1.6 


1985 LSD (0.05) NS 6 NS 

CV% 27 8 2.1 


1986 LSD (0.05) 0.6 19 1.7 

CV % 20 7 1.5 


1987 LSD (0.05) 0.6 19 1.9 

CV % 19 5 1.6 


soil water can reduce grain yield. In general, plant 
populations should decrease from 35,000 to 30,000 
plants/ha in west central Kansas and Nebraska to 
25,000 to 20,000 plants/ha in eastern Colorado and 
western Nebraska because annual precipitation de-
creases from 700 mm to 350 mm. Few studies have been 
conducted to evaluate dryland corn population effects 
on grain yield and water use. 

Plant population studies conducted in northwest 
Kansas showed a trend toward higher yields at the 
highest and lowest populations (Table 2). although dif-
ferences were not significant. Analyses of yield compo-
nents (date not shown) indicated increased tillering and 
ear set at the low population, whereas at the high 
population, less tillering was observed, but nearly all 
plants produced a good ear. At the medium population, 
some tillering was observed; however, the population 
was too high to produce normal ear set from these tillers, 
resulting in reduced yield. The reduced yield at the 
middle population was observed in each year except 
1985. Drought conditions in May and June may have 
reduced tillering, although a different hybrid was planted 
in 1985 than in previous years, which may have affected 
tillering and final grain yield. Further studies are needed 
to evaluate the interaction between hybrid and plant 
population on tillering and grain yield. 

Fertilizer Management 

Fertilizer rate and placement studies were con-
ducted in western Kansas in 1984 and 1985 (Havlin, 

Water use Ears/ Seeds/ Seed 
efficiency plant ear weight 

kg/m 3 no. no. g/100 
1.14 0.90 391 24.7 
2.04 1.26 618 24.4 
1.45 1.00 603 26.0 
1.68 1.29 523 28.3 

1.28 0.79 457 24.5 
2.26 1.35 629 26.1 
1.09 0.93 493 21.9 
1.35 1.19 506 21.5 

1.21 0.87 434 25.4 
2.21 1.27 613 24.4 
1.26 0.99 574 23.9 
1.44 1.06 549 25.3 

NS NS NS
 
16 22 5
 

NS NS NS
 
21 13 16
 

0.04 	 86 1.6
 
7 14 10
 

0.14 	 60 1.7
 
16 11 13
 

1987). Corn was planted into standing stubble at 21,000 
plants/ha. Growing season rainfall in 1984 was normal 
(225 mm), but only 	125 mm of rainfall was received in 
1985. Average corn yields in 1985 were about 1.25 Mg/ 
ha less than in 1984 as a result of the lower rainfall 
(Table 3). A significant response was observed to 85 kg 
N/ha in 1984 and to 50 kg N/ha in 1985. The difference
 
in N response between years was probably due to lower
 
rainfall in 1985, although the response in 1984 may not
 
have occurred if the lower rate had been included that
 
year. Nitrogen rate studies with no-tillage dryland corn
 
have also been conducted in western Kansas (Lamm,
 
1987, 1988). Significant responses above 45 kg N/ha
 
were not observed in either 1986 or 1987.
 

In general, broadcast N and P resulted in signifi
cantly lower yields than surface band, sidedress, and 
knife treatments, which produced similar grain yields. 
These results are consistent with numerous other fertil-
Izer placement studies (Peterson et al., 1981; Mengel, 
1982; Leikam et al., 1983; Fox, 1984). Phosphorus 
appliedwithorbelowtheseedcanimproveseedlingvigor 
in cool spring soils and may advance maturity enough to 
avoid some drought stress during critical pollination 
and grain-fill periods. 

Conclusions 

Key factors in successful dryland corn production in 
the central Great Plains are weed control, tillage/residue 
management, plant population, and fertilizer manage
ment. Dryland corn in rotation with wheat involves more 
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Table 2. Influence of tillage and plant population on corn yields 
in wheat-corn-fallow rotation at Colby. KS. in 1984-85 (from 
Lamm, 1985). 

Tillage 	 Plant population, plants/ha 
System Year 37500 25000 21250 

No-Tillage 1982 
1983 
1984 
1985 

5.73 
2.25 
2.45 
5.14 

Mg/ha 
4.98 
2.20 
2.68 
5.95 

5.29 
2.54 
3.28 
5.16 

Fall Disk 	 1982 ...... 
1983 .. .... 
1984 3.19 2.60 2.84 
1985 7.14 6.14 6.23 

Spring Disk 	 1982 4.90 4.52 4.74 
1983 2.30 1.75 2.46 
1984 3.36 2.71 2.89 
1985 5.57 5.53 6.15 

LSD (0.05) CV I%) 

1982 NS 14 
1983 NS 30 
1984 NS 21 
1985 NS 27 

risk than wheat- fallow, due to shorter fallow period and 
variability of summer rainfall. Proper management can 
reduce this risk. 

References 

Fox, R.H. 1984. Optimizing nitrogen use efficiency of nitrogen 
solutions applied to no-till corn. p. 18-19. In Proceedings 
Fluid Fertilizer Foundation. St. Louis, Missouri. 

Havlin, J.L. 1985. Weed cartrol in winter wheat. p. 4-5. In 
Proceedings Ecofarming Conferences. University of Nebraska 
Cooperative Extension Service. 

Havlin, J.L. 1987. Fertilizer management for no-till irrigated 
and dryland corn. Journal Fertilizer Issues 4:60-67. 

Hoefer, R.H., G.A. Wicks, and O.C. Burnside. 1981. Grain 
yields, soil water storage, and weed growth in a winter 
wheat-corn-fallow rotation. Agronomy Journal 73:1066-
1071. 

Klein, R.N. 1986. The ecofarming system. p. 1-24. In Proceed-
Ings Ecofarming Conferences. University of Nebraska Coop-
erative Extension Service. 

Lamm, F.R. 1985. Tillage and plant population effects on coni 
yields and water use for the wheat-corn-fallow cropping 
system. p. 73-76. In Conservation Tillage Research 1985. 
Report of Progress 492, Kansas Agricultural Experiment 
Station. 

Lamm. F.R. 1987. Tillage and plant population effects on corn 
yields and water use for the wheat-corn-fallow cropping 
system. p. 71-74. In 1987 Agricultural Research. Colby 

Table 3. Fertilizer placement and N rate effect on no-tillage 
dryland comgrainyield inwestern Nebraska from 1984 to 1985 
(from Havlin, 1987). 

Fertilizer Year 
treatment 1984 1985 

Mg/ha 
Placement, 

Broadcast 4.45 3.15 
Surface band 4.66 3.63 
Sidedress 4.82 3.47 
Knife 4.79 3.49 

LSD (0.10) ns 0.31 
CV % 12 8 

Nitrogen rate" 
Check 3.93 3.13 
59 kg N/ha -- 3.37 
85 kg N/ha 4.45 3.51 
140 kg N/ha 	 4.73 3.67 

LSD (0.10) 0.43 0.31 
CV% 12 8 

- 140 kg N/ha and 20 kg P/ha applied with all placement 
treatments. 

Broadcast treatment applied at planting but not incorporated. 
Surface band treatment applied 5 cm to the side of row at 

planting. 
-Sidedress treatment knife applied 10cm to the side of row and 
10 cm deep 30 days after planting. 
-Knife treatment applied 5 cm to the side of the row and 10 cm 

deep at planting. 
- all N and P fertilizers were UAN (28-0-0 and APP (10-34-0), 

respectively. 
RYields are average of 10 and 20 cm deep knife applications. 

Branch Station. Report ofiProgress 52 1, KansasAgricultural 
Experiment Station. 

Lamm. F.R. 1988. Tillage and plant population effects on corn 
yields and water use for the wheat-corn-fallow cropping 
system. p. 1-5. In 1988 Agricultural Research. Colby Branch 
Station. Report of Progress 546, KansasAgricultural Expert
ment Station. 

Leikam, D.F.. L.S. Murphy, D.E. Kissel, D.A. Whitney. and H.C. 
Moser. 1983. Effects of nitrogen and phosphorus applica
tion method and nitrogen source on winter wheat grain yield 
and leaf phosphorus. Soil Science Society of America Jour
nal 47:530-535. 

Mengel. D.B. 1982. Placement of nitrogen fertilizers for no- till 
and conventional corn. Agronomy Journal 74:515-518. 

Peterson, G.A., D.H. Sander, P.H. Grabouski. and M.L. Hooker. 
1981. A new look at row and broadcast phosphate recom
mendations for winter wheat. Agronomy Journal 73:13-17. 

VanderVorst, P.B., G.A. Wicks, and O.C. Burnside. 1983. Weed 
control in a winter wheat-corn ecofarming rotation. Agron
omy Journal 75:507-511. 

Wicks, G.A. 1986. Herbicide applications on wheat and stubble 
for no-tillage corn. Agronomy Journal 78:843-848. 



249 Comparison of Herbicides and Tillage 
in a Long-Term Wheat-Fallow Rotation 

Don W. Morishita, Alan J. Schlegel, Charles A. Norwood, and Roy E. Gwin
 
Kansas State University, Southwest Kansas Branch Experiment Station,
 

4500 East Mary St., Bldg. 924, Garden City, KS 67846 U.S.A.
 

Introduction 

A considerable amount of research has been con-
ducted over the past 30 years to compare the effects of 
chemical and mechanical fallow methods on wheat 
(TriticumaestivumL.)yields and soilwater storage (Army 
et al., 1961; Black and Power, 1965: Hoefer et al.. 1981; 
Norwood, 1985: Phillips, 1955: Smika and Wicks, 1968). 
Results have varied, with highest water storage and yield 
due to either mechanical fallow methods or total chemi-
cal fallow methods (Black and Power, 1965: Lawless, 
1986: Smika and Wicks. 1968). A combination ofchemi-
cal and mechanical fallow methods also has shown 
success (Hoefer et al., 1981; Smika and Wicks, 1968). 

Average annual precipitation near Tribune, Kansas, 
is 415 mm. Precipitation from wheat harvest in early 
July to first killing frost in October averages 165 mm. 
In a wheat-fallow cropping system. the fallow period 
averages 15 months. Research in southwest Kansas has 
shown that most of the precipitation accumulated dur-
ing the fallow period is from harvest (July) to early 
summer (June)(Norwood, 1986). Little additional water 
is stored from June until wheat planting in September. 
With this limited amount of precipitation, soil water 
conservation via good weed management practices is 
paramount. Mechanical weed control reduces weed 
growth and can increase soil water storage. However, 
wheat stubble is destroyed by tillage, thus reducing the 
potential for trapping snow during the winter. Herbi-
cides are effective for controlling weeds and can be used 
with tillage or as a substitute for mechanical weed con
trol. One advantage of using herbicides over mechanical 
weed control methods is that the wheat stubble is not 
destroyed and the potential for capturing -now is greater. 

Various herbicide-tillage combinations intended to 
control fall weed growth in new wheat stubble were 
compared over a 10-year period. The objectives of this 
study were to a) compare several herbicide-tillage com-
binations for maximizing soil water storage in the fallow 
period after harvest to the first killing frost, and b) to 
measure the effect of the herbicide-tillage combinations 
on wheat yield. 

Materials and Methods 

This field study was conducted at the Southwe, t 
Kansas Branch Experiment Station near Tribune, K.-

USA (38"28'N, 101V 46'W). Soil type was a Ulysses silt 
loam (Aridic Haplustoll) with a pH of 7.8 and organic 
matter content of 14 g/kg. A randomized complete block 
design was used with four replications. Plot size was 8.2 
by 30 m. All treatments were represented in each crop 
year from 1977 to 1987. Winter wheat was grown in a 
wheat-fallow rotation (one crop every 2 years). Wheat 
was planted at a rate of 40 kg/ha with a hoe drill having 
35-cm row spacing. The weed control treatments were: 
atrazine (6-chloro-N-ethyl-_N'-(l-methylethyl)- 1,3,5-triaz
ine-2,4 diamine) applied at 0.84 kg/ha and incorpo
rated with a sweep plow post-harvest; atrazine at 0.84 
kg/haand incorporated post-harvest with cyanazine (2
[[4-chloro-6-(ethylamino)-1.3.5-triazine-2-yll amino]-2
methylpropanenitrile) at 2.24 kg/ha applied in the spring; 
atrazine at 0.84 kg/ha plus 2.4-D ((2,4-dichloro
phenoxy)acetic acid) at 1.68 kg/ha applied post-harvest 
without incorporation: atrazine at 0.84 kg/ha plus 
glyphosate (N-(phosphonomethyl)glycine) at 1. 12 kg/ha 
applied post-harvest without incorporation: mechanical 
weed control (tilled twice with a sweep plow in the fall); 
and an untreated check (no mechanical or chemical 
weed control in the fall). All treatments were tilled with 
a sweep plow as necessary for weed control in the spring 
and summer of the fallow period. Soil water was deter
mined gravimetrically at planting and harvest to a depth 
of 1.8 m and reported as available soil water (soil matric 
potential > -1.5 MPa). The center 2.4 m of each plot was 
machine harvested at maturity and grain yields were 
adjusted to 125 g/kg moisture. 

Results and Discussion 

Soil Water at Planting 

Soil water at planting was greater with chemical 
weed control in 4 of I I years and no difference in the 
other years (Table 1). There was never a difference in soil 
water at planting between the nontreated check and the 
mechanical weed control treatments. The herbicide treat
ments atrazine + glyphosate, atrazine + 2.4-D, and 
atrazine +cyanazine generally had the highest soil water 
at planting except in 1983. In that year, atrazine + 
glyphosate had the highest soil water. These soil water 
levels indicate that post-harvest chemical weed control 
or a combination of chemical and mechanical weed 
control is better than no weed control or mechanical 
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Table 1. Available soil water at planting in wheat-fallow rotation from 1977 to 1986 at Tribune, Kansas. 

Available soil water, 

Treatment Rate 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 

kg/ha mm _ 

Check - 48 57 81 127 165 196 157 201 188 107 
Atrazine 0.84 114 64 132 150 185 198 157 216 170 130 
Atrazine + 0.84 + 

2.4-D 1.7 109 61 122 165 178 183 163 191 188 170 
Atrazine + 0.84 + 

cyanazine 2.2 119 76 119 160 168 216 168 211 201 145 
Atrazine + 0.84 + 

glyphosate 1.1 94 58 119 160 178 211 160 208 203 183 
Blade twice 79 58 97 145 198 201 147 185 173 124 
LSD (0.05)b 38 

1Average available soil water in 1.8-m soil profile.

bThe LSD value is for all values because there was a significant treatment by year interaction.
 

Table 2. Comparison of water gained due to weed control practice from 1977 to 1986 in wheat-fallow rotation in Tribune,
 
Kansas.
 

Water gained during fallow period, 

Treatment Rate 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 

kg/ha mm 
Check - 101 76 85 133 151 171 133 154 156 95 
Atrazine 0.84 162 98 147 156 142 192 150 178 143 123 
Atrazine + 0.84 + 

2.4-D 1.7 165 77 127 155 132 164 133 151 150 143 
Atrazine + 0.84 + 

cyanazine 2.2 158 93 137 148 118 192 138 167 155 132 
Atrazine + 0.84 + 

glyphosate 1.1 139 54 150 149 144 210 138 118 108 161 
Blade twice - 130 44 69 110 251 181 119 107 124 146 
LSD (0.05)" 48 

1Average amount of water gained in 180 cm soil profile.
 
"The LSD value is for all values because there was a significant treatment by year interaction.
 

weed control alone for accumulating soil water during herbicide treatments generally resulted in higher yields
 
fallow, than the mechanical weed control or nontreated check.
 

Atrazine alone, atrazine + cyanazine, and atrazine + 
Soil Water Accumulation and glyphosate ranked as the three highest yielding treat-

Fallow Efficiency ments 86% of the time. Mechanical weed control and the 
nontreated check ranked as the two lowest yielding

treaten 79% ofntetime.
Soil water accumulation (Table 2) and fallow effi-

Over a 10-year period, soil water storage, fallow
ciency (Table 3) during fallow followed similar patterns 

Oer a graprids wae s g fallow
for all years. The nontreated check and the mechanical 
weed control treatments generally had the lowest fallow efficiency, and grain yields were increased using chemi

after harvest to flrst killing
efficiency and least soil water accumulation. One no- control during the period 

table exception was 1981 when the mechanical weed frost compared to no weed control or mechanical weed 

the highest fallow efficiency, control alone.
control treatment had 

When averaged over the long-term, grain yields will
There was no difference in fallow efficiency in 4 of the 10 

years. be increased with chemical weed control or a combina-

Grain Yield tion of chemical and mechanical weed control. However. 

these differences will not be seen every year. Therefore,
 

Grain yields were affected by weed control treat- long- and short-range crop production goals must be
 
ments in 7 of 10 years (Table 4). In years with differences, considered in determining a weed management system.
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Table 3. Fallow efficiency due to weed control practice from 1977 to 1986 in wheat-fallow rotation, Tribune. Kansas. 

Fallow efficiency" 

Treatment Rate 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 

Check 
Atrazine 
Atrazine + 

2.4-D 
Atrazine + 

cyanazine 
Atrazine + 

glyphosate 
Blade twice 
LSD (0.05)" 

kg/ha 
-

0.84 
0.84 + 

1.7 
0.84 + 

2.2 
0.84 + 

1.1 
-

23 
38 

38 

36 

32 
30 
10 

12 
16 

12 

15 

9 
7 

16 
28 

25 

26 

29 
13 

20 
24 

23 

22 

23 
17 

26 
25 

23 

21 

25 
44 

% 

28 
31 

27 

31 

34 
29 

21 
24 

21 

22 

22 
19 

36 
42 

36 

39 

28 
25 

37 
34 

35 

37 

25 
29 

16 
21 

25 

23 

28 
25 

"Fallow efficiency = (Net soil water gain / Fallow season precipitation) x 100. 
'The LSD value is for all values becauqe there was a significant treatment by year interaction. 

Table 4. Grain yields among weed control practices from 1978 to 1987 in wheat- fallow rotation at Tribune, Kansas. 

Wheat yield 

Treatment Rate 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 

Check 
Atrazine 
Atrazine + 

2.4-D 
Atrazine + 

cyanazine 
Atrazine + 

glyphosate 
Blade twice 
LSD (0.051 

kg/ha 
-

0.84 
0.84 + 

1.7 
0.84 + 

2.2 
0.84 + 

1.1 
-

2.1 
3.1 

2.9 

3.4 

3.2 
2.0 
0.5 

1.7 
2.4 

2.2 

2.2 

2.5 
2.0 

1.3 
1.6 

1.3 

1.6 

1.6 
1.5 

1.3 
1.1 

1.3 

1.3 

2.6 
1.5 

Mg/ha 
2.0 3.8 
2.4 3.0 

2.1 4.0 

2.9 3.6 

2.6 4.2 
1.9 3.6 

2.6 
2.5 

2.8 

2.8 

2.6 
2.9 

2.7 
2.5 

2.3 

2.6 

2.7 
2.3 

1.7 
2.6 

1.9 

2.3 

2.2 
1.7 

2.0 
2.3 

2.2 

2.6 

2.2 
2.2 

The LSD value is for all values because there was a significant treatment by year interaction. 
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Introduction 

Soil and water are two important factors indispen-
sable in agriculture. The absence or inadequacy of one 
of them will limit or totally eliminate the possibility of 
running a well organized and profitable agricultural 
enterprise. 

The climatic system in Turkey is such that there is 
a periodic drought every 7 to 10 years where annual 
rainfall is below normal. The central and southeast 
regions of Anatolia receive a total rainfall of only 350 to 
400 mm in normal years; hence, these constitute the 
driest regions of Anatolia. Rainfall in these regions is 
often inadequate, particularly during summer-autumn 
and even in spring months. In these regions, there is an 
uneven distribution of precipitation between the sea-
sons. 

Place of the Agricultural Sector 
in the Turkish Economy 

Agriculture is still the dominant sector in the Turk

ish economy in spite of an emphasis on industrialization 
by the policy makers since 1960. Agriculture's share of 
the gross national product has declined from 27% in 
1970, to 23% in 1980, and 17% in 1986. During this 
period, the share of industry has increased from 23% in 
1970 to 25% in 1980, and 33% in 1986. However, when 
one considers agriculture-related industries as a com-
ponent of agriculture, this sector still provides the 
greatest share of the gross national product. 

In 1984, 76% of the agricultural production value 
was obtained from plant products and 24% from animal 
products. Within total plant production, the contrlbu-
tion of various cereals is 26%, followed by industrial 
crops 23% (the most important are cotton (Gossypium 
sp.) and tobacco (Nicotiana sp.)), fruits 22%, vegetables 
17%, and legumes 6% in 1985. 

In 1986, agricultural land in Turkey reached 24 
million ha. Of this total area, 17 million ha (70%) was 
cultivated for field crops. 

Agriculture has played four main roles in the eco-
nomic development of Turkey. First, it has been able to 
feed the rapidly growing population; the country has 

remained self-sufficient in most agricultural products 
with the exception of spices, coffee (Coffea sp.), and in 
some years, rice (Oryza sativaL.). Second, it has pro
vided the necessary raw materials for the expanding food 
processing industry and other industries, such -,s tex
tiles, cigarettes, and leather. Third, it currently provides 
employment for about two-thirds of the economically 
active population. Fourth, agriculture constitutes the 
major portion of the foreign exchange earnings of the 
country. In 1986, the export value of raw agricultural 
products amounted to 23%of all exports. It is estimated 
that the above figure exceeds 74% when one includes the 
value of other exports with an agricultural base. 

Cereal grains play a dominant role in the agricul
tural sector. Wheat (Tricum sp.) is the most important 
cereal crop for direct consumption by the people and has 
some potential for export. On the other hand, climate of 
most ofthe arable land makes it necessary to grow wheat 
or small-seeded cereals in most parts ofTurkey. In semi
arid regions of Turkey, it is possible to increase wheat 
production through some inexpensive technological
innovations and thus to contribute to solution of the 
world food problem. 

Use of Field Areas in Turkey 

In Turkey, parallel to the rapid increase in popula
tion, total field areas also increased. In order to meet the 
demands of the present population and the annual 
average population increase rate of 2.8% (in 1985). 
agricultural production was increased by extending the 
cultivated area. For this reason, cultivated land, which 
was 14.5 million ha in 1950, increased to 24.0 million ha 
in 1986, showing an Increase of 66%. The area for 
cereals, industrial crops. and legumes increased 1.6- to 
1.8-fold between 1950 to 1986. 

These tremendous increases in field areas, bringing 
new and vast areas into pruduction and reaching today's 
level ofproduction in various crops, especially in cereals, 
are important developments. However, it is observed in 
Turkey that land which should not be used for such 
purposes is also cultivated for field crops. The shifting of 
agricultural areas from plains to hillsides, forcing crops 
past the natural boundaries of meadow and pasture 
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Table 1. Sowing dates, techniques, fertilizer and pesticide inputs, and amount of Sadova type of Wheat seed used. 

Avenge Amount Amount of 
yield of Napplied pesticide used 

kg/ha 

1490 200 1.53 
1540 
2650 215 1.35 
2740 
3270 

3380 
3400 
3420 1.60-1.80 
3450 

3480 203 1.50 
3540 1.90 
3580 
3640 
3650 1.30-1.50 
3730 
3790 
3830 

3950 

4020 1.00-1.25 
4270 202 1.76 
5160 180 1.50 

areas, is the bitter truth of the land increases. Especially 
in Central Anatolia, where dry farming and the fallow 
system is employed, this unhealthy expansion of field 
areas has increased water and wind erosion, 

It can be seen from these short explanations that 
Liere is no possibility for further expansion of field areas 
in Turkey. One of the main points to consider now is to 
search for the possibilities of growing pulses in some 
parts of the areas used for cereal agriculture in order to 
prevent the loss of marginal field areas. Under the 
present cultural conditions, the amount of cultivated 
field area should be below the actual figure of 24.0 
million ha. 

There are two possible ways of increasing field crop 
production in Turkey: 

1. Use of the fallow areas for continuous cultivation, 
2. Increasing the yield per unit area by using new 

cultural measures. 

Case Study of the Trakya Region 

Under the present conditions in Turkey, it is not 
possible to increase agricultural production and the 
income of farmers by increasing the cultivated areas of 
land. Out of 24 million ha, only about 8.5 million ha of 
agricultural land is economically irrigable. Due to the 
fact that irrigation investment costs are high, only 3.4 
million ha of agricultural land have been irrigated in the 
65 years up to 1987. In most parts of Turkey, water for 
agricultural production is the minimum factor because 

Sowing Sowing Amount of 
techniques dates seeds used 

kg/ha 

230-240 

11-20 October 
21 October -
30 November 
11-20 November 
1-10 November 

Drill with 
normal row 

160-185 
Scatter drill 190-200 

4- 10 October 
21-30 October 

210-220 
250-260 

most of Turkey is situated within the semi-arid climatic 
region. Another implication of this is that possibilities for 
intensifying agriculture in nonirrigated land must be 
sought and increased in order for Turkey's agricultural 
production to be increased. 

Research has been carried out on farms in 29 
villages in the Trakya Region to determine the possibili
ties for increasing of agricultural production and farm
ers' incomes in the regions under rainfall conditions. In 
the production of "Sadova" type wheat and hybrid sun
flowers (Helianthus annuus L.), the soil preparation. 
method, planting date, style of planting, distance be
tween the plants, depth of planting, planting rates, and 
the amount of N fertilizer and herbicide used were 
assessed in 89 farm units, all having the same soil 
properties and climatic conditions. Operations differing 
from those that are the same in all farms are illustrated 
in the tables. Tables I and 2 illustrate operational 
differences in wheat production, and Tables 3 and 4 
illustrate differences in sunflower production. 

Wheat planting in the region occurs between 11 
October and 30 November. In general, wheat is sown 
with a grain drill in rows, using 160 to 260 kg of seed/ 
ha, 109 to 215 kg of N/ha, and 1.0 to 1.9 kgofherbicide/ 
ha. When determining the aforesaid data for varying 
yields, it was established that the highest wheat yield in 
some farms was 5160 kg/ha. It was determined tiht in 
order to obtain this high yield, farmers had sown the 
wheat between 11 and 20 November, using a grain drill 
and planting the seeds in rows. They used 1.8 to 2.0 kg 
of herbicides/ha. 

http:1.00-1.25
http:1.30-1.50
http:1.60-1.80
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Table 2. Amounts of 'Sadova" type of wheat used according to yield groups, sowing dates, and techniques. 

Average yield Amount of N Amount of Sowing techniques Sowing dates Amount of seed 
applied pesticide used 

kg/ha kg/ha
1490-2590 200 1.53 Scatter drill 	 11-20 October 230-240 
2600-3590 	 215 1.35 Drill with normal row 11-20 October 160-185 

203 	 1.50 Drill with normal row 21-30 November 190-200 
11-20 November

3600-4590 202 1.76 	 Scatter 6rill 4- 10 October 2 10-220 
Scatter drill 21-30 October 250-260

4600-5590 	 180 1.50 Drill with normal row 1-20 November 180-200 

Table 3. Amounts of hybrid sunflower seed used, sowing dates, and techniques. 

Average Type of Sowing Amount of Plants Amount of Type and quantity
yield sowing dates seed used 	 N used of pesticide" 

kg/ha kg/ha 1000s/ha kg/ha

1110 20 May
 
1120 
 20
 
1350
 
1430
 
1480 1-10 April
 
1490 
 80-90
 
1520 
 4.1-6.0 
1550
 
1580 Drill with row 8.1-10.0
 
1640 Drill with row 
 10-120 44
 
1720 
 90-100
 
1730 
 60-70 
1750 Treflan 1.0-1.4
 
1760 Drill with row 6.1-8.0 45-50 29 Afdens 2.0
 
1770 
 14.1-16.0
 
1780
 
1790 
 Treflan 1.4-1.6
 
1800 1-10 May 2.0-4.0
 
1840 11-20 April
 
1850 
 21 
1870 61
 
1930 
 149
1960 29 Treflan 1.8-2.0
1970 Treflan 0.5-1.0 
1980 
2030 50-60 
2100 2-30 .pril 
2130 
2140 Plow 
2210 Normal drill 
2240 160 
2320 
2330 
3060 Automatic drill 

'Treflan = trifluralin - ,.--trifloro-2,6-dimitro.N,N-dipropyl. -toluidine. 

The planting of hybrid sunflower seed (shown in When maladjusted by farmers, automatic grain drills 
Table 3) takes place during the 50 days between I April result in excessive seeding rates and low yield.
and 20 May, which is a considerably long period of time. Between 20 and 149 kg of N fertilizer/ha, and 0.5 
Planting Is generally done by grain drill, and the seed is and 2.0 kg of herbicides/ha are used in the production 
sown in rows. The automatic grain drill has only been of sunflowers in the region. When the data in Table 3 are 
used in the region for the last 2 years. The seed require- changed to 1000 kg to 2000 kg, and 2010 kg to 3060 kg
ments are between 14 and 16 kg/ha for conventional yields as in Table 4, it has been noted that farmers may
grain drills and 2 and 8 kg/ha for automatic grain drills, yield more than 3000 kg of sunflowers/ha under the 
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Table 4. Amounts used according to yield groups, sowing dates, and techniques in hybrid sunflowers. 

Average Type of sowing Sowing dates Amount of Plants Amount of N Type and quantity 
yield seed used fertilizer used of pesticide used, 

kg/ha kg/ha 10OOs/ha kg/ha
 

1000-2000 Drill with row 20 May 4.1 
1-10April 8.1 
1-10 May 6.1 
11-20April 14.1 

2.0 

160 

2010-3010 Plow normal drill 21-30 April 4.0 

1See footnote, Table 3, for chemical name. 

same soil and climatic conditions, and with the same 

production inputs without making too many changes. In 

these operational units where 2000 to 3000 kg of sun-

flower yields/ha are obtained, planting is with auto-

matic grain drills between 21 and 30 April, using 60 kg 
oac ainbraum.
of N and between 4 and 6 kg of seed/ha. 

In conclusion, itIs possible to considerably raise 
wheat and sunflower yields in rainfed regions by imple-
menting the package program. 
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Introducton 

Ecofallow 

Annual precipitation throughout most of the central 
Great Plains is between 400 and 600 mm, an insufficient 
amount in most years for continuous dryland cropping 
using conventional tillage. As a consequence, fallowing 
to conserve water is widely practiced. A winter wheat 
(Triticum aestivum L.)-sorghum [Sorghum bicolor (L.)
Moench], or corn (Zea mays L.)-fallow rotation is com-
mon in much of the area. Phillips (1964) introduced the 
practice of applying herbicides after winter wheat har-
vest for controlling weeds for 10 months prior to sor-
ghum planting and through sorghum harvest. This 
practice was further refined in Nebraska and called 
ecofallow (Wicks, 1976). Ecofallow substitutes herbi-
cides for some tillage operations to control weeds, thus 
conserving soil water with minimum disturbance of crop 
residue and soil. The 10-month period between harvest-
ing winter wheat and planting sorghum or corn is 
important for soil and water conservation, 

Because of advances in no-till dryland farming 
systems, continuous cropping may be probable in much 
of the central Great Plains. In many years, enough water 
falls to sustain continuous cropping, but generally a very
high percentage of the water is lost before it can be stored 
or used by a crop (Fenster et al., 1965). In the ecofallow 
system, water begins accumulating for the next crop as 
soon as one crop is harvested or before harvest as crop 
water use declines. The important factor is storage of as 
much of the precipitation as possible, controlling weeds 
completely, and keeping the stubble on the soil surface 
to conserve this water and protect the soil. Standing 
wheat stubble traps snow during winter and provides 
uniform soil water distribution across the field. 

If weed control from herbicides is adequate, no 
tillage is required other than seeding the next crop. 
Reduced or minimum tillage planting also conserves 
stored soil water. Surface residue reduces evapotranspi-
ration (ET) during the cropping cycle compared to con-
ventional tillage (Klocke et al., 1986). Crop residue 
breaks rainfall impact from high intensity thunder-
storms common to the Great Plains and slows runoff, 
providing more time for infiltration. High straw mulch 

levels also suppress weed growth (Crutchfield et al.. 
1985). 

Crops that fit rotations in the central Great Plains 
include winter wheat, sorghum, corn, and soybean 
(Glycine max). However, crop rotations have not been 
researched to any extent in this region since the early 
1950s. 

Irrigation Decline 

Irrigation provides stability to production agricul
ture in the central Great Plains, and the Ogallala Aquifer 
is the primary source of groundwater for irrigation. 
Nebraska has the largest volume of stored water in the 
aquifer and a major portion is in the west central and 
southwest parts of the state. Nebraska has nearly 3.2 
million ha of irrigated land, with alrnst 1 million ha 
located in the west central area. Irrigation has changed 
the cropping patterns in the area from dryland corn and 
wheat to irrigated row crops. 

Groundwater levels are declining in many parts of 
the Ogallala aquifer, including Nebraska (High Plains 
Assoc., 1982). This decline could cause a transition back 
to dryland agriculturc. The adoption of limited-irrigation 
technology combined with no-tillage crop rotation sys
tems th-.t conserve soil and water could extend aquifer 
llfe in the region. Longer aquifer life would provide a 
smooth transition from intensive irrigation back to dry
land agriculture. 

Much emphasis has recently been placed on im
proving irrigation water management (Jensen, 1980; 
Taylor et al.. 1983). Many applied experiments have 
shown seed yield of determinate crops to be more 
sensitive to water stress in the initial floral through the 
pollination period than in the vegetative period of growth 
(Hsiao, 1973). Stress during any growth period tends to 
reduce yield, but effects are less during the vegetative 
period (Maurer et al., 1979). While previous work has 
acknowledged the importance of stored soil water, tim
ing of irrigation, and even limited irrigation, it has not 
examined the interactions of these variables with crop 
rotations and no-tillage practices (Hall and Butcher, 
1968; Salcedo and Meier, 1971). 

The primary objective of this research was to deter
mine the yields of corn, wheat, and soybean in different 
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no-tillage cropping systems under three water re- continuous wheat (CW), continuous corn (CC), wheat

gimes. corn-soybeans (W-C-Sb), wheat-corn-sorghum (W-C-
Sr), wheat-corn (W-C), and wheat-soybeans (W-Sb). 
Four replications of each treatment were used, and each 

Materials and Methods crop of a rotation was present each year to compensate 
for climatic variation among years. The soil was a Cozad 

Three blocks of land including one dryland area and silt ioam (Typic Haplustolls) with a pH of 7.5. Plant 

two areas irrigated by a solid-set sprinkler system were available water holding capacity was 0.1 kg/kg from the 

developed in 1981 at North Platte, Nebraska. The three 0- to 180-cm depth. Individual plots were 20 m x 20 m. 

water regimes were (1) rainfed. (2) limited irrigation (150 Long-term average annual precipitation at North Platte 

mm/year). or (3) full irrigation (matching the is 493 mm. The average yearly precipitation In 4 of the 

evapotranspiration demand). The rotations included 6 years (Sept. 1 to Aug. 31) was 25 mm above the long-

Table 1. Grain yields from cropping system research at North Platte. N E.1 

Crop and rotation Dryland Limited Irrig. Fully Irrig. 
Year CC W-C-Sb CC W-C-Sb CC W-C-Sb 

Mg/ha 
Corn 

1982 - 8.0 8.8 

1983 4.5 4.7 7.3 7.7 
--1984 4.5 4.8 8.1 8.2 

1985 2.3 2.6 7.8 8.5 10.3 10.0 
1986 4.9 6.3 8.5 9.7 11.2 11.6 
1987 3.9 6.0 9.2 9.8 12.0 12.2 

5-year avg (82-87) 4.0 4.9 8.2 8.9 

3-year avg (85-87) 3.7 5.0 8.6 9.3 11.2 11.2 

Dryland Limited Irrig. Fully Irrig. 
W-C-Sb W-Sb W-C-Sb W-Sb W-C-Sb W-Sb 

Mg/ha 
Wheat 

1982 - 3.4 3.9 

1983 2.4 2.2 4.2 4.5 
-1984 4.4 4.4b 4.2 5.01 

1985 2.0 
 1.6 5.6 5.4 5.3 5.0 
1986 4.2 3.6 4.5 4.0 4.2 4.2 
1987 3.4 2.7 3.9 4.0 3.9 4.0 

5-year avg (82-87) 3.3 2.9 4.3 4.5 - 

3-year avg (85-87) 3.2 2.6 4.7 4.5 4.4 4.4 

Soybean 
1982 - - 3.6 3.7 

1.4 (1.4)d 3.4 (3.4)d1983 
1.7 3.6 3.8 - 1984 2.1 


1985 1.3 
 1.9 3.2 3.4 4.1 4.6 
1986 (3. l)d 3.1 (4.2)d 4.2 4.5 4.5 
1987 1.2 1.1 3.5 3.6 4.0 4.3 

5-year avg (82-87) 1.8 1.9 3.6 3.7 - 

3-year avg (85-87) 1.9 2.1 3.6 3.7 4.2 4.5 

See text for cropping systems used. 
hNo 1983 soybean crop had an Influence on 1983 wheat yield. 

"No soybean crop in 1983 significantly increased 1984 wheat yield. 
Herbicide damage - value calculated as missing plot. 



848 CroppingSystems 

term average. Four-row modified commercial field equip-
ment was used for cultural practices in the plots, 

In soybean and wheat rotations, soybean is har-
vested in late September and winter wheat is planted 
immediately. This planting date for wheat is about 1 to 
2 weeks later than optimum. Weed control began in the 
growing winterwheat for those rotations includingwheat. 
Reduction of weed pressure in the growing wheat and 
maintenance of a weed-free wheat stubble following 
harvest provided for maximum interception and storage 
of precipitation. Phosphate was row-applied at planting 
for all crops, including soybeans. Nitrogen (ammonium 
nitrate) was broadcast in early spring for winter wheat 
and also at planting for corn (Hergert, 1985). 

For limited- and fully-irrigated wheat. 25 to 50 mm 
of water was apj lied near maturity of the soybean. This 
irrigation provided sufficientwaterforwheat emergence, 
was late enough so the soybean did not use the water, 
and was early enough to allow soil drying for soybean 
harvest. The remaining 100 to 125 mm of water was 
applied the following spling, depending on rainfall, 
Irrigations were applied during pre-boot (Feekes Stage 9 
to 10) and heading growth stages (Feekes Stage 10 to 
10.5). 

The limited-irrigated corn usually was not irrigated 
until tassel or silk emergence based on conclusions from 
other studies (Gilley et al.. 1980). Stored sail water was 
usually sufficient to allow crop development with little 
stress during vegetative growth. Irrigations of 40 to 50 
mm were applied at silk emergence, then at approxi-
mately 2-week intervals, with the final irrigation occur-
ring during the grain fill period. Fully-irrigated corn was 
irrigated based on meeting the ET demand of the crop. 

The limited-irrigated soybean received its first in-r-
gation in the early pod elongation period when the first 
pods set were 6 to 13 mm long based on field studies in 
Nebraska (Kiocke et al.. 1987). The irrigation amount 
was 40 to 50 mm. The remaining irrigations were timed 
at about 2-week intervals, but were based on stage of 
crop development, soil water, and rainfall. The fully-
irrigated soybean was irrigated to meet ETdemand ofthe 
crop. 

Research Results 

Yields for the dryland and limited-irrigation treat-
ments have been excellent for this climate (Table 1). Data 
analysis has not been completed over years for a given 
crop in different rotations to allow calculation of statis-
tical differences (LSD, etc.). Within a year, the CV for 
grain yield of a given crop in different rotations was less 
than 10%. Durng 1985, precipitation was 76 mm below 
normal, but there were no dryland crop failures. 

Because of the high pH (7.5) in this soil, herbicide 
selection and use hi soybean was difficult. Depending on 
the sequence of rainfall and herbicide application plus 
the amount of residue present, there may or may not be 
herbicide damage. For 2 out of 5 years, the soybean crop 
was lost due to herbicide (metribuzin)damage. The same 
rate of herbicide was used in both rotations including 

soybean, but damage varied. Soybean in the W-Sb 
rotation was killed in 1983: soybean in the W-C-Sb 
rotation was killed in 1986. Whcre the beans survived, 
yields were very good and weed control was excellent. If 
a given crop is lost due to herbicide damage, it may or 
may not have an influence on the following crop. Dryland 
winter wheat yields in 1984 In the W-Sb rotation were 
not affected due to soybean crop failure in 1983. Winter 
wheat yields in the same W-Sb rotation under limited 
irrigation were higher than on plots where soybean was 
present before the wheat crop. A new herbicide Com
mand (FMC 57020)] is shov Ing promise of good weed 
control and no damage to soybean. 

To date. rotations have not significantly affected 
winter wheat or soybean yields, but a significant rotation 
effect was apparent for corn. The dryland CC had less 
available water than the corn in the W-C-Sb rotation. 
Even in an above average precipitation year (1985), corn 
following wheat had greater early growth. The limited
irrigated corn benefited from the same rotation or soil 
water storage effect (Table 1). 

Irrigated corn had the highest water use and yield 
among the crops. Rotations did not affect fully-irrigated 
corn yields, although the rotations have been estab
lished 4 years. Since ihere is no water differential, tie 
crop rotation effects may take more time to be expressed 
tinder full irrigation. The production levels attained for 
the various crops in the different rotations are encour
aging because they indicate that management ofthisno
tillage cropping rotation can produce high yields. 

The wheat yields were somewhat lower than might 
be expected. but the winter wheat was planted after 
soybean harvest about the first of October. The 2-week 
delay in planting does reduce the yield potential com
pared to conventional fallow wheat. This is one limitation 
of the crop rotations. Advantages are the additional 
water storage for crops following winter wheat and the 
soil conservation aspect of maintaining the standing 
stubble. Corn and soybean yields benefited from the 
additional soil water. 

Summary 

No-tillage cropping system research at North Platte 

has demonstrated that continuous dryland crop rota
tions Including winter wheat and row crops may be 
feasible. Combining limited irrigation (150 mm) with the 
no-tillage systems has increased yields 90 to 130% for 
corn, 65 to 70% for wheat, and 80 to 90% for soybean 
above dryland yields. 
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Introduction 

Among conservation practices on the Great Plains, 
wind barriers, windbreaks, and shelterbelts have re-
ceived sporadic Interest and application over the years. 
Such barriers have been studied extensively over the 
years in terms of their effect on crop production, water 
conservation, microclimate, and soil erosion (van Eim-
ern et al., 1964: Marshall. 1967: Skidmore and Hagen, 
1977). The main effect of barriers is to reduce surface 
windspeed, which in turn influences soil and air tem-
peratures and evaporation. 

Tall wheatgrass (Agropyron elongatum)barriers can 
be established relatively quickly and they have advan-
tages over the more conventional tree shelterbelts for 
wind erosion control and snow management such as 
ease of establishment and maintenance and more even 
distribution of snow (Siddoway, 1970). Research has 
shown beneficial effects of the barrier system on winter 
wheat (Triticwnaestvum)production (Aaseand Siddoway, 
1974), on long-term water conservation and production 
experience with various cropping systems (Black and 
Siddoway. 1976; Black and Aase, 1986: Steppuhn et al.. 
1987). on reduced evaporation (Aase and Siddoway, 
1976), and on wind erosion control (Aase et al., 1985). 

Our objectives were to make crop response compari-
sons and simple variable cost comparisons for crops 
grown inside and outside a tall wheatgrass barrier 
system using three cropping strategies. 

Methods 

Tall wheatgrass barriers near Culbertson. Montana. 
were established in 1967 on a Williams loam (fine-loamy, 
mixed Typic Argiboroll) oriented in a north-south direc-
tion, 530 m long. There are 11 double-row (0.9 m apart) 
barriers with 10 14.6-m cropping intervals. The barriers 
reach a height of about 1.2 m. In the fall of 1981, the 
south 120 m of the barriers was removed, thus making 
the cropping strips continuous and providing an oppor-
tunity for comparing crops grown inside and outside the 
barrier system. In this report, we concern ourself with 
the years 1982 through 1987. The first, fifth, and tenth 
crop strips (numbered from the west) were cropped 
annually with a rotation of either winter or spring wheat, 
barley (Hordeum vulgare), and safflower (Carthamus 

tinctorius).The second, third, and fourth crop strips were 

in a 3-year fallow - spring wheat - winter wheat rotation, 

the sixth and seventh strips in a fallow - spring wheat 
rotation, and the eighth and ninth strips in a fallow 
winter wheat rotation. The fallow period prior to spring 
wheat seeding is 21 months; prior to winter wheat 
seeding, it is 14 months. 

Thirty-four kg/ha of nitrogen (N)in the form of am
monium nitrate (34-0-0)was broadcast at time of seed
ing. Phosphorus (P) requirements had previously been 
satisfiedwithblanketapplicationsofdiammoniumphos
phate (18-46-0) to maintain the available P at about 16 
mg/kg according to the sodium bicarbonate phospho
rus extraction method. 

Trifluralin (o-,,,o,-trifluoro-2.6-dinitro-N,_N-dipropyl
p-toluidine) was applied prior to seeding safflower to 
control grassy weeds. Broadleaf weeds in spring wheat 
and barley were controlled with 2,4-D (2,4-dichlorophe
noxy) acetic acid and bromoxynil (3,5-dibromo-4-hy
droxybenzonitrile) and in winter wheat with either 
2,4-D or chlorsulfuron (2-chloro-N-[[(4-methoxy-6
methyl-1.3.5-triazin-2-yl) amino] carbonyll benzenesul
fonamide). 

Yield determinations were made by hand-clipping 
wheat and barley samples at ground level at I I sites 
across each strip inside and outside the barrier system. 
Each samplingsitewas 2.4-m longand twoorthree rows 
wide. Each sample was weighed and threshed sepa
rately. and grain yield, test weight, and protein were 
determined. Values from the I samples were averaged 
to determine yield, test weight, and protein on each crop 
strip. Safflower was harvested with a 1.4-m-wide plot 
harvester. Two swaths across each inside and outside 
location were harvested, and yield and test weights were 
determined. 

A one-way analysis of variance was used to analyze 
the data. For the va.lable cost and net return compari
sons, production costs and prices were based on prevail
ing costs and on prices received at grain elevators at 
harvest in the locality of the study. No government farm 
subsidies were considered. Wheat protein premiums 
were included in prices received. 

Results and Discussion 

During the 6-year period, there was measurable 
snow accumulation in the barrier system only in 1982. 
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Table 1. Six-year average annual grain yield in relation to crop rotation inside and outside the barrier system, test weight and grain 
protein, precipitation, and plant available water to 1.5-m depth during summer growing season. 

Plant Plant 
Summer available available 
growing water water 
season for growing Grain Test Protein for growing Grain Test Protein 

Crop rotation ppt. season yield weight conc. season yield weight conc. 

Inside Outside 

mm kg/ha kg/m 3 g/kg - mm - kg/ha kg/M 3 g/kg 
Annual Crop Rotation 

Winter and spring 
wheat (averaged) 171 301 1850 776 140 260 1660" 759* 149 

Safflower 197 328 900 506 - 303 870 ns 506 ns -

Barley 172 287 1970 641 137 237 1880 ns 6330 151" 

Fallow - Spring wheat - Winter wheat 
Spring wheat 181 353 750, 772 153 343 750" ns 7670 154 ns 
Winter wheat 164 299 630, 780 132 271 620' ns 777 ns 130 ns 

Sum: 1380 Sum: 1370 

Fallow - Winter wheat 170 329 1200h 779 124 333 1190" ns 773* 13.3 

Fallow - Spring wheat 181 337 1070" 768 155 351 970" 7610 156 ns 

*Significantly different (P = 0.05) from corresponding values Inside: ns = not significant. 
,Yield divided by 3 to put on annual basis. 
'Yield divided by 2 to put on annual basis. 

Snowfall during the 6-year period averaged about the 
same as during the previous 14 years: however, tern-
peratures differed greatly. The 20-year average January 
air temperature is - 12.9 0C. The January 1982 average 
air temperature was -21.8"C; in the remaining 5 years, 
January air temperature averaged -7.9 0C. February and 
March temperatures also werc higher than average. 
Snow did not accumulate, since it apparently either 
sublimated or disappeared as melt or by evaporation, 
The average annual precipitation during the 6-year 
period was 333 mm versus 36i mm for the 20-year 
period. 

Yields and test weights were significantly higher for 
annually cropped wheat when grown inside rather than 
outside the barrier system (Table 1). Protein concentra-
tion followed the usual pattern of being higher where 
yield was lower. Barley yield did not differ significantly 
between inside and outside the barriers, but followed the 
same trend as wheat. 

For the fallow - spring wheat - winter wheat rotation 
(3-year rotation), there were no statistically significant 
differences, except that test weight was lower on the 
outside than inside the barrier system. Of the two fallow 
- wheat rotations, spring wheat outside the barrier 
system yielded only 94 kg/ha less than inside, but the 
difference was statistically significant. There was no 
difference in protein con( atration of spring wheat be-
tween inside and outside. Winter wheat in the fallow 
crop rotation had a higher protein concentration out-
side, even though yields did not differ between inside and 
outside. 

All yields in Table 1 are expressed on an annual 

bass. What stands out is that wheat yields in the 
conventional fallow - crop rotation are less than the 
average yields of winter and spring wheat grown annu
ally and also less than the annualized sum ofspring and 
winter wheat yields in the 3-year rotation. 

The variable cost and income comparisons in Table 
2 well illustrate over the course of the study where the 
barriers were of the highest benefit. Annually grown 
wheat was most profitable of the three cropping strate
gies, whethergrown inside oroutside the barrier system. 
and showed the greatest benefit from barrier protection. 
If we average the costs and returns from the three crops 
in the annual rotation, it still turns out to be the most 
profitable cropping strategy. There was no difference 
between inside and outside in net return from spring 
wheat in the 3-year rotation and only about a $3.00 
advantage for winter wheat grown Inside. Since, inthe 3
year rotation, a crop is grown 2 years out of 3. the sums 
of spring and winter wheat in Tables Iand 2 are probably 
the more realistic numbers to consider, since they in fact 
represent the annual yield and variable cost/net return 
figures for the 3-year period. Thus, we find that wheat in 
the 3-year rotation is next in profitability to wheat grown 
annually. 

We had thought that winter wheat protected by 
barriers would benefit more than would spring wheat 
because of early-growth protection from wind and also 
beneficial alrand soil temperatures (Aase and Siddoway, 
1974). However, it appears from the yield data, as well as 
from the variable cost/net return data, that winter 
wheat in the fallow-crop rotation responded about the 
same to growth conditions whether or not it was grown 
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Table 2. Average annual variable production costs and returns for crop production systems inside and outside a tall wheatgrass 
barrier system, 1982-1987. (All costs and returns are on a per-year basis, fallow years included, for comparison purposes.) 

Rotation 

Annual Fallow - Sp. Wh. - W. Wh. Fallow - Crop 

Cost and returns Wheat Safflower Barley 
Spring 
wheat 

Winter 
wheat Sum 

Spring 
wheat 

Winter 
wheu 

Variable cost 
$/ha 

Tillage 9.83 23.62 11.81 21.00 3.28 24.28 31.49 33.47 
Fertilizer & application 22.36 22.36 22.36 7.45 7.45 14.90 11.18 11.18 
Seed & application 
Herbicides & application 

19.55 
16.43 

14.75 
18.90 

27.72 
16.70 

6.83 
5.57 

6.24 
9.20 

13.07 
14.77 

10.24 
8.35 

9.36 
13.08 

Harvest 32.12 32.12 32.12 10.71 10.71 21.42 16.06 16.06 

TOTAL 100.29 111.75 110.71 51.56 36.88 88.44 77.32 83.15 

Return from crop 
Inside 186.83 183.03 148.01 32.94 59.25 142.19 118.88 116.00 

Net return 86.54 71.28 37.30 31.38 22.37 53.75 41.56 32.85 
Outside 166.62 173.41 138.05 82.97 56.27 139.24 106.88 117.75 

Net return 66.33 61.66 

Difference 
Inside - outside 20.21 9.62 

in the barrier-protected area, and actually gave a slightly 
higher net return when grown outside. This was because 
of the protein premium. 

Although return from barley was low when grown 
inside in the annual crop sequence, it performed rela-
tively well and returned more than winter wheat grown 
in the fallow - crop rotation. Barrier benefits to barley 
were about the same as those to safflower. 

An encouraging aspect of the variable cost/net 
return calculations was the high net return from saf-
flower. Safflower also benefited from barrier protection. 
Safflower yield averaged only about 900 kg/ha and 
ranged from 48 kg/ha in 1984 to about 1820 kg/ha in 
1986. Even though yield was highly variable under the 
semi-arid northern Great Plains conditions, it appears 
that safflower is a viable optional crop for the area. This 
is based on our variable cost/net return calculations for 
the long-term period. 
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Background 

The environment for dry land wheat production in 

southern Australia has been described by Nix (1975). 
Perry (1989). Puckridge and French (1983). and others. 

The characteristics of the climate are intensive winter 

rainfall, rapidly rising saturation deficit in spring, and 

hot dry summers. Rainfall during the winter derives 

from regular eastward moving anti-cyclones, originating 
in the southern oceans; in the southwestern part of the 

continent, summer rainfall is negligible. The Western 

Australian cereal belt is contained within the 660 and 

280 mm rainfall isohyets, with average lengths of grow-

ing season ranging from 280 to 140 days. Rainfall 

isohyets run roughly in a NW-SE direction and the 

evaporatior isohyets run more or less in an E-W direc-

tion (Boyd et al., 1976). There are no major orographic 

features in the South West that influence the rainfall 

pattern. The growing season extends from the break of 

season in the autumn (April/May) to the end of the 

rainfall period in spring (September/October). The be-

ginning and end of the growing season and rainfall are 

highly variable (Fitzpatrick, 1970; Fitzpatrick and Nix, 

1970: Gentilli, 1972). 
The prevailing farming system is an extensive one, 

with average-sized holdings ranging between about 1000 

and 2000 ha and, on these, cereal/ley rotations of short 

duration are practiced. These are based on self-regener-
ating annual forage legumes of subterranean clover 

(Trfolium subterraneum)or annual niedics (Medicago 

polymorpha, M. truncutula, and other medic species) 

alternating with cereal crops (Puckridge and French, 
1983). The system involves an intimate association of 

crop [wheat (Triticumaestivum L.)] and livestock (sheep) 

production. This system developed since the 1920s, has 
been gradually refined as new machinery, improved 

varieties, and new technology have become available 
(Burvill, 1979). Variants of this system include an earlier 
cereal/fallow system still in use and a recentmore 
cereal/grain legume rotation gaining increasing accep
tance (Perry, 1989). Minimum tillage techniques are now 
widely used. The average wheat yield over the Western 
Australian cereal belt is 1.2 Mg/ha and there are marked 
spatial and temporal variations. Goodchild and Boyd 
(1975) and Hill and Goodchild (198 1) analyzed the long-
term variation in wheat yield in more than 50 shires over 
more than 40 years and reported significant differences 

between- and within-year variations; these were great
est at the margins and least at the center of the wheat 

belt. The environmental constraints are different at the 

western and eastern margins and likewise at the north

ern and southern extremities of the wheat belt. This 

pattern ofvariation signifies a range of environments for 

crops in an apparently uniform cereal belt. The recom

mendations to farmers by the advisory services concern

ing choice of varieties are based on the recognizable dif

ferences; these are defined in terms of high, medium, 

and low rainfall areas and are subdivided into zones 
(Fisher et al., 1987). 

Spring wheat with a low vernalization requirement 
and 2arly maturity is the predominant cereal type and 

cultivars with wide adaptability are required. The pho

toperiod response of cultivas tends to be low. Those cul

tivars in which later tillers are able to respond to season, 

appear to have been the more successful cultivar types. 

Their chief characteristic is that with late rains, those 

tillers present develop to maturity and when the season 
is short, the later formed ones fail to develop a head. 

Against this background of a comparatively narrow 

genetic base, low temperature during the growing sea

son, severe water limitations in the spring, and the 

almost total reliance on biological nitrogen (N) fixation, 

it seems that the efficiency of wheat growing in the 

dryland region ofWestern Australia could be interpreted 

within a framework of three physiological attributes; 
these are the development pattern of the cereal plant, 

water use efficiency for grain production, and the effi

cicncy of N use. There are other influences determining 
the efficiency of diyland wheat production such as 

diseases, weeds, and a multitude of soil factors. These 

must not be disregarded, but for the purpose of this 

presentation, physiological indicators that relate to in

fluences on a macroscale are considered. 

Development Pattern 

Once effective rainfall has fallen, conditions at the 
beginning of the growing season tend to be reasonable 
and the early development of the cereal crop, i.e., the 
development of leaf and spikelet primordia and the 
initiation of tillering, progresses uniformly. Sowing datc 
has a marked effect on yield (French et al., 1979; Perry 
et al., 1987). The adapted cultivars in commercial use in 
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Table 1. Water use efficiency index (WUE) values from (a) Australia and (b) Western Australian Farms. (from Perry, 1984). 

(a) Water use efficiency index (WUE) based on seasonal rainfall plus change in soil water for Australian and Overseas wheat 
crops, and one Syrian crop for comparison. 

Location 

Narrayan. Q'Id 
Wagga, NSW 
Biloela, Q'Id 
South Australia 

South Australia 
Victoria 
Victoria 
Syria 

(b) Water use efficiency index (WIE) 
farms. 

Location 

1979 Eastern Wheatbelt survey 

Koorda 
Bruce Rock 
Burracoppin 
Bencbbin 
Bruce Rock 
Ardath 
Trayning 
Ardath 

1980 Three Tonne Club survey 

Narrogin 
Buntine 
Pantapin 
Wubin 
Bruce Rock 

Total DM WUE - Grain WUE -
Biomass yield Grain 

kg/ha 
8200 

12000 

kg/m 3 

4.27 
3.38 

kg/ha 
3030 
3330 

kg/m 3 

1.58 
0.94 

1950 1.27 
3200 1.07 

1200 0.40 
3610 1.41 

13770 
10830 

3.83 
2.91 

3810 
3560 

1.06 
0.96 

- kg grain per m3 of growing season rainfall - for selected Western Australian wheatbelt 

Soil 

Sandplain 
Jam 
Salmon Gum 
Sandplain 
Salmon Gum 
Gimlet 
Salmon Gum 
Gimlet 

Sand/Clay 
Sand/Clay 
Sandplain 
Sand/Clay 
Sandplain 

this environment, sown at normal density (40 kg/ha), 
develop about 9 to I I leaves, two to three tillers (about
300-350 ears/m 2), and 18 spikelets on each ear. The rate 
of leaf appearance on a thermal tlme basis is approxi-
mately 105 to 115 degree days per leaf (Kirby and Perry,
1987; Rickert et al., 1987). 

The period between terminal spikelet and anthesis 
is less well understood and is currently the subject of 
further study. In modem adapted cultivars, this period 
lasts about 50 to 60 days. It is during this period that 
tiller growth is expressed within prevailing environ-
mentpl constraints. In crops at normal commercial 
seeding rate under favorable water conditions, competi-
tion for carbohydrates between the peduncle and the ear 
can be sufficiently strong to limit tiller development to a 
main shoot and three ear-bearing tillers, and, when 
c'onditions are poor, to two ear-bearing tillers or less. 
Development of the ears on all culms is almost simulta-
neous so that ears on tillers are of almost the same size 
as those on the main shoot, i.e., typical spikelet numbers 

Rainfall Yield WUE 

-mm - kg/ha kg/m 3 

168 1980 1.18 
147 1700 1.16 
154 1770 1.15 
147 1350 0.92 
170 1400 0.82 
153 1000 0.65 
188 1000 0.65 
153 400 0.26 

322 3040 0.94 
200 1800 0.90 
178 1260 0.71 
232 1200 0.52 
160 770 0.48 

would be 18, 18. 17, and 16. There also appears to be an 
effect on the number of grains per ear. Rickert et al. 
(1987) working in the central wheatbelt have shown how 
the soil water supply at this time can have a strong 
influence on the process of yield formation. 

The period from anthesis to maturity is more vari
able and is strongly influenced by environment and 
season. It is of about 40 days' duration, and occurs 
during a period of rising evaporative demand and declin
ing soil water availability. Most of the water available at 
anthesis is used up. By world standards, kernel weights 
in this region are low (30 - 40 mg). Translocation to the 
kernel has been the subject of detailed studies by Jenner 
and RathJen (1977) and are subject to complex gradi
ents. 

Tennant (1976) and Hamblin and Tennant (1979) 
have shown variation in the pattern of root development, 
depending on soil type and cultivation. (See also Rickert 
et al., 1987.) They concluded that the early growth of 
wheat roots was restricted by soil strength and that the 



rooting depth of cereals is of the order of !00 cm while 
that of forage legumes was about halfofthat. Deep tillage 
in some environments has been noted to extend rooting 
depth of cereals by 30 to 50 cm,resulting In marked crop 
responses. 

Water Use Efficiency 

Tho amount of grain or total dry matter produced as 

a function of waler used is regarded as a measure of 

water use efficiency (WUE). Such a ratio has been 

determined for cereal crops with varying degrees of 

precision from lea! chamber work to crude measures of 

total rainfall, measures of growing season rainfall, spe-

cific periods of rainfall, or soil water balances. Whe-n 

rainfall data are used in connection with field crops, 

WUE includes "non-productive" water. Published values 

of WUE for biomass range between 2.0 and 5.5 kg/im: 

and for grain between 0.4 and 1.6 kg/m:. The lower 

values are generally derived from shire yield data. The 

ratio of water use before and after anthesls (Passioura, 

19811 can indicate the degree to which yield can be 

limited. 
Perry (1984, 1987) has undertaken an extensive 

analysis of WUE data including data from the Western 
Australian wheatbelt and concluded that WUE' varies 
between years and between soil types, depending largely 
on the water holding capacity of the soils (Table 1). 
Variation with cultivars was found to be considerably 
less. French and Schultz (1 984a) used data from a wide 
range of agronornic experiments to assess WUE. more 
particularly in t he South Australian wheatbelt. Figure 1 
applies to areas with rainfall greater than 150 nn and 
the intercept at 110 nn is deemed to be the loss by soil 
evaporation. In reviewing these ideas. Perry (1987) 
concluded that Western Australian results fit within 
that general framework, but that actual values may be 
somewhat different. lie furtherconcluded that soilwater 
evaporation, the amount of water available to the crop 
after anthesis, a.id the vapor pressure deficit, particu-
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Figure 1.The relation between grain yield of wheat 
and water use (soil water plus rainfall). The sloping 
line indicates the potential yield from water tran-
spired, after allowing for a loss of 110 mm water 
by direct evaporation (French and Schultz, 1984a). 
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larly during grain formation, will affect actual Values of 
WUE. Rickert et al. (1987) have demonstrated the effect 
of the severity of the spring drought on this measure of 
efficiency. 

A grain WUE of 1.0 kg/n' is regarded as a potential 
value, but actual field result may be ('onsidlerably less. 

Al appreciation of the factors governing the determina
tion of actual values of WUE could aid in devising 
appropriate management strategies for the efficient use 

of water, as. for example, strategies for minimizing soil 

water evaporation. 
Fscher (1979. 1981) combined several ideas into a 

model to provide a physiological framework to evaluate 

the efficiency of wheat production in a dryland environ

ment.The model brings togetherthe influence of various 

limitations of radiation, of water, size of the crop at 

anthesiS. and amount of pre-ali'sis carlohydrate 

stored. According to Fischer's model. the factor with the 

greatest influence in limiting grain yield will vary with 

the particular season and the crop bloniass at anthesis. 

The model is worth testing in different environments, 

but reqLuires the appropriate data sets. 

Nitrogen 

The nitrogen (N) demand by crops varies widely with 
location, cropping systems, and weather conditions. 
--specially in highly-seasonal, Mediterranean-type envi
ronments. In Southern Australia and Western Australia 
in particular, the principal source of N for cereal crops is 
derived from biological N fixation either by annual forage 
legumes or by grain legumes in the rotation. The beneflts 
have been estimated to range from 20 to 180 kg/ha 
annually (Clarke and Russell, 1977. The benefits to 
subsequent cereal crops extend over several seasons, 
even fter only 2 years of pastures (Fig. 2). 

Nitrogen availability in the soil and N responsive
ness of the crop are only two of the multitude ofcontrib
uting factors to the efficiency of N utilization. The 
advantage of legume pasture over applied N is that It is 
acheapersourceofN. and that hayingoflis not so severe 

If rainfall during the growing season should be below 
average (Puckridge and French. 1983). 1lowever. Kingwell
and Tennant (1987) have argued that on economic 

grounds, a cost needs to be attributed to reseeding. 

Insemi-arid cropping environments, the efficiency 
of N utilization is also related to transpiration. French 
and Schultz 1984 h). using aN efficiencV index akin to 

WUE Index. sugested that for the data they exam

ned"... to produce I ton of grain with the maximum 
efficient use of water transpired, a crop has to take up 
32.5 kg N." While under more favorable water regimes. 
the N x water interaction may allow grain production to 

at maximum efficiency, under limited water 
conditions, there are significant reductions in this effi
ciency. In their analysis. French and Schultz ('lie index 

values ranging between 20 and 30: 1 where N concentra
lion in the grain was near optimal (in about one third of 
the sites observed) and between 30 and 60:1 one where 
N concentrations in the grain was low (inabout a quarter 
of the sites). 
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Conclusion French. R.J.. and J.E. Schultz. 1984b. Water use emciency of 
wheat in a Mediterranean-type environnent. II. Some linli
tations to efficiency. Australian Journal of AgriculturalThis brief account has been confined to three physlo- Resea,"h 35:765-775.
 

logical indicators that are perceived to provide an as- French. R.J.. J.E. Schultz and C.L. Rudd. 
 1979. Effect of time 
sessment of the efficiency of wheat production in a ofsowingon wheat phenologln Soth Australia.Australha 
dryland environment. Such an analysis Is feasible be- Journal of Experiment Agriculture and Animal Husbandry 
cause of the severe spring drought in this environment, 19:89-96. 
during the crucial process of grain filling. Efficiency of Gentilli, J. 1972. Australian climate patterns. ielbourne: 
wheat production hinges on many additional factors and Nelson. 
these may be equally, if not more important, than what Goodchild, N.A., and W.J.R. Boyd. 1975. Regional and temporal 
has been discussed. These include diseases, factors variations in wheat yield in Western Australia and their 

implications in plant breeding. Australian Journal of Agriconcerned with epidemlology of diseases diseaseand cultural Research 26:209-217.
 
resistance, genetic factors associated with adaptation. 
 lamblin, A.D., and D.Tennant. 1979. Interactions between soil
and competition from weeds. Soil factors such as nutri- type and tillage level in a dryland situation. Australian 
tion, compaction, water holding capacity, aeration. and Journal of Agricultural Research 17:177- 189.
 
the degree of root exploration also play a role as well as 
 Hill, J.. and N.A. Goodchild. 1981. Analyzing environments for 
does the development of soil acidity where forage leg- plant breeding purposes as exemplified by lultivariate 
umes have been used in the rotation for a long time. analyses of long term wheat yields. Theoretical and Appl'ed

As one set of problems is overcome in one area, it Genetics 59:317-325. 
becomes necessary to re-appraise the total situation and Jent ier, C.F.. and A.J. Rathjen. 1977. Supl)ply of sucrose anld Its 
modify the existing technology to bring other factors into metabolism in developing grains of wheat. Australian Jour

nal of Plant Physiology 4:691-701.play. Inorder to improve the efficiency of wheat produc- Kingwell, R.S., and D.Tennant. 1987. The relative profitabilitytion. it behooves us to learn to recognize the efficiency oflong fellows in the eastern wheatbelt of Western Australia. 
indica'ors and to use them to good purpose in devising p. 361. In Proceedings of the fourth Australian agronomy

effective management strategies. conference. Melbourne: Australian Society of Agronomy.
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Successful dryland farming has advanced princi-
pally due to development of effective cropping and asso- 
ciated management systems. Work has progressed 
throughout the world on selection of adapted crops and 
on rotation systems, which commonly include fallow, 
Fertilization practices have been researched and residue 
management has been extensively studied in some 
areas, including the development of stubble mulch 
tillage and other conservation tillage practices appropri-
ate for dryland areas. Water harvesting techniques and 
water-efficient farming systems have been developed. 
Erosion control has always been a major consideration 
of research activities. Wind erosion is prevalent through-
out most of the dryland areas of the world; and water 
erosion is also a major problem since much of the rainfall 
occurs as intense thunderstorm-type events, frequently 
resulting in substantial amounts of runoff. Plant breed-
ing activities have resulted in development and selection 
of significantly higher yielding varieties, 

Numerous constraints limit crop alternatives and 
production diversification in most dryland areas. Mar-
keting of alternative crops often is difficult, Frequently, 
there is inadequate rainfall to allow contiiuous, annual 
cropping. Erosion problems. particularly during periods 
of drought. cause severe limitations. Even In more 
favorable production years, amounts of crop residues 
are low, resulting in restricted management alternatives 
for erosion control and water conservation practices. 
Rainfall amounts frequently are erratic from year to year 
and unpredictable within a given season. Production 
costs, the world-wide situation regarding commodity 
pricing, and subsidies often make well-adapted agricul-
tural commodities uncompetitive. Consequent lack of 
diversity results in problems of economic viability of 
enterprises. Sol fertility reductions caused by cropping 
practices often are difficult to correct economically. In 
many countries, the lack of flexibility of cropping system 
decision-making is due to restrictive governmental poli-
cies and programs. In many cases, vagaries of govern-
ment programs result in overly conservative cropping 
systems and practices. In some cases, Insects and 
diseases cause major production constraints, 

Current methods and recent research findings to 
alleviate the above mentioned constraints are reported. 
Many of the authors report on management packages 

which permit annual cropping where previously fallow 
seasons were required, such as in Turkey, Cyprus, 
Syria, and the Northern Great Plains of the United 
States. Considerable emphasis has been placed on 
developing cropping systems that include legulmcs. 
Legumes represent one of the major building blocks of 
successful, continuous cropping systems throughout 
theworld. Practices have been developed to expand crop 
alternatives to include such crops as corn in arid areas 
of South Africa and the Central Great Plains of the 
United States, sorghum and minor millet in the high
lands areas of Mexico. safflower in the Northern Great 
Plains in the United States, and a number of crop 
alternatives for sections of Turkey and Australia. An
other major point of this session deals with the impor
tant topic of transfer of research-proven technologies to 
individual farmers-extension-type activities. 

Several of the authors report on programs and 
policies that facilitate technology transfer. For example. 
the Canadian government at the present time is consid
ering a Conservation Reserve Program to reduce soil 
degradation effects of summer fallowing. The Turkish 
government recently began subsidizing annual cropping 
to reduce the amount of fallowing which leads to exces
sive erosion. 

Additional research needs were identified. Of high
est priority is the need for better management practices. 
Considerable adaptive-type research and technology 
transfer is needed. Plant breeding is needed to adapt 
crops to new areas, such as sorghum and millet for the 
semiarid highlands of Mexico. Better drought resistance 
of crops is needed. Erosion control continues to be a 
primary concern of researchers. 

Although there was disagreement among the au
thors regarding the value of some individual practices 
such as summer fallowing and its economic and re
source effects, there was general agreement that man
agement, as previously mentioned, is the key to dryland 
farming systems worldwide. Much of the work being 
done at the present time to develop new management 
systems shows great promise for solving food shortage 
problems and production limitations in dryland areas of 
the world. In addition, plant breeding activities directed 
toward development of cold-tolerant and drought-rests
tant varieties show great promise as well. 
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Introduction 

The dryland farming areas of Africa account for 
about 25% of such areas in the world and for about 25% 
of Africa's land surface area. This paper will concentrate 
on dryland farming in sub-Saharan Africa. 

In the absence of a precise definition of dryland 
farming from the conference organizers, I have generally 
equated "dryland farming" with farming in what are 
otherwise deflned as the semi-arid and subhumid zones, 
i.e., those with a plant growth period of more than 3 and 
less than 9 months. These zones contain about 40% of 
sub-Saharan Africa's human agricultural population 
and about 57% of its ruminant livestock. Occasionally, 
I have used data from the Ethiopian highlands of Af'-"a, 
which are often exclLded from the semi-arid and sub-
humid categories, although they qualify for inclusion in 

terms of length of growing season. 
I define "integrated cropping/livestock sys' is" to 

be ones in which there are interactions between crop 
production and livestock production on farms where 
both the crops and livestock are managed (and usually 
owned) by the same economic enterprise, e.g., a house-
hold. Within the same general area, there may be 
separate cropping and livestock enterprises where no 
interactions take place ("pure pastoralists" or "pure 
cultivators"), and/or other cases where interactions 
take place, probabiy on barter or cash terms, between 
livestock managed/owned by one sort of enterprise 
("pastoralists") and crops managed/owned by another 
("cultivators"). By this definition, interacting crop and 
livestock production is "integrated" through a common 
managing enterprise (e.g., a household). Such inte-
grated cropping/livestock systems are also called "mixed 
farming". 

This paper reviews what is currently known about 
the nature and effects of interactions, in the integrated 
systems, between livestock and crop production, giving 
illustrative and quantified examples where possible. It 
identifies the factors which may determine the degree of 
this interaction and, briefly outlines the plans of the 
International Livestock Centre for Africa ILCA) for re-
search in this field. In writing this paper. I have been 
greatly aided by having seen an early version of Mclntire 
et al. (1988). and I acknowledge my substantial intellec-
tual debt to them. 

Interactions between integrated livestock and crop 

production can be of two main kinds. The first is 

economic, and concerns the way in which one "sector" 
(i.e., crop or livestock) finances or otherwise facilitates 
the flow of other factors of production (labor, capital) to 
the other sector. The other kind involves biological or 
physical relations between livestock and crop produc
tion. Both kinds are treated in greater detail below. 

Crop/livestock interactions affect farm output and 
incomes, and these effects will be evaluated, where 
possible, by three criteria: the mean level of output 
(income) of the farming systems concerned: its stability 
(assessed in terms of inter-year variability): and its 
sustainability, that is, the long-term trend in the poten
tial productivity of the land (i.e., its actual level of 
productivity if input levels remain unchanged) and the 
ability of the system to recover from traumatic shocks 
(e.g., droughts). 

Purely Economic Interactions 

Purely economic interactions occur, for example, 
where the output or income generated from one "sector" 
of the farm, e.g., crops. is used to acquire or maintain 
inputs for another sector, e.g., livestock. Fertilizers and 
labor are examples of such inputs to the cropping sector 
facilitated by the livestock sector. Table 1,based on data 
from highland Ethiopia, shows the relationship between 
herd size and chemical fertilizer use. About 90% of farm 
cash income in this system is derived from livestock. The 
table clearly shows that larger livestock holdings facili
tate not only greater, but also more stable use of chemi
cal fertilizer. 

In this farming system, the annual average propor
tion of total cash inconie derived from livestock is high, 
with a 7-year average of 88%, and rather stable (the CV 
of the proportion is 6%). However, most systems demon
strate much lower proportions. Table 2 shows, in most 
cases for single years, livestock's contribution to house
hold cash income in selected farming communities in 
Africa. 

Income in the form of cash is important for the 
acquisition of some inputs such as fertilizer. But one of 
the most important inputs to mixed farming is the labor 
supplied by the farmer's own family. and their labor may 
be primarily sustained by the fam's unmarketed out
put. Table 3. by focusing on the total value of output in 

-4 .
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relation to labor input, provides a different angle on the 
interdependence, on farm, between the sectors to that 
provided by only looking at cash income. The livestock 
activities account for 85% of labor use (measured in 
hours spent by all family members), but only for 43% of 
the value of output (including both cash and subsis-
tence). Therefore, Judged in terms of total output, crop 
activities seems to be supporting use of labor in livestock 
activities and this is reflected in a much lower hourly 
return per person in livestock activities (US$0.09) than 
in crop activities (US$0.46). 

What is also interesting in Table 3 is the stability of 
livestock output, in absolute value terms (CV of 10%) 
compared tucrop output (CVof32%).The CVoflabor use 
per farm. on cropping operations over. period of3 years, 
was 4% compared to a CV of crop output of 32%. 
Comparable data over several years for use of labor in 
livestock operations do not exist. 

These Ethiopian data are unique in Africa for the 
number of consecutive years of their coverage. Most 
sources give data for 2 years at the most, rendering 
calculations of variability impossible. The Ethiopian 
data in both Tables I and 3 suggest that livestock have 
a stabilizing effect with respect to both fertilizer use and 
income, 

Livestock are also used to absorb or offset other 
sources of instability, principally the weather. For ex-
ample, in the West African Sahel, households convert 
capital accumulated in good rainfall years in the form of 
crop surpluses into cattle which grow and expand in 
number (Fulton and Toulmin, 1982). Dicko and Sayers 
(1988) report, for example, that up to one third of the 
capital invested in livestock in a village in southwestern 
Niger came from the sale of agricultural produce. How-
ever, such investments are often of a very short-term 
nature. In this Sahelian village, average net new invest-
ment, in additional animals, was about US$100 per 
household in 1984 (equivalent, probably to about 25% of 
their total portfolio in livestock at that time). This was 
followed by disinvestment, through net sales, of about 
two thirds of this amount in 1985. Data from another 
area in Niger at the same time indicate that about 75% 
of animal sales during this period were undertaken to 

flnaace purchase of cereals for human consumption. In 
Potswana, Vierich and Shepherd (1980) claim "access to 
cattle buffers a household against the impact ofdrought". 
They show evidence that about 42% of the income from 
sorghum [Sorghum bicolor (L.) Moenchl "lost" during a 
drought period was recuperated through extra livestock 
sales. In effect, a proportion of the investment in live
stock in these marginal areas is used as a method of 
smoothing interannual and interseasonal peaks and 
troughs in human consumption in much the same way 
as bank accounts are ased in countries with a more 
advanced financial system. Crop production may facili
tate net investment in livestock, but in turn, the live
stock sector is being used to "maintain", during periods 
of crisis, the crop sector's essential labor supply. In this 
respect, it makes a direct contribution to the sustaina
bility of the whole farming system. 

We can briefly consider the factors which influence 
the intensity of these interactions between the cropping 
and livestock activities on integrated farms. Mclntire et 
al. (1988) have shown how specialized non-interacting 
"pure pastoralism" and "pure cropping" give way. at first, 
to interactions mediated by barter, money, or other 
market transactions, between specialized and separate 
herding and cultivating enterprises. Subsequently, these 
interactions between independent enterprises give way, 
in turn. to interactions between the livestock and crop 
sectors of integrated mixed farms. 

The main factors which determine whether and 
when these transitions take place are initially ecological 
ones (e.g.. some areas will always be too dry for cropping) 
and then primarily demographic and economic. At low 
population pressures, fir example, a fallow system will 
be used because it requires less resources to restore soil 
fertility than a manure-based system. As population 
pressures rise, fallows occupy too high a proportion of 
the land, so manuring starts, both to recycle nutrients 
efficiently in situ and to transfer them from uncultivable 
to cultivated land. At first, this manuring interaction will 
be between independent specialized enterprises. In such 
cases, the manure is probably compensated by access to 
crop residues free of charge. As population pressures 
further increase, free ranging pastoralists are liable to 

Table 1. Herd size and chemical fertilizer use in highland Ethiopia, 1979-1983 (from Gryseels et al., 1988). 

Farmers' Farmers using fertilizer Fertilizer use per all farmersc 
livestock with that size of livestock holding 
holding Meana Inter annual CVb Mean Inter annual CV 

no. of animals % kg % 

0 -4 7 
5 -10 61 
11-20 66 
> 20 81 

134 
34 
25 
10 

3 
28 
36 
50 

121 
57 
41 
32 

aOver 4 years. 
bCV = coefficient of variation. 
cIncluding those not using fertilizers. 



Table 2. The proportion of total household cash income 
derived from livestock in selected farming communities in 
sub-saharan Africa. 

Eastern and 
Ecological zone West Africa Southern Africa 

% Source, % Source, 
Semi-arid 51 1' > 90 3 

11 2 4 4 
39 5 
28 11 

Sub-humid 56 6 

Highland 88 7 

Humid 2 8 
4 9 

13 10 

Sources of data are: I - Swift, 1985: 2 - Sutter. 1982: 3 -
Little. 1984; 4 - Shumba, 1981: 5 - Fulton and Toulmin. 
1982: 6/ - Ingawa, 1986; 7 - Gryseels et al..1988: 8 -
Sempeho. 1985; 9 - Lagemann, 1977: 11 - Toulmin, 1986. 

cause too much damage to crops and the shortera 
encourage weed infestation. This increases the demand 
for on-farm energy to deal with it.and so the need for
forhonfamon n toeal wih ando thtin inreae . 
mechanization in the form of animal traction increases. 
As a consequence, croppers start to acquire their own 
animals and on-farm integration starts, 

Biological and Physical Interactions 

Figure 1 presents in summary form the main forms 
of biological and physical interactions which occur be-
tween the livestock and crop sectors, both in integrated 
mixed farming systems and in "unintegrated" relations 
between independent and specialist enterprises. The top 
half of Fig. 1 lists those interactions where crops influ-
ence livestock production and the bottom half those 
where livestock influence crops. In what follows we shall 
review these. 

Crop Expansion Reduces Natural Grazing 

As the area of cultivation expands in the dryland 
farming areas, the amount of livestock feed available 
from natural grazing declines. There are several ele-
ments in this. Firstly, there is the decline in the total area 
of undisturbed natural grazing as the direct conse-
quence of the expansion in the area of current-year 
cultivation and its associated fallow deriving from recent 
cultivation. Secondly, there is the additional grazing 
land, not actually cropped, which is closed to grazing, at 
any rate seasonally, because of cultivators' fear that 
livestock will stray from it and damage growing crops. 
This land may be reopened again to grazing after crop 
harvest, but by that time, the natural grazing may have 
lost much of its feeding value. Thirdly, there Is the 
(probably) lower grazing yield of the remaining undis-
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Table 3. Livestock's contribution to cash income, total farm 
output. and labor use in the Ethiopian Highland (from 
Gryseels et al.. 1988).' 

Factor Mean Interannual 
CV I%) 

Cash income as % of total value 
of farm output 4 17 

Cash income from livestock as 
% of total cash income 88 6 

Value of livestock output 
(US$ per farm p.a.)b 574 10 

Value of crop output 
(US$ per farm p.a.) 802 32 

Livestock output as 
% of total farm output 43 17 

Based on 7 years of records. 
' p.a. = per annum. 

turbed and unclosed natural grazing. This lower yield 
reflects the fact that the most fertile soils, unless subject 
to flooding, tend to be the first to come into cultivation, 
leaving the less fertile soils forgrazing. Fourthly. there is 

the (possibly) lower yield of livestock feed ol fallow land 
in comparison to undisturb natural grazing.

Reliable data on each of these elements are relatively 
Rlal aaolec fhs lmnsaerltvl 

scarce, but aerial photography repeated at intervals is a 
useful source. A study of the expansion ofcultivated area 
(and associated young fallow) in 46,000 km2 of north 
west Mali recorded an annual rate of 2.6% between 1952 

and 1975 (ILCA, 1980). Being close to the figure for 
population growth, it is plausible. During 1963 to 1975, 
the culti,,ated area in southern Botswana grew at 2.7% 

annually, but the ex'ansion then stopped until 1982. 
perhaps due to poorer rainfall (Abel et al., 1987). Since 
the cultivated area is usually much less than half the 
total surface area. the rate of decline in the area of 
natural vegetation is less fast than the expansion of 
cultivation. 

In an area of very rapid growth in human population 
in the subhumid zone of Nigeria. land under current 
cultivation increased at the very rapid rate of 4.8% 
annually (Putt et al., 1980), but this was combined with 

a sharp rise in the current cultivation/young fallow ratio 

and the two categories combined only rose at about 2.9% 
annually. However, at several other sites in the sub
humid zone of Nigeria. repeated low-level aerial sample 
surveys of the same area between 1979 and 1984 
disclosed decreases rather than increases over time in 
the area cultivated (Blench et al.. 1986). The diminution 
in permanent natural grazing does not seem, at a 
regional sca'e, to be proceeding very fast, although it 
may be doing so in particular localities. 

Quantitative evidence on the exclusion of livestock 
from areas of remaining natural vegetation near growing 
crops is not available, but, in any case, quantification in 
terms of surface area only would not fully reflect the 
effect ofexclusion from what ,&.olten the best grazing and 
sometimes also the crucia! water points. Exclusion is 
most often practiced during the wet (growing) season 
when livestock feed is most abundant. In these cases, 
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Table 4. Standing crop biomass in different vegetation types 
in Ethiopia (from Lewis and Wilson. 1979). 

Fallow tyey Natural 
Vegetation type A B C grassland 

kg/ha" 

Grass 170 740 1960 1740 
Herbs 3890 400 460 90 
Browse 0 0 0 100 

Total 4060 1140 2420 1930 

Fallow types: A = on land which has been cultivated for 4 

C = on land which has been cultivated for I year. 
Determined in early December 1975. 

complaints about exclusionimay reflect the extra cost it 
imposes in terms of herding labor needed to take the 
livestock elsewhere rather than a regional feed shortage. 

Areas "disturbed by cultivation" comprise not only 
current cultivation" but also "young fallow" - arbitrarily 

defined as less than 4 years since cultivation - on which 
primary production is difflerent in composition and 
amount from that on both current cultivation and natu-
ral grazing. The vegetation on "older fallows" is assumed 
to merge gradually back into what grows in areas of 
"undisturbed natural grazing". The ratio, in surface 

area, between current cultivation and young fallows in 
much of dryland Africa tends to be between 2.5 and 1 
(implying that land is not often cultivated continuously 
for less than 3 or more than 8 years). The productivity of 
fallow lands in terms of livestock feed is one issue to be 
considered in assessing the impact on livestock produc-
tion of the increase in crop production. 

Opinions diverge on the relative productivity, in 
terms of livestock feed, of fallow compared to both 
natural grazing and current cultivation's provision of 
edible crop residues. Putt et al. (1980). for Nigeria. 
calculated that fallows can support more livestock per 
unit of land than both natural grazing and, expressed on 
an equivalent time basis, cultivation. Powell (1986) 
found that useful plant growth in the first year of fallow 
in Nigeria was more than double that on natural range 
during the same period. On the other hand. data from 
mid-altitude southern Ethiopia show a low useful pri-
mary productivity on fallows infested by unpalatable 
weed after several years of cropping (Table 4). Although 
total primary production on the land fallowed after the 
longest period of cultivation was high. it was composed 
mainly of weeds which, in fact, livestock eat only a little, 

The relative mean annual productivity of natural 
grassland, young fallow, and current cultivation respec-
tively appears to be highly variable, and the relations will 
depend on whether the soil is naturally fertile, on 
whether the preceeding crop was fertilized, and on the 
soil water holding capacity and infiltration rate of the soil 
under undisturbed natural grazing. No evidence exists 
on the interannual yield variability of livestock feed 
grown on young fallows, in comparison to undisturbed 
natural vegetation. Prima facie. to the extent that the 

undisturbed natural grazing consists of deep-rooting 
perennial grasses and browse which tap soil water and 

depend not only on one season's rainfall, it is likely to be
less variable, both Interseasonally and interannually 
than the early regrowth on young fallow. 

We can end this section on fallows with a rough 
numerical example. Let us assume that, in some re
gions: 

* 	 The "cultivated area", including both current culti
vation and young fallows, accounts for 20% of the 
regions surface area, and that young fallow ac
counts for half of this: 

* 	 The cultivated area is growing at 3% annually:
* 	 Fallows yield 25% of the amount of livestock feed 

that undisturbed natural grazing does. 

Based on these assumptions, the present extent of 
fallow causes the availability of livestock feed to be 7.5% 
less than it would have been if there was no cultivation 
in the region, and the expansion of fallow land is 
reducing the amount of feed from natural grazing by 
0.3% annually. Even on these very conservative as
sumptions. it appears that low productivity of fallow 
land is not yet a serious issue nor is it expanding at a very 
significant rate or one which will create a serious prob
lem at the regional scale in the short-term. 

Crop Residue as a Source of Livestock Feed 

The cropping sector's prime importance as a source 
oflivestock feed is in the form ofcrops residues occurring 
as 	a by-product of cereal, grain legume, or oil seed 
production. Table 5 presents data on the proportion of 
total livestock feed intake in selected dryland farming 
systems which is derived from crop residues. As can be 
seen that sheep and goats tend to derive a smaller 
proportion of their feed from crop residues than do cattle 
in the same environment. and cattle, at any rate In the 
systems illustrated, get more of their feed from crop 
residues in the semi-arid than in the subhumid zone. In 
none of tht systems illustrated do cattle get as much as 
50% of their feed Intake from crop residues averaged 
over the year as a whole, and in only two cases out of six 
is the annual average greater than 20%. However, at 
peak times in the dry season, in all the selected ex
amples, cattle get at least 50% of their intake from crop 
residues, and in one case as much as 80%. 

Table 6 shows, for the very few examples where such 
data are available, what proportion of the crop residues 
produced was removed during use by livestock. This is 
slightly greater than the amount actually consumed as 
it includes residues spoiled by livestock while they 
grazed. While livestock appear to use only about half or 
less of the total crop residues produced, they appear to 
use almost all of the edible proportion, e.g., the leaves. 
Not surprisingly, livestock use a rather low proportion of 
the relatively inedible stalks. Clearly, the proportion of 
crop residues consumed by livestock is not uniform, but 
is heavily dependent on livestock densities in relation to 
feed supplies at different seasons and the relative quality 
and availability of alternative feed resources. We know, 
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Table 5. Contribution of crop residues to annual and seasonal feed intake of ruminant livestock. 

Species, system, and zone 

Cattle 
Agro-pastoral herd In semi-arid Mali 
Millet-based agro-pastoral system in semi-arid Mali 
Rice-based agro-pastoral system in semi-arid Mali 
Sub-humid zone of Nigeria 
Semi-arid Nigeria 
Sub-humid zone of Nigeria (farming area) 
Sub-humid zone of Nigeria (grazing reserve) 

Sheep 
Millet-based agro-pastoral system in semi-arid Mali 
Rice-based agro-pastoral system in semi-arid Mali 

Goats 
Millet-based agro-pastoral system in semi-arid Mali 
Rice-based agro-pastoral system in semi-arid Mali 

Feed intake- derived firom crop residues in 

Year as Peak months 
a whole of dry season Source' 

43 NA I 
16 56 2 
40 62 2 
20 50 3 
NA 80 4 
13 56 5 
7 50 5 

7 NA 2 
12 NA 2 

2 NA 2 
5 NA 2 

In almost all cases, intake was not directly measured but assumed to be proportional to grazing time. 
Sources: 1 - Lambourne et al.. 1983: 2 - Dicko and Sangare, 

- Bayer. 1986. 

for example, that in parts of the semi-arid zone of 
Nigeria, millet (Pennisetumtyphoides) residues are left 
largely uneaten by livestock because they become avail-
able when other feed is in plentiful supply. By the time 
feed generally is in short supply. millet residues are no 
longer palatable (Van Raay. 1975). 

The relative yields of edible crop residues and of the 
edible natural vegetation which would have grown on the 
same area if It had not been cropped, vary according to 
circumstance and according to criterion, e.g., whether 
the yield needed is of digestible energy., protein, or other 
nutrient, or whether annual yield irrespective of season 
is sought or whether it is yield of edible feed at a 
particular time of year. Table 7 contrasts yields, ex-

Table 6. Proportion of crop residues removed during use by 
livestock . 

Crop residues present at 
harvest which disappeared later' 

Crop. zone, and country Leaves Stalks Total 

% by weight 
Sorghum, sub-humid zone, 

Nigeriab 61 40 49 
Millet, sub-humid zone, 

Nigeria" 81 47 57 
Sorghum, semi-arid zone, 

Nigeria' 100 NA 33 

'All disappearances are presumed to be due to removal 

during use by livestock, 

"From Powell. 1985. 

From Van Raay and de Leeuw, 1971. 

1984: 3 - Powell, 1986: 4 - Van Raay and de Lecuw. 1971: and 5 

pressed in various ways, of crop residues of sorghum 
and millet in a sub-humid environment to yields of 
natural vegetation at the time of year, i.e., December-
January, that crop residues play their most important 
role. 

In the environment from which the data of Table 7 
were drawn, crop residues of sorghum, millet, and 
groundnuts (Arachishypogea)provide far more feed and 
specific nutrients per unit area than does natural graz
ing. However, soils in this area of Nigeria have low 
natural fertility whereas rainfall is high. This leads to 
very diluted nutrient levels and, hence, to poor quality 
natural grazing. In contrast, currently cropped areas 
receive chemical fertilizer or manure or both, and this is 
reflected in both the yield and quality of the crop 
residues. Further north in the semi-arid zone, the natu
ral grazing would be of higher quality because the 
nutrients would be less diluted by abundant vegetative 

growth, whereas the crop areas would be less likely to be 
fertilized in the light of the higher risk of crop failure due 
to inadequate rainfall. 

In summary, the available evidence suggests that, 
on the one hand, expansion of crop cultivation at the 
expense of natural grazing does not necessarily or 
usually lead to a diminution in the average level of 
availability of feed for livestock, at any rate at the 
cropping intensities currently experienced (usually less 
than 20% when expressed at the level of blocks of land 
of, e.g., 5 x 5 km size). On the other hand, since a trade

off between yields ofgrain and crop residues has not yet 
been shown for African varieties of sorghum and millet, 
it would appear that livestock's need for land to grow 
roughage does not conflict with grain production either. 
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Table 7. Comparative yields of natural grazing and crop residues in a sub-humid environment In West Africa (from Mohammed 
Saleerm. 1986: Powell. 1986). 

Yield Nutrients in digestible DM, 

Total Edible Digestible Crude Phos-
DM DM DM Nitrogen Protein phorus 

kg/ha 
Crop residues 

Sorghum 5280 2,180' 1300 6.8 44 1.8 
Millet 3180 16501' 880 8.7 53 1.3 
Groundnuts 1040 940' 550 9.3 60 1.3 

Natiral grazing 2200 880" 380 NA 15 0.7 

Edible DM yield of each fraction (e.g.. panicle. upper leaf. upper stalk, etc.) multiplied by the fraction's apparent digestibility, 
weighted by that fraction's contribution to total edible yield.
 
"Excludes lower stalks and roots but includes upper stalks and other parts.
 
IIncludes roots and stems as well as leaves, less 10% allowance for soil contained in measured yield.
 
"Edible yield is assumed to be equivalent to actual utilization, i.e., 40%.
 

Production Variability 

We now turn to variability and the question of 
whether the integration of livestock production by feed-
Ing crop residues to livestock is likely to make income or 
output relatively more or less stable. Inter-year \,ariabil-
ity of crop residue production is composed of area 
variability and yield variability. Presumably, the vart-
ability in area is identical for grain production and 
residue production so that the integration into crop 
activities of use of residues by livestock will not lead to 
any differential degree of variability. arising from an area 
effect, as between the with - or without - livestock 
situations. As far as a yield effect.however, there may be 
difference arising from three sources: 

" differential inter-year relative variability between 
yields of grain and of total crop residues: 

" Inter-year changes in the ratio between the edible 
and non-edible fractions within total crop residues; 

" changes in the ratio between crop residues eaten by 
livestock and consequent livestock output. 

In addition to production variability, there may also 
be variability in the unit value of crop residues. Here. we 
shall concentrate on variability in yield. 

Data on interannual variability in crop residue 
yields in sub-Saharan Africa are extremely scarce. On 
experimental plots of sorghum in subhumid Nigeria. 
Mohammed-Saleem (1986) found a co-efficient of vari-
ation, over 3 years and around a sharply declining trend 
on a continuously cultivated soil, of 12% for grain and 
9% for crop residues. In highland Ethiopia. grain and 
residue yields of more temperate zone crops were re-
corded over 7 years. The results are shown in Table 8. 
Cereal crops have considerably lower interannual vari
ability in crop residues than in grain output (paralleling 
the results for sorghum in Nigeria). For other crops, 
residues yields may be as or more variable than grain 
yields. 

Reliable data on Inter-year variability in the output 

of natural grazing are scarce and it has not been possible 
to identify cases where stability in yield of natural 
grazing can be directly compared to that of crop residues 
for the same place and during the same period. Annual 
grazing yields tend to be fairly closely related to annual 
rainfall and Noy-Meir and Walker (1986) have examined 
this relative reliability and the relationship between 
them (Table 9). In general, a- one would expect, there is 
a decline in relative variability of both annual rainfall 
and pasture production as one proceeds from drier to 
wetter areas. In the driest areas, production seems to be 
more variable than rainfall. In the wetter areas, it may be 
the other way round but these general relations can be 
over-ridden by local factors such as soil type or the 
predominance of annual (more variable) In contrast to 
perennial (less variable) vegetation. In general, pasture 
production appears to be highly variable. 

The factors that determine whether crop residues 
are used by livestock as a consequence of market-type 
arrangements between independent and separate herds 
and cultivators - by mixed farmers in Integrated sys
tems depend partly on the requirements of other oiologi
cal interactions. l,orexample, animal traction and manure 
needs may independently influence whether mixed rather 
than specialist farming is appropriate. Other factors 
Include the intensity of land use and population pres
surewhich raise the ratiobetween the pricesof laborand 
of crop residues and, hence, the benefit to be derived by 
carefully harvesting and storing crop residues rather 
than allowing them to be grazed in situ, often carelessly 
by visiting pastoralists. 

The Net Influence of the Crop Sector on the 
Livestock Sector 

The crop sector's influence on the livestock sector is, 
in essence, the effect of the crop sector on the livestock 
sector's feed supply. This effect is the sum of three 
elements, namely, the area of natural grazing; the yield 
of young fallow: and the yield, in both quantity and 
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Table 8. Variability in grain and residue yields in highland 
Ethiopia (from Gryseels et al., 1988). 

Crop 

Barley (Hordeumvulgare L.) 
Wheat (Triticum aestivur) 
Oats (Avena sativa L.) 
Horsebeans (Viciafaba) 
Field peas (Pisumarvense) 
Lentils (Lens culinaris) 
Linseed (Linum sp.) 

Variability in yield 

Grain Residues 

CV % 
30 23 
21 16 
7 18 

34 34 
40 77 
42 30 
38 36 

quality terms, of edible crop residues. In terms of both 
present level and rate of change, the effect of cultivation 
on the area of natural grazing does not seem to be very 
important. The evidence about the mean level ofyield in 
terms of livestock feed of young fallows, relative to 
natural grazing, from different systems is contradictory. 
reflecting local differences in management and the re-
source endowments which necessitate fallowing. The 
example given of the relative levels of edible yield of crop 
residues and natural grazing was one where crop resi-
dues outyielded natural vegetation in both quantity and 
quality, but this may mainly reflect the use of manure 
and chemical fertilizer in this system and the relatively 
high rainfall. In drier areas where less fertilizer is used, 
crop residues might be less than natural grazing in both 
quantity and quality. In sub-Saharan Africa, there does 
not yet seem to be a conflict or trade off in choice of crop 
varieties between the production of grain or crop resi-
dues: one can have more of both. The conflict between 
use of crop residues for feed or for mulch or reincorpo-
ration into the soil, in order to improve its structure or 
fertility for subsequent crop production, is treated later 
in the paper. 

We can also summarize the evidence about the 
relative variability ofcrop residues' output compared, on 
the one hand, to natural grazing which is the alternative 
source of feed for the herds and, on the other hand, to 

crop yield on which the pure cultivator relies for income. 
In contrast to grain yields, residue yields are relatively 
stable, so that unless there is a positive relation between 
residue yield and proportion which edible parts form of 
total crop residues (the slight evidence available in fact 
suggests the correlation is negative), pure cultivators 

will increase the overall stability of their output/income 
by incorporating livestock dependent on residues into 
their farm operations. We do not have adequate evidence 
on the relative interannual variability of natural grazing 
and edible residues under similar condition, but the 
evidence presented in Table 9 does not suggest that 
yields of natural grazing are likely to be much more 
stable than those of residues. 

The Livestock Sector's Influences 
on the Crop Sector 

As is indicated in Figure 1, the livestock sector's in
fluence on the crop sector occurs through animal trac
tion. trampling by livestock's hooves, removal of crop 
residues for animal feed, deposition of manure, and de
vegetation as a consequence of grazing. These activities 
in turn bring about changes in the extent and nature of 
cropping and in the chemical and physical structure of 
the soil which affect its plant nutrient status and its 
water infiltration and retention characteristics. 

Animal Traction 

Except in the Ethiopian Highlands and to a very 
small extent in some of the early colonized countries of 
southern Africa, animal traction for crop cultivation in 
sub-Saharan Africa has been introduced only within the 
last century (Pingali et al., 1987; Munzinger, 1982). At 
present. Its use is most wide spread in Ethiopia, Ma
dagascar, Zimbabwe, and the Sahelian states. 

An increased use of animal traction can affect the 
extent of the area cultivated, balances in the cropping 
pattern, and crop yields. There are good theoretical 
reasons why animal traction should lead to higheryields 

Table 9. Relative variability in annual rainfall, and pasture production (from Noy-Meir and Walker, 1986). 

Coefficient 
Mean of variation (CV) Elasticity, 
annual Rainfall Annual Pasture 

Country 	 Station rainfall records rainfall production b 

mm no.years % 
Israel Midga 250 16 37 40 - 55 0.96- 1.41 

Kare Deshe 600 9 24 10 14 0.20 

Zimbabwe 	 Tuli 425 14 47 49 - 59 0.92 - 0.98 
Matapos 605 15 38 27 0.33 - 0.46 
Towoomba 614 31 27 59 0.98 

Rainfall is an important but not the only determinant of pasture production. 
b Average of CVs is given reflecting different fertilization, stocking rate, and other management treatments. 
'The elasticity is the proportional change in pasture production / the proportional change in rainfall. 
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research stations. However. these management 	prac-
L (Direction of causation) C tices require much more on-farm power thanis currently 
I R used or available if human labor is the main source of 

v <-<<<<<-<-<-<-<<<< this power. Animal traction is a potential alternative 
source of power. although the right implements to apply
this power have often not yet been developed at economic 

S Crop expansion reduces area of cost. 
T natural grazing In practice, the use of animal traction has seldom led 

to the achievement of these potential yield increases. 
Defenders of growing crops hassle Land in most parts ofAfrica is still sufficiently abundant 

C livestock owners P that it is still more profitable to extend the area of 

K 	 R operations than to intensify. Pingali et al. (1987) sum-Crop residues feed livestock 	 marized the effects of the use ofaniinal traction based on 

Weeds and thinnings of crops D 	 22 detailed surveys reported in the literature, mainly 
from tile semi-arid zone. They found that tie mostfeed !ivestock U frequent 	effect occurring in all the cases where it could 

P C be measured was an increase in the area cultivated both 
R T per farm using traction and per person in those farms, 

compared to those farms not using animal traction. They
think it likely, but as yet unproved, that under African

D (Directions of causation) 0 conditions, this increase in area is a genuine increase in 

U N net aggregate area cultivated and is not simply an 
C increase by farniers using animal traction at the expense 

of those who do not. The next most frequent effect
T (occurring in about two-thirds of the cases measured) 
I was a shift in the balance of the cropping patterns 

0 Animal traction changes cropping area, towards more marketed crops, although there was no 
absolute decrease in the extent of subsistence crops. InN patterns and yield 
any case, the shift in the balance tended to be 	quite

Trampling reduces soil-porosity and 	 small. Finally, an increase in yield per unit area was
water-holding capacity 	 reported in 28% of the cases, a decrease in 14%, and no 

Feeding residues removes mulch, change in the remainder. Not only did a small proportion 
nutrients, organic matter of the surveys report yield increases, but the increases 

reported may have been due to other confounding fac.-

Manure replaces nutrients, organic matter, tors (e.g.. increased fertilizers use) rather than to the 
improves structure effects of traction per se. Households in these surveys 

that used animal traction tended to have significantly 
Devegetation by livestock increases higher net incomes than those who (Io not. 

erosion, moisture loss There does not seem to be any empirical evidence as 
I to whether the use of animal traction leads to more or 

Figure 1: Crop/Livestock Interactions in Dryland less stability or sustainability in farn income and output. 
Farming A priori, to the extent that use of animal traction has the 

potential to increase yields through improved soil and 
of crops per unit area than occurs with hand cultivation water management, it should thereby also improve 
technology. There are technical possibilities for increased stability and sustainability, with the proviso that in
yield through better water infiltration and less soil ero- creased yields. if exported from the region concerned, 
sion as a consequence of ridging, buncling, mulching thereby deplete the region's stock of plant nutrients. To 
(Matlon, 19871, and more timely, more thorough, and the extent that, in practice, increased use of animal 
generally better tillage. These in turn lead to more timely traction leads to an increase in the net area cultivated, 
planting, lower soil bulk density, incorporation of or- then this will be at the expense of natural regeneration 
ganic matter, better weed control, and better pre- and of the soil through a fallow period and will, therefore, be 
post-harvest water conservation (Fussell et al., 1986). In at the expense of long-term sustainability. 
short, even in the absence of a greatly increased supply The general economic factors which encourage the 
of outside inputs such as fertilizers, we know enough to use of animal traction are growing human population 
be able to quickly increase yields through improved density and a change in the relative prices between crop 
management practices such as those listed above. For output and factor input. As population density rises, 
example. Matlon (1987). for the semi-arid zone of West fallow periods decrease, meaning that destumping of 
Africa, ieported yield increases up to 200% for mulching, trees to allow animal traction is less necessary which at 
80% for bunding, and 500% for tied-ridging with mulch, the same time provides alternative employment oppor
although these figures are at the top end of the range of tunities for labor, thereby, raising its price and encour
those reported and tend to occur mainly, but not only, on aging alternative sources of farm power. The environ
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Table 10. The effects of manure application on crop yields in farmers' field. 

Country, ecological 
zone, and source 

Index of crop yields under 
different manure treatments 

No manure Some manure Crop and comment 

Mali, semi-arid. 11 

100 

Nigeria. sub-humid, 21 

100 

Zimbabwe. semi-arid, 3' 

100 

Kenya. semi-arid, 41 

100 

Application level Millet. Unmanured 
Low_ Medium Heavm yield is 72 kg/ha 

117 137 74 

5.5 Mg dry manure/ha Maize. Unmanured 
every 2 years yield is 1350 kg/ha 

163 

Mg wet manure/ha Composite index for 
I 1 1 several crops. 

145 500 666 Unmanured yield is 
135 kg/ha. 

Mg wet manure/ha BaJra grass. 
4 Unmanured yield is 

231 228 3,200 kg/DM/ha 

'Sources are: I - Swift. 1985; 2 - Powell, 1986; 3 - Theisen and Marasha, 1974; 4 - de Leeuw et al.. 1988. 

mental factors which encourage traction are climate, 
soil, and topography. In very humid climates and on very 
steep slopes, soils are fragile and require dense crop 
cover unfavorable to animal traction or other forms of 
field mechanization. Heavy soils, usually found on fiat 
valley bottoms rather than on the slopes, require more 
energy to work, but once worked, give higher returns. 
These factors encourage animal traction. In contrast, 
long dry seasons during which the soil is too hard to 
plow, followed by short wet seasons with consequent 
very short feasible sowing periods inhibit animal trac-
tion. This is because the area which can be better plowed 
and sown is too small to support investment in a plowing 
team and equipment. 

Whereas other forms of crop/livestock interaction 
often take place between independent herders and cul-
tivators. this appears almost never to be the case with 
animal traction. Mclntire et al. (1988) attribute this to 
the high transaction costs involved in supervising plow-
Ing contracts and in the high risk to animals hired out for 
contract work. Nevertheless, rental markets for animal 
traction exist between mixed farmers, but not between 
pure herders and pure cultivators, 

Trampling 

Livestock can affect the subsequent yield ofcrops by 
trampling and thus compacting the soil in which these 
crops are to be sown. It is difficult to estimate how 
serious this effect is since I have not been able to find any 
quantitative evidence relating number of and period of 
stay by livestock in a field to soil bulk density at different 
depths. Lower soil bulk densities are associated with 
higher yields. In Senegal, for example, Charreau and 
Nicou (1971) found that sorghum yields decreased by 
450 to 600 kg/ha for each 0. 10 Mg/m 3 increase in bulk 
density. High bulk densities reduce water infiltration 

and holding capacities and inhibit root development. 
Powell (1986) reports that crop farmers in the sub
humid zone of Nigeria try to persuade livestock ovniers 
to avoid grazing crop land immediately prior to cultiva
tion because soil compaction by cattle makes cultivation 
more difficult. Kaufmann and Blench (1987) confirm 
this. Even though manuring per se increases soil water 
holding capacity, overnight manuring by kraaling cattle 
on the fields is avoided in the early wet season to avoid 
compaction. Abel et al. (1987) include trampling as a 
causal variable in their model of range productivity, but 
do not quantify its effect. There is an effect of livestock on 
crop production through the effect of trampling on soil 
density, but its importance Is uncertain. 

Removal of Crop Residues 

Earlier in this paper, we saw that livestock, mainly 
cattle, consume up to 60% of crop residues and that the 
bits consumed consist mainly of the leaves and upper 
stalks. Crop residues are not only removed for feed for 
livestock. They are also used for fencing and building 
material and for domestic fuel. Allard et al. (1983) 
estimated, for example, that in the drier areas of Senegal 
L700 mm annual precipitation) where up to 100% of 
crop residues may be used either as livestock feed or for 
domestic purposes, that about one-third to one-half of 
them are used for domestic purposes. 

The removal of crop residues has both positive and 
negative aspects. The positive aspect is that, even when 
unutilized crop residues are available, in most cases 
African crop farmers do not use them for mulch or 
incorporate them untreated in the soil but collect and 
burn them. It is not clear whether this is because of a 
pest or disease build-up if they are left in the field; 
because in this way some nutrients are recycled more 
quickly and with less immobilization of N than occurs 
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when residues are incorporated on a large scale without 
prior composting (Pieri, 1986); or because residues, if 
left as surface mulch or incorporated, make too heavy 
demands for extra farm power in land preparation. 
Whatever the reason, African farmers mostly prefer to 
remove residues from the field, and livestock do this 
removal at low cost. 

The negative aspect of the removal of crop residues 
by livestock is that, unless recycling through manure 
occurs, this will lead to a steady depletion of plant 
nutrients and organic matter. Pileri (1985) shows that 
exportation from fields of aerial crop residues increases 
losses of N and 1)205 by some 60 to 100% more than 
occurs simply from exportation ofthegrain. Loss ofother 
minerals through exportation of crop residues is propor-
tionately much less. When the crop residues are burned 
in situ, then the Nwill be mainly lost but most of the other 
minerals will be recycled, 

Manure 

The beneficial effect of manure on crop yields has 
been the subject of numerous trials on research stations 
in Africa. The general conclusion of these trials(Mclntire 
et al.. 1988) is that use of manure raises yields and 
improves soil organic matter content, and that it is 
slightly more efficient per ton of material applied in this 
respect than simply incorporated crop residues. If the 
digestibility of dry crop residues is 40% and the water 
content of fresh manure about 50%, then a megagram 
(Mg) of dry crop residues converts into about 1.2 Mg of 
fresh manure. A Mg of fresh manure evokes a yield 
response of 50 kg/ha while a Mg of incorporated crop 
residue evokes a yield response of only 20 to 40 kg/ha. 
By itself, however, mamire, at the levels of application 
tried, was not sufficient to maintain soil fertility under 
continuous cultivation, 

There is also some evidenc- of the effect of manure 
use on crop yield Linder peasant farming condition, 
Inevitably, this evidence is less precise and was meas-
ured inder less controlled condition, than that on 
experimental stations. The results from four such stud-
ies of manure use on peasant farms are given in Table 10. 
The calculable responses of grain yield range from 12 to 
155 kg/ha per Mg of manure applied with a crude 
average of 65 kg/ha. 

However, the unsurprising fact that manured fields 
usually yield more than unmanured ones does notimply 
that such yields are sustainable over time. Elsewhere 
(Sandford, 1987), using assumptions based on the best 
evidence I have been able to find about African systems, 
I have roughly modelled the processes which determine 
whether land can be continuously cropped and its yield 
exported from the field when manure is the only input to 
restore soil fertility. The model only looks at the stocks 
of N, P. and K in gross terms and needs further refine-
ment at least by incorporating the effects of manure on 
soil structure, soil organic matter, and the availability of 
the nutrients for use by plants. Nevertheless, even in its 
rough form, the model highlights the critical factors that 

determine whether manure alone can sustain continu
ous cropping. These factors are: the level of grain yields 
which are to be exported from the fields, thereby deplet
ing stocks of plant nutrients: the ratio of cultivated land 
to pasture land from which nutrients can be transferred 
through the medium of livestock; the natural fertility of 
this pasture, which in turn determines this rate of 
uncompensated transfer; and the techniques by which 
manure is collected, stored, and then spread so as to 
minimize waste of nutrients. 

The model suggests that even for low yields of 1.0 Mg 
of grain/ha in high potential pasture areas with efficient 
manuring systems, nearly 2 ha of pasture land are 
required to support one continuously cropped hectare, 
whereas, to sustain high yields (3.0 Mg/ha) under 
unfavoable pasture conditions, nearly 50 ha of pasture 
land are required. Such models yield, of course, no more 
than the logical consequences of their assumptions, but 
this suggests that manuring alone is not going to provide 
the key to sustainable yields at an acceptable level with 
the present increasing intensity of land use in Africa. 

Mclntire et al. (1988) reached the same conclusion 
by a slightly different route. They pointed out that in 
conditions of low intensity of land use (i.e.. where 
restoration of soil fertility by manuring might, on a 
nutrient transfer basis, be feasible), it was cheaper to 
restore fertility by fallowing. Likewise, the cost of labor is 
only likely to be low, in relation to the benefit to be 
obtained from enhancing the productivity of land by 
nutrient efficient but labor-intensive forms of manure 
use, in conditions of land scarcity. However, where land 
is scarce, the maintenance of fields on continuously 
cropped land by inwards transfer from pasture land is no 
longer feasible because not enough pasture is left. What 
one does find, however, is systems where part of the 
cultivated area is continuously cropped under high 
value crops or near the farmer's house while the rest of 
the farm is maintained at a low and probably declining 
level of fertility by a fallow system. 

The factors which favor manure rather than fallow
ingasameansofrestoringsoil fertility havealreadybeen 
mentioned. Essentially, they are land scarcity and the 
cost of labor relative to the value of the crop produced 
and to fertilizers. The same factors also affect the tran
sition from interactions between independent and spe
cialist enterprises to interactions between crop and 
livestock subsectors on integrated farms. However, in 
most cases, manure represents a comparatively small 
proportion of total livestock output so that the move 
towards integration will be primarily dependent on the 
demands of these other forms of output. 

Devegetation 

Another important form of interactions which can 
only be mentioned, *ut not discussed here, is the effect 
that livestock have on crop priduction when they eat the 
non-crop vegetation. In the e) lsting production systems. 
by decreasing the vegetative c over, they encourage higher 
ground level wind speeds anJ increased dessication and 



increased soil erosion caused by both wind and water. In 
contrast, if more profitable livestock production systems 
could be devised, it might then become economic to 
grow, for example, forage trees in wind-breaking Ehelter 
belts or grasses on bunds and other soil conservation 
works in a way that caused the feed needs of livestock to 
be a positive rather than negative influence on the 

sustainability of cropping. 

The Net Influence of the Livestock 

Sector on the Crop Sector 


There is much more uncertainty about the net 
influence of livestock output on crop output than the 
other way round. Animal traction increases the mean 
level offarm output and income, butthereisnoempirical 
evidence about its effect on stability and sustainability. 
The net effect of removing crop residues on animal feed 
depends partly on what will happen to the crop residues 
if they are not recycled through livestock as manure. 

Very few African farmers reincorporate residues into the 
soil either unprocessed or after composting; and the 
common practice ofburning crop residu es in situ results 
in the loss of most of their N. There does not yet seem to 
be any substantial or unambiguous evidence as to 
whether a given quantity of nutrients is more efficiently 
recycled through the direct reincorporation of crop resi- 
dues or through manure. No doubt, this Is because 
variability within the alternatives is so high. A greaterv radin iagropastoral 
understanding is required through systematic analysis 
in terms of soil, climate, and management factors. 

ILCA's Role 

In its recently defined program of work for 1989 to 
forAfrica (ILCA)

1993. theInternational Livestock Centre o rAddis 
has decided to focus, as one of its selected themes of 
work, on the role of livestock in semi-arid sub-Saharan 
Africa. This work will have three main elements. The first 
is to get a better understanding of the nature and 
strength of the relations, such as those illustrated in 
Figure 1 between crop and livestock production under 
the condition ofAfrican small holder's farms in the semi-
arid zone. The second is to develop improved technology 
with respect to some of these technologies. One examplewithrespct o exmpleofthee soetehnoogie. On 
would be the improvement of methods for the collection, 
storage, and spreading of manure. The third clement is 
the use of models to evaluate alternative technologies 
and farming systems. Because of the close interactions 
between crop and livestock, because many of the inter-
actions may have effects which are apparent only after 
a number of years, and because of the erratic nature of 
the weather In the zone which itself interacts with many 
of the relations, fairly complex sets of models will be 
required. The work will focus on the Improvement ofboth 
the cropping sub-sector's impact on livestock and on 
livestock's impact on crops. 
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Introduction 

Drylands can be defined as those regions where the 
aridity (the ratio of mean annual precipitation to mean 
annual evapotranspiration) is less than 0.75. Sixty-eight 
percent ofSub-saharan Africa falls within this definition 
and contains 77% of the ruminant livestock and 68% of 
the labor of tropical Africa. Dryland agriculture is char-
acterized by high variability in precipitation and, hence, 
in crop and range productivity. Farmers adopt low-input 
risk-avoidance strategies to minimize the potential eco-
nomic damages caused by bad years, accepting that this 
will prevent the maximization of returns during the good 
years. The integration of crops and livestock, which has 
long played a major role in African agriculture, is in-
creasing in importance as pastoralists settle and arable 
farmers diversti to include cattle in their livestock 
operations. 

Trees are generally considered a hinderance to 
animal traction, but destumping is only worthwhile if 
the land is sufficiently fertile to allow continuous crop-
ping over several years. The effects on crop production of 
animal traction have been well-documented (Munzin-
ger, 1982), thus this paper concentrates on integration 
of crops, trees, and animals as it affects soil fertility and 
livestock feed. 

Soil Fertility Maintenance 

Great diversity exists in the interaction between live-

stock production and cropping systems, particularly in 

the semi-arid and drier parts of the sub-humid zone 
(Table 1). Carrying capacity of the land rises as cropping 
increases, but the contribution of livestock to farm
income decreases. 

Manure 

Nutrients from fallow and shrubland can be trans-
ferred onto arable areas by cattle through manure. 
Cattle in dryland West Africa produce 1. 1 kg of manure 
dry matter(DM) perhead each day during the dry season 

season and twice that amount in the wet season (Omaliko, 
1981). Manure can be deposited on arable fields during 

crop residue grazing. by "night paddocking" on the 
fields, and by spreading manure from kraals. In Mali, 
cultivators dig wells on their farm lands and offer water 
to pastoral cattle owners in exchange for the soil enrich
ment that results froimi the presence of cattle in tile dry 
season (Wilson. 19861. 

Van Raay (19751 estimated that when crop reSidue 
grazing occurs through the dry season, between 0. 1and 
0.4 Mg DM/ha of were deposited. Night paddocking 
concentrates animals into a small area so that up to 6.9 
Mg of manure DM/ha is left behind, containing 40 kg/ 
ha of N and 10 kg/ha of P in the late dry season and 100 
kg N/ha plus 15 kg P/ha during the early wet season 
when the nutritive value of natural grass and tree forage 
is higher (Powell. 1986). Maize yields were about 1 Mg/ 
ha higher on manured than non-manured fields. Fulani 
relying on manure ol-tained yields as high as those on 
neighboring fields of non-cattle owners who almost ex
clusively applied inorganic fertilizers. 

'Near' fields, which may be cropped continuously. 
received the majorbenefit from manuring. Fulaniagropas
toralists in Burkina Faso heavily manure 20% of the 
total cultivated area, producing up to 2.3 Mg/ha of 
sorghum [Sorqhum bicolor (L.) Moench], but on the 
remainder of the farm, yields of millet (Penniseturn 
glaucum (L) R.Br.) and cowpeas (Vigna unguiculata)are 
even lower than those of non-cattle owners (Delgado, 
1979). This is partly because labor demands for cattle 
herding to protect growing crops coincide with the needfor weeding of arable fields. 

Trees 

Traditionally, sedentary rainfed agriculture in dry
land Africa is characterized by intensive use offavorable 
sites and shifting cultivation elsewhere. On intensively 
used fields, trees may be removed with the exception of 
a few species such as Acacia albida that contribute in 
particular ways to the forming system. A. albida is 
widespread in semiarid and subhumid zones. Unlike 
most tropical deciduous trees, It sheds leaves in the 
rainy season and keeps them in the dry period. Leaves 
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are shed with early rains, about the same time that 
cultivation begins so that the fallen leaves are incorpo-
rated in the soil. The pods of A. albidaare valuable for 
animal feed. It is estimated that a population of 16 trees/ 
ha, with canopy covering 24% of the ground, annually 
returns 75 kg of N. 12 kg of P. and 13 kg of K/ha to the 
soil. Millet production is almost twice as high under the 
trees as on unfertilized fields (Le Houerou, 1980a). 

Indigenous trees may remain on crop land because 
farmers have chosen not to destroy them. To take a 
positive decision to plant trees that will be beneficial is 
a radical step that most farmers have not considered, 

Singh et al. (19861 have studied the use of Leucaena 
leucocephalain alley farming systems in India for areas 
with less than 800/am annual rainfall. Alley farming 
Livolves planting multipurpose leguminous trees in 
rows (hedgerows) with food crops planted between the 
rows. The hedgerows are pruned periodically to provide 
mulch for the soil and/or animal feed. Alley farms can 
incorporate the regenerative capacity of trees on fallow 
land into the cropping cycle However, yields of grain and 
stover from both sorghum and millet (Pennisetumameri-
canum) were reduced with intechedgerow spacings of 2 
to 5 m compared with no-tree controls. With wider 
spacings, yield from cereals with shalluw rootings sys
tems such as millet and sorghum are less affected than 
deep-rooted crops like pigeon pea (Ca/anuscajan)and 
sunflower (Helianthusannwu.s). Leucaenca proved well
adapted, once established, even to drought stress con-
ditions. In a droughtyear with less than 200 mm rainfall, 
Leucaenaproduced 5 to 6 Mg/ha of fresh fodder, while 

grain production was a total failure and stover harvests 
were 0.5 to 1.7 Mg/ha. Farmers in the Indian drylands 
report that lack of fodder is a major constraint, ranked 
more serious than the often cited fuel wood scarcity. 
Singh et al. (1986) suggest that the primary benefit of 
alley farming in semi-arid India is fodder production. 
Cash returns, including those from fodder and wood, 
were higher from alley farms than from no-tree systems. 

In regions with an annual rainfall of around 1200 
mm, ILCA and the International Institute for Tropical 
Agriculture (IITA) have used alternate rows of Leucaena 
and Gliricidiasepium4/m apart for al.ey fanning. Trees 
can be pruned to a height of I n at 6- to 8-week intervals 
during the rainy season and 10- to 12-week intervals 
during the dry season. Annual yields of 6 Mg DM/ha tree 
foliage and soft stems with a N content of 25 g/kg (150 
kg/ha) can be produced by the trees. When tree prun
ings are used tor mulch, maize (Z7a mays L.) yields have 
risen by 40% and have allowed continuous cropping for 
10 years (Kang et al, 1984: Atta-Krah et al., 1986). In 
addition to the direct benefits of N-rich mulch on crop 
yields, mulching reduces weed competition and makes 
the soil easier to cultivate. Cropping cycles can be 
extended and fallow periods shortened. 

Livestock Feed 

Crop residue grazing increases in importance as 
rainfall decreases, ranging, for example, from over 80% 
of grazing time in semiarid Nigeria during !he first 3 

Table 1. Main characteristics of livestock production systems iii West Africa (from Wilson. 1986). 

Pastoral systems 

Associated with 
Characteristic rainfed agriculture 

Contribution of livestock 
to revenue 1%) 90 

Rainfall Imm/year) 300-600 
Relations with agriculture some cultivation, 

exchange of manure 

Number of TLU/100 ha 4.0-17.9 

Carrying capacity 
People low/medium 
Animals low/medium 

TLU per person 0.4-1.6 

Mobility medium, fixed base 

Importance in 
Mali medium 
Mauritania low 
Niger high 
Senegal low 
Burkina Fao medium 

(Source: Wilson. 1986.) 

Associated with 
irrigation 

60 

variable 
own fields 
cultivated 

10.0-27.9 

high/very high 
medium/high 

1.2-1.6 

high in wet 
season 

medium/high 
low/medium 
low/medium 
low/medium 

low 

Agropastoral systems
 
Associated with Associated with
 

subsistence Associated with cash crop
 
rainfed agriculture irrigation rainfed agriculture
 

25 15 10
 

400-800 variable 700-1400 
own fields cultivated, animal traction and 

residues are important 

4.0-9.9 10.0-17.9 4.0-17.9 

medium high medium 
low/medium medium/high medium/high 

0.4-1.2 0.4-1.2 0.4-0.8 

low and for saort distances during main 
cultivation season 

high high high 
medium low low 
medium low medium 

high low/medium high 
high low medium/high 
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months of the dry season to around 50% in sub-humid 
Nigeria (Van Raay and de Leeuw. 1971; owel! and 
Bayer, 1985). The importance of browse for livestock has 
been well documented (eg., Le Houerou, 1980b). During 
crop growing periods and before harvest, natural vege-
tation is the main source of anima feed. Most savanna 
treeE produce a flush of new growth during the late dry 
season when few crop residues remain (Cresswell et al., 
1982). The reliance on browse differs between animal 
species. In the East African rangelands with a woody 
cover dominated by Acaciaand Commtphoraspp., cattle 
diets conisted mainly of grasses (70-95%), b:zt goats 
preferred herbs and woody species (60-80%). Sheep held 
an intermediate position, consuming more browse as 
grass availabl',ity decreased (Lugenja et al.. 1988). 

Browse protein levels are much higher than in 
grasses, particularly during the dry sea3on. In some 250 
browse samples taken across AfnL,. 65 to 85% con-
tained more than 10% crude protein. DicKo-Toure (1980) 
calculated that agropastoral cattle ! semiarid Mali 
obtained around 40% of their total protein from browse 
during October to January when most palatable shrubs 
and trees drop their leaves. For agropastoral cattle in the 
semi-arid Nigeria, browse provided 35% of the annual 
digestible protein maintenance requirements with a 
peak of 80 to 100% in the late dry season. In the 
subhumid zone, protein derived from browse was also 
important, but the number of palatable browoe species 
was lower and the proportion of uncultivated grazing 
land was more limited than further north (de Leeuw, 
1979). 

In the late dry season, branches tna herders cut 
from trees contain between 12 to 15cl crude protein and 
0.2 to 0.3% phosphorus, as well as iiigher levels of other 
mineral than does the natural range. 'n central and 
northern Nigeria, the most valuable browse species such 
as Afzelia africana. Khaya senegalensis, Pterocarpus 
eriniceus, Dank-la olweri. and some Ficussp. are pro-
tected so as to provide browse when sbrublan , ' is cleared 
(Bayer et al., 1987). 

In the Maasai system, the breeding season for 
sinallstock (July - September) 'oincides with a long dry 
period. Flocks are taken to Acacia tortilis woodland to 
feed on ripe pods shaken from the trees by herdsmen. 
The pods comprise around 50% of total daily intake, and 
the animals gain weight. Conception rates were 80% for 
sheep and 54% for goats compared to 20% and 47% for 
contiol animals (de Leeuw et al., 1986). 

At the higher rainfall end of the dryland spectrum, 
trees are planted by farmers for animal feed. Tree-only 
plots of Leucaenaand Gliricidtain West Africa can yield 
over 30 Mg of edible DM/ha/annually. The same spec!es 
also provide animal feed from alley farms. Reynolds and 
Adediran (1988) have shown that growth and survival 
rates of indigenous smallstock can double when fed a 
browse supplement (Table 2). Leucaenahas also proved 
an excellent supplement for dairy cattle in East Africa 
(Van der Walk, 1985; Agyemang and Nkhonjera, 1986). 

Conclusiion 

Trees and shrubs in dyland Africa can contribute to 
farming directly as mulch and as livestock feed re
sources and indirectly through restoration ofsoil fertility 
in fallows, manure from livestock, erosion control, and 
improved soil water during the cropping season. The in
tegratlon of trees into farming systems in dryland re
gions has the potential to raise sustainable yields of 
crops and livestock, but few tree species or tree/crop/ 
livestock combinations have been studied so far. 

Many of the individual components have been stud
ied, but our knowledge of the complete system and how 
decisions taken by a farmer with respect to a single 
component affects the system as a whole lags far behind. 
The study of integrated crop, tree, and livestock farming 
in an holostic manner requires that the farmer himself 
should also be included, for, no matter how promis!ng a 
system may appear in on-station trials, the true test and 
long-term sustainabilty depend upon acceptance by the 
farming community as whole. 

uminants in 
West Africa (frem ILCA, 1988). 
Table 2. The effects of supplementary Leucaena and Gliricidia browse on the growth and survival rates of rmall 

Browse intake Growth rate Survival to 
Species Dam- Offspringb Weaning, 24 weeks 24 weeks 

g DM/day 	 g/day 
Goats 	 143 39 17.4 14.0 0.36 

254 83 28.7 20.1 0.46 
554 160 25.9 20.9 0.82 
719 246 31.9 28.3 0.94 

Sheep 0 0 39.0 25.4 0.50 
120 34 46.7 30.7 0.62 
239 77 57.2 34.0 0.70 
441 136 66.3 44.5 0.89 
741 250 84.0 50.3 1.00 

During the final two months of pregnancy up to weaning. 

bFrom weaning to 24 weeks. 

IWeaning at 12 weeks for lambs, and IC weeks for kids. 
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Introduction 

In the context of this paper. ley farming is, in 
Mediterranean-type climates, a system in which cereal 
production alternates with grazed pastures of annual 
legumes. "Theannual legume pastures regenerate spon-
taneously from seed which lie dormant during cereal 
production. Ley farming was developed in the Mediterra-
nean region ofsouthern Australia where wheat (Triticum 
aestivum L.) and barley (Hordeumvulgare are the main 
cereal grains produced and sheep are the main live Aock. 
Its origins were in the 1930s when farmers observed 
that, as a result of applying phosphatic fertilizers, cer-
tain annual legumes (mainly Trifolium subterraneum, 
Medicagoti uncatula,and M.polymorpha)vo!unteered as 
weeds in the fallows of cereal/fallow rotations, and that 
these legumes provided excellent feed for sheep. A seed 
industry facilitated extension of the system, and today 
most cereal grains are produced following legume pas-
tures to take advantage of the N fixed by the legumes. 
Since introducting ley farming, cereal grain production 
has doubled and livestock production quadrupled. 
(Webber et al.. 1976). 

Carter (1978) estimated that approximately 30 mil-
lion ha of fallow in the Mediterranean basin are suitable 
for ley farming, with the potential to produce enough 
forage to feed 100 million ewes, an increase of 30% over 
the existing population. In addition, ley farming could 
supply 1.4 million Mg of N to the soil per year, which is 
65% greater than the amount currently applied as 
fertilizer in Algeria, Tunisia, Libya, Jordan, Syria, Tur-
key, Iran, and Afghanistan combined. Even if the esti-
mates ofsheep production were high (Cocks, 1988a). the 
extra feed would make possible a reversal of the trend to 
desertification in marginal areas, and the revegetation of 
huge steppe areas (by reducing sheep numbers). 

As a low input and integrated system, ley farming 
would seem to have great potential value in the Mediter-
ranean basin. The first attempts to introduce it were in 
the 1960s (Doolette. 1980), and there have been exten-
sive and continuing projects in Iraq. Libya, Jordan. and 
Tunisia since that time.This paper describes some of the 
impediments to introducing the system and proposes a 
methodology for its introduction. 

Ley Farming in the 

Mediterranean Basin 


Attempts to introduce ley farming have been charac-
terized by the assumption that, since the Mediterranean 

climate is similar to that of southern Australia, all that 
is needed is a simple demonstration of its principles. In 
the earliest projects, it was believed that there was no 
time to experiment because cereal yields were declining. 
rangeland was becoming increasingly degraded, and soil 
erosion was increasing. Large projects were initiated 
using Australian cultivars, because there was no time to 
select adapted material. In most countries, large demon
stration farms were established which had access to 
equipment and capital inconceivable to local farmers. 
This approach is illustrated by Springborg (1986) and 
Chatterton and Chatterton (1984 who believe that the 
more patent 'scientific' approach is too slow and that it 
overlooks the innovativeness of local farmers, and rests 
on the self interest of the scientific community. To date, 
20 years have passed with virtually no impact or sound 
economic data to justify introducing !ey farming. 

What are the constraints? First is the poor adapta
tion of Australian medic cultivars, especially in inland 
and high elevation are-s. Susceptibility to frosts is now 
seen as a major weakness of Australian cultivars, and 
Cocks and Ehrman (1987) have demonstrated that 
locally collected medics tolerate frosts better than im
ported medics. Susceptibility of many cultivars to graz
ing by birds was noted in Iraq (Halse and Trevenen, 
1985). Lack of appropriate rhizobia was often confused 
with inability to grow at low temperatures. Many native 
specie.- will not form nodules with inoculum appropriate 
for imported cultivars, and vice-versa. Inoculation pro
cedures require careful application which, unless farm
ers are carefully instructed, will not succeed outside of 
research stations. 

The emphasis in many early projects was on the 
benefits of ley farming to cereal grain production. Spring
borg (1986) correctly identified that the benefits will flow, 
in the short term, to livestock, and only slowly, if at all, 
to improved cereal production. This is because N fertil
izers are widely applied to cereals after fallow to take 
advantage ofweed control and conserved ,vater to obtain 
higher yields. 

There is a widespread perception that landowners 
do not own sheep, and shepherds rarely own land. This 
belief stems from a lack of understanding of local land 
tenure, the motives of local farmers, and the fact that de
sert sheep-raising is by no means typical of sheep-rais
ing as a whole. Many cereal farmers own sheep or retain 
control of their land for grazing. Naturally such practices 
vary from country-to-country, but due to a lack of 
understanding of local production systems, welJ-de
signed surveys would have saved years of trial and error. 

The use of contractors to perform many farm opera
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tions has reduced the lack of control by farmers and has 
resulted in a resistance to change (Springborg, 1986). 
This problem is often linked with a lack of ownership of 
livestock and points up the need to focus introduction of 
ley farming to farmers most likely to succeed. These are 
small farmers who own livestock, depend on their farms 
for all of their income, and have access to adequate 
machinery to implement the ley system. The latter need 
not even include a seed drill, but does need to include 
equipment which is capable of shallow cultivation. 

Probably the most serious constraint to the intro-
duction of a ley farming system has been inadequate 
grazing management. This system depends on the abil-
ity of pasture legumes to produce large amounts of dor-
mant seed for spontaneous regeneration following cereal 
production. However, if the pasture is intensively grazed, 
either in spring during flowering and at seed set, or in 
summer when the mature pods lie on the surface, the 
seed available for regeneration will be seriously depleted. 
Seeds are high in nutritive value, and sheep can gain 
weight while grazing pastures with seed populations as 
low as 10 kg/ha (Cocks, 1988b). When food supplies are 
short, a farmer will choose immediate survival in prefer-
ence to sustained productivity and allow the sheep to 
consume the legume seeds. This problem exists even in 
Australia. Carter and Lake (1985), in a survey of 35 
fields, could find only four where seedling numbers in 
the pasture year approached 1000/M 2 , a figure often 
considered necessary for adequate regeneration (Puck-
ridge and French, 1983). The oft quoted problem ofweed 
control is an aspect of grazing management. 

One final point is that both governments and farm-
ers choose to use the new system on the poorest land, 
and to reserve the better land for high-value alternatives 
such as lentils (Lens culinaris), chickpeas (Cicer ari-
etlnum), or a range of summer crops. Furthermore, thereNotAriandheMdlEstungnulMdradation and increasing cereal and livestock productioncg in 
is a tradition of raising livestock on the poorest land. 

However, from the point of view of introducing ley 
farming, the innovator is faced with a series of problems 
which have not been solved for other crops. The result is 
that ley farming, therefore, needs to be more robust than 
other rotations. 

A Model for Introducing Ley Farming 

There should be an adequate infrastructure, which 
includes availability oflocally-adapted pasture cultivars 
and rhizobia strains. facilities to produce them in amounts 
adequate to meet demand, and local research back-up 
which can solve problems as they arise. Projects should 
be based on sound economic data, which i]',ustrate 
where and under what socio-economic conditions ley 
farming is likely to succeed. If expatriates are involved, 
then scientists and extension workers from national 
institutions should be heavily involved and be seen to 
take the lead. 

Focus should be on farmers with the resources to 
implement ley farming. These include farmers with live-
stock who grow cereal grains, who have appropriate till-
age and weed control machinery, who control their land, 
and who are interested in increasing their feed re-
sources. The work should be concentrated in a relatively 

small area where farmers can communicate with each 
other and with project personnel. The farmers who fail 
have the example of farmers who have succeeded. It also 
facilitates problem solving by the farmers themselves. 

There should be a focal point within the project area 
where ley farming has been successfully implemented. It 
should not be a model farm, but can be a local adaptation 
of ley farming, in the form ofa productive stand of native 
pasture. 

The project should encourage two-way communica
tion between farmers and scientists/extension workers. 
In this way, the latter learn of the farmers problems and, 
perhaps more importantly, the means they have adopted 
to solve problems. 

Finally, there should be long-term research, based 
in the Mediterranean basin, aimed at increasing the 
productive capacity of ley farming within the region. The 
first objective could be to resolve problems associated 
with over-grazing, perhaps by using legumes which 
produce seeds underground (Vicia sativasubsp.amphi
carpa,Pisumfulvum. and Lathyrus cicera)or seeds less 
digestible to livestock (Tifolium campestre, T. tomento
sum, and Medicagopolymorpha). 
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Introduction 

Rangelands. forest and woodlands, and croplands 

are major resources that occupy 3.2, 4.0. and 1.5 billion 

ha. respectively, of the world's land surface (FAO, 1984). 

These resources produce forage for an estimated 3 

billion domestic animals as well as food for the world's 

ever increasing human population. 
The human population grew from 2.5 billion in 1950 

to 4 billion in 1975, with 6.3 billion projected by the turn 

ofthe century (Brown. 1978). Historically, as population 
grew. cropping was extended to new land: today, more 
than one-tenth of the earth's surface has been plowed, 
After the best lands were used. farmers improvised to 
extend agriculture onto less productive lands through 
irrigation, terracing, fallowing, and shifting cultivation, 
These specialized techniques now provide a large share 
of the world's food supply. 

Until recently. rising production per hectare and 
increasing area in cultivation provided the increased 
food supply for expanding populations. During the third 
quarter of this century, however, world population in-
creased by 59% while land used for grain production 
expanded 21% (Brown. 1978). This was the first genera-
tion in which the population growth greatly exceeded 
cropland expansion. During this same period, the amount 
of cultivated land per person dropped from 0.24 to 0.18 
ha. Although increases in production per hectare offset 
this drop. the rate ofyield increase has since slowed and 
has declined for some crops. 

Urbanization and abandonment of cropland through 
desertification, soil erosion, water logging and saliniza-
tion of irrigated lands, and the diversion of irrigation 
water to urban uses significantly impacts the potential 
food supply. Between 1950 and 2000. urbanization will 
consume 25 million ha - enough land to produce food for 
84 million people. (Brown. 1978). These processes inten-
sify as nopulation pressures increase and encourage the 
cultivation of rangeland, which by definition, is land too 
dry, too steep, too rocky. or with soil too shallow for 
farming. 

The world demand for food will roughly double 
between 1975 and the year 2000. If cropland area 
expansion continues near the current 10% during the 
last quarter ofthis century, greater increases in yield per 
hectare will be required during the last quarter of this 
century than was achieved during the third quarter. This 

increase will be more difficult to attain as the better 
farmland is urbanized and the less productive lands 

remain for food production (U. N. World Food Confer

ence, 1977). Avery (1985) states that agriculturai tech

nology development throughout the world will provide 
foodsufficient break throughs to sustain adequate 

supplies. 

The Great Plains Region 

The Great Plains is a vast 200 million ha land 
resource that includes the midsection of the U. S. and 
extends from south-central Canada into Mexico. Natural 
vegetation ranges from the desert grassland in the 
southwest through shortgrass. mixed grass, and tall 
grass prairies to the humid forests to the east. The 
climate of the Great Plains is semi-arid to sub-humid. 
Growing season ranges from about 110 daysinthenorth 
to OO days in the south. 

The Northern Great Plains covers about 130 million 
ha and lies between Denver, Colorado. and Edmond, 
Alberta in Canada. and the 98th meridian (Rogler and 
Hurtt. 1948). The Southern Great Plains covers some 70 
million ha between the 98th meridian on the east and the 
Rocky Mountains on the west and extends down into 
Mexico. The transition between the Northern and South
em Plains is where the northern mixed grass prairie 
vegetation no longer dominates. In the Southern Plains, 
the warm-season shortgrass species or southern mixed 
grass species dominate. 

Soils vary widely in the Great Plains. The soils north 
of the Missou ri River in the Northern Great Plains reflect 
the glacial action or erosion of the ice age and some areas 
are deeply covered with glacial drift. Soils can be highly 
productive in some areas, while geological erosion has 
left deep scars in the badlands of North and South 
Dakota and in restricted areas along the Missouri River. 
In the Southern Plains. soils vary from highly produc
tive. stable soils to shallow, fragile soils easily erodible by 
wind and water. 

Integrated Beef Production Systems 

!.ivestock production in the Great Plains is based on 
rangeland intermixed with dryland farming and some 
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irrigated areas. As early as the mid 1940s. ranchers 
began to incorporate improved pastures and comple-
mentary crops into native range livestock forage sys-
tem ,. Sugar beet (Betavulgaris L.) by-products, alfalfa 
(Medicago sativa), sorghums (Sorghum vulgare), corn 
(Zea nays L.). and small grains (Trticurnarid Secalesp.) 
grown on dryland areas were used to supplement cattle 
grazing native range. 

In the Northern Plains, crested wheatgrass (Agropy-
rondesertoruni). Russian wildrye (Elymusjutnceius), and 
western wheatgrass (Agropyronsmithit)have been used 
to reclaim marginal farmland. These forages have been 
used to complement the native range. iodge (1970) 
found that native range-crested wheatgrass forage sys-
tems generally reduced land requirement per grazing 
animal by 25 to 30%, increased animal gains from 14 to 
30%,and almost doubled average gain per ha. Conse-
quently. grazing systems which utilized the cool-season 
improved pastures to complement the native sandhill 
prairie significantly increased total animal carnyizig 
capacity as compared to grazing native range alone. In 
addition to improving animal gains, the reproductive 
performance ofthe cow herd was also enhanced. Grazing 
complementary forages at critical times provides rest for 
the native prairie and improves the vigor of the vegeta-
tion. 

Improved perennial grass species and summer and 

winter annual forages have been used to complement 

native range in the Southern Plains (Mclvain. 1976; 

Sims, 1985). In studies at the Southern Plains Range 

Research Station. McIlvain (1976) found that 7 ha of 

native sandhill prairie was required for year-round 

grazing of spring calving cow-calf pairs and that this 

system will yield about 34 kg of weaned calf (7 months 

old) per ha. With fall calving cows on about 4.5 ha of 

native range complemented with 0.4 ha of farmed for
ages per cow-calf unit (30% less land), weaned calf (10 

months old) production was increased to about 70 kg/ 

ha. Weaning weight ot steer calves averaged 370 kg with 
a few weaning at 4rO kg. 

Yearling steers had an even higher conversion of 
forage to beef gains than the cow-calf program on the 
Southern Plains (Simis. 19851. On straight native range.,~,/ 
about 3.2 ha were required foryear-long grazing and beef 
gains averaged about 50 kg/ha. With various forage 
systems ,ocomplement the native range. per ha gains 
were: native range-weeping lovegrass (Eragrostiscurvula), 
81: native range-wheat (Triticur aestivuml/sudan(Sor-
ghum vulgare)or pearl millet [Pennisetum americanum 
(L.) Leeble], 104: lovegrass-wheat!sudan or pearl millet. 
207: and Old World bluestems (Bothriochloasp.), 224. 
The annual forages were double cropped on the same 
area with minimum tillage practices and limited nitro-
gen fertilizer applications (34-70 kg/ha). 

Efficiency of Beef Production Systems 

There are three distinct and loosely integrated 
components in beef production systems: 1) the cow-calf 
production system. 2) yearling stocker production, and 

3) feedlot finishing phase. Native range or improved 
pastures supply the forage for the cow-calf production 
system and most of the stocker phase. Concentrates are 
the primary feed used in the feedlot. The forages, grains. 
and supplements used represent about 75% of the total 
cost of beef production (Byerly. 1975: Ward et al., 1977). 

Principal feed types used b,' livestock listed in 
increasing competitiveness with human food production 
and the production of non-ruminant animals are: I) 
rangeland forage and crop residue: 2) pasture and 
hayland: 3) annual and perennial forages such as corn 
silage, alfalfa, clover, and sorghums: and 4) cereal grains 
(Ward et al.. 1977). The use of these feeds markedly 
increases beef production in the feeclot and shortens the 
time required to reach slaughter weight (Fig. 1).Conse
quently, there is significant competition between inten
sive beef production systems and grain production for 
human food, To reduce this competition, more of the 
grain should be required for food, we need to develop 
nativc range-complementary forage beef production 
systems that are environmentally sound and non-con
petitive with human food production. Ward et al. (1977) 
concluded that the Great Plains region has a combina
tion of land resources that are eflicient for cow-calf and 
stocker production. The concentration of feedlots in this 
region is further evidence that grain production and 

,
fe - g must also be an efficient production system. 
,tpresent, about 60% of the cattle's feed is forage 

from lands unsuitable for grain production (13yerly, 
1975). Increasing this percentage can come only from 
rr - e efficient red meat production systems that at least 
ma.,, - In current production levels ifworld food supplies 
are to be maintained. 

Ward et al. (1977) estimated that fossil fuel require
ments for beef production in the U.S. varied from 11.2 to 
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Fig-re 1. Generalized effect of different forage
livestock production systems on beef cattle 

growth patterns; A=non-intensive rangeland 
(historically, before intensive feeding began, cattle 
were grazed for a number of years prior to 

slaughter), Al=rangeland with grain finishing, B 
and C = more intensive pasture systems with grdan 
finishing and D = intensive feeding of fast growing 
breeds (adapted from Ward et al., 1977). 



25.6 Mcal/kg. This range in efficiencies of beef produc-
tion indicates that there is room for significant improve-

ment in management strategies. Energy policies that 

encourage pasture and range Improvement. the efficient 

harvesting and processing of unused waste and crop 

residues, and the production of high yielding and water-
and fertilizer-efficient crops could be helpful. 
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Introduction 

Burkina Faso lies between 100 and 150 north lati
tude and 5°West and 2"East longitude. The country can 
be delineated into three major ecological zones: Sahe-
[tan,Sudanian, and Sudano-Guinean receiving annual 
rainfall ofless than 350, 500 to 800. and above 800 mam, 
respectively. Normally temperatures are highJust before 
and right after the rainy season, with daytime values of 
about 40C. Potential evapotranspiration exceeds rain-
fall with mean annual value of 1900 mm compared to 
700 mm. respectively, in the Sudanian zone. Ferrugi-
nous tropical soils, Alflsols, and Inceptisols predominate 
the soil types. 

In the Sudanian zone. food grain production is the 
foundation of agriculture supported with animal pro-
duction as an indispensable and vital economic unit, as 
a generator of extra cash, and as a part of a sustainable 
production system. The prevalent agricultural system 
is mainly based on traditional techniques such as 
fallowing, limited organic manure fertilization, and use 
of outmoded hand tools for cultivation. In this report, 
some aspects of the technical options that exist to 
strengthen the integration of crops and animals Linder 
the conditions of production systems will be discussed 
briefly. 

The Constraints 

Major constraints that influence the physical, chemical, 
and biological processes of the soil-plant-animal system 
caused by poor soil and climatic conditions are consid- 
ered. These are: (allow soil water, (b)low soil nutrients, 
and (c) low feed nutrient availab!llties. 

Although not adequate, the traditional system relies 
on the recylcing of resources based on the integration of 
crops and animals. This, coupled with the tradition of 
growing different crops at dilferent positions on the topo-
sequence to exploit the microvariation in soil water avail-
ability, has helped farmers to realize sustained produc-
tion. 

As regards research, emphasis is put on the crop 
aspect only. This ignores the interdependence of crops 
and animals in generating inputs within the system and 
in influer-Ing overall productivity. As a result, some of 
the most. ortant technologies in Lie country such as 
high yielding varieties, land preparation, and soil water 
conservation techniques are found to demand inputs 

from outside the system which are often beyond the 
economic reach of the farmers. 

Effective Integration 
of Crops and Animals
 

The physical. chemical, and biological laws that 
govern the interrelationships between soils, plants and 
animals are the basis for the integration of crops and 
animals, mainly through the flow of nutrients. The 
increase in and maintenance of flow of nutrients culd 
serve to increase biological output. The external and 
physical surroundings and processes such as agro
forestry, rain water catchments, contour bunds. etc.. too 
are known to contribute to the necessary conditions for 
the biological functions of crops and animals for the 
short and long term benefits of the system. 

Forage or Dual-Purpose Legumes: Key Link in 
the Integrated Management of Resources for 

Increased and Sustained Production 
Nitrogen is the most limiting nutrient in the nutri

tion of soil microbes, plants, and ruminant animals in 
the Sudanilan zone. Forage or dual-purpose legumes 
possess enormous potential to help increase the status 
of soil N through biological fixation and increase the 
supply of N to both crops and ani ials. Cowpca (Vicia
unguiculata) is well known to the farmer and is tradition
ally grown with cereals for its grain and the haulms for 
forage, but use of legumes for hay is seldom practiced at 
the farm level in Burkina Faso. 

Legumes in soil-cereal crop component 
Although farmers rely mainly on legumes for N 

fixation, legumes on the uplands and upper slopes ofthe 
toposequence can ameliorate soil structure, too. These 
potentials of legumes could be exploited in various ways: 

Intercropping with cereals: Cowpea is traditionally 
grown as an intercrop with millet [Penniseturnamericanum 
(L.) Lceble] for N fixation (Mulongoy, 1985). There is 
evidence that cereals might benefit from the direct 
transfer of fixed Nif planted in association with legumes 
in conditions of low mineral N status (Eaglesham et al.. 
1981: Mulongoy. 1985). 

Rotation with cereals: Sorghum (Sorghunisp.) grown 
after cowpea yielded 322 kg/ha more than when sor
ghum followed millet (Stoop and Van Staveren. 1982). 
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Table 1. Performance of legumes in forage yield at 75-80 days after planting, regrowth yield, and nodulation with or without 
application of phosphate in the Soudanian zone of Burldna Faso. 

Year 1986, Year 1987 
Vicia unguiculata 

Dolichos Vicia With phosphate (cv. KN-1) 
lablab unguiculata Phaseolus Without Single Composted rock, 

(cv. highworth) (cv. KN-I) aureus phosphate super Rock" Low' High' 

Forage yield (Mg/ha-I) 
Dry matter 

Regrowth yield (Mg/ha- lI)f 
Organic matter 
Nitrogen 
Phosphorus 


Nodulation 
No. of nodules/10 plants 
Diameter of nodules (cm) 

3.560 3.040 1.80, 2.86 5.85 3.88 4.31 7.75 

3.654 5.290 4.300 0.83 1.44 1.43 1.31 1.63 
0.084 0.158 0.094 - -

0.003 0.008 0.005 -

83 165 45 69 160 100 126 114 
0.51 0.41 0.32 

'Good rain during the time of regrowth. 

Burkina rock phosphate. 

Composted Burkina rock phosphate (chemical composition in dry matter: organic matter = 38%; C = 22%; N = 1.45%; PO 
total = 0.65%. available = 0.049%: K O = 0.15%. 
"200 kg/ha rock phosphate (5 tons compost/ha). 
'400 kg/ha rock phosphate (10 tons compost/ha). 
'Regrowth yield for 1986 was for shoot + root (mean of two sites) and for 1987 shoot only (one site). 

The increase in soil N after different lengths of cropping 
of Stylosanthes significantly increased subsequent ce-
real crop yield (ILCA, 1983). Deep-rooted forage legumes 
grown on upland eroded soils resulted in increases in 
soil organic matter (OM), exchangeable potassium (K), 
higher infiltration rates, and subsoil root growth, and 
higher grain and dry matter yield of cereal crop in 
subsequent year (N. Hulugale, unpublished). Forage 

legumes harvested for hay and the regrowth incropo-

rated into soil might also increase soil N and OM for 

succeeding cereal crop (Table 1). 
Browses alley cropped or planted on contour bunds: 

Fast-growing browses such as Cajanus cajan could 
provide substantial biomass during the rainy season 

(Yilala, unpublished data). The prunings could be used 

for mulching of cereal crops during the latter part of the 

season or conserved as hay. Traditionally, farmers grow 
cereals under Acacia albida and Parkia biglobasa for 

better yield. Higher levels of OM; available P; and ex-

changeable K, Ca,and Mg were noted under these trees 

(Kibreab, 1986). The fresh leaves and fruits of the former 

are also used as supplementary feed for ruminants in 

the dry season. 
Phosphorusis theother limitingnutrient inthe soils 

of Burkina Faso. Its deficiency can only be corrected by 
the application of P fertilizer. The cheapest source of P in 

Burkina Faso is local rock phosphate. Its P solubility is 

low and is not available to cereals during initial applica-
tion (Kibreab. 1986). but is widely believed to have 
residual effects. However. legumes such as cowpea 

respond to the rock phosphate in the first application 
(IITA/SAFGRAD, 1984: K. Yilala, unpublished), thus 
Indicating the potential to improve the effectiveness of 

utilization of the local phosphate in a legume-cereal 
rotation, 

Besides. certain local cowpeas appear to have good 

potential in the uptake of soil P. particularly when it is 

scarce in the soil (IITA, 1984). Such cultivars probably 
harbor the fungi vesicular arbuscular mycorrhizae 
(Mulongoy. 1985). known to help the uptake of P from a 
wider area of soil solution to plants. 

Legumes in animal component 

The native pasture on fallow or bushland and cereal 

crop residues will remain the basic diet from which 

animal products will be derived in the zone. The improve
ment in the efficiency of the conversion of these rough

ages into meat, milk. and draught power will have 

important implications in the integration of ruminants 
into the strongly cereal-crop-oriented production sys
ten. 

The native pasture and cereal crop residues have 

abundant unavailable energy as cellulose and hem

cellulose, but are poor in their contents of N. The 
utilizatlonoftheseenergy'componentsishighlydepend
ent on the availability of adequate levels of N to the 

microbes in the rumen. 
Forage legumes as sources of proteins can supply N 

to the microbes, to the host animal, and for the synthesis 

of glucose. Due to the variation in the protein degrada

bility of forage legumes in the rumen (K.Yilala, unpub

lished), the incorporation of browses with moderate 
levels of condensed tannins in the feeding system might 

improve the efficiency of utilization of the available N. 

The prevailing feeding system often does not match 
the physiological states (growth. pregnancy, and lacta

tlion) of animals. It is also unable to maintain the live 

weight of draught animals for periods of major farm 
activities, most of which occur before the rains. The 

alleviation of constraints of availability of nutrients 

could open the way for: (a) feeding ruminants in pe-as 
and make their integration into the system effective. (b) 
establishinga feedingsystem thatwill match the physio
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Table 2.Effects of supplementing sorghum stover with cowpea hay on nutrient composition and intake by Bali Ball sheep: and 
calculated quantities of nutrients in feed refusals and faeces. 

Composition of nutrients 
ME (MJ/kg DM)b 
RDN (g/MJ MEtP 

Daily intake 
Dry matter (kg/day) 
Nitrogen (g/day) 
ME (MJ/day) 

ME available for live
 
weight gain (MJ/day) 


Feed refusal (kg/ha/yr)d 
Dry matter 
Organic matter 
Nitrogen 

Faecal output (kg/hd/yry 
Dry matter 
Organic matter 
Nitrogen 

Phosphate (total) 
Potash 


Level of cowpea hay {g/hd/day) s.e.d. and 
0 250 500 significance' 

7.3 8.8 9.0 
0.53 1.28 1.96 

1.135 1.350 1.536 0.082** 
8.6 15.7 27.4 5.0** 
8.3 12.0 13.8 

1.3 5.0 6.8 

69 93 94
 
62 74 75
 
0.5 0.7 0.7 

153 152 140
 
130 112 119
 
2.1 3.0 3.0
 

0.53 0.62 0.64 
1.2 1.3 1.5
 

'Standard error of difference, and significance: **= P < 0.01. 
b Metabolizable energy in mega joules per kilogram dry matter. 
"Rumen degradable nitrogen calculated from the In vitro disappearance in 24 h.
 
dCalculated based oa a feed offer of 115% of daily criiumption and chemical constituents.
 
eCalculated based on daily faecal output during digestibility trial and chemical constituents.
 

logical states and draught power, and (c)the long-term 
genetic improvement of the production parameters. 

Feeding ruminants in pens will undoubtedly permit 
increased collection of manure for composting. Consid-
ering the poor economic situation of the farmers, organic 
manuring,preferably as compost (Table 2), is the only 
means that could be available to the farmer to increase 
and maintain soil fertility. The incorporation of Burkina 
rock phosphate into the compost might increase the 
soluhility of P and improve its utilization by cereals (V. 
Bado. unpublished). 

Conclusion 

The fundamental considerations to be borne in mind 
in the attempt to allzviate the constraints are: (a) that the 
emphasis on biological approach of the traditional prac-
tlice should be the basis for the introduction of the new 
technologies, (b) that maximizing the utilization of local 
resouices and increasing the efficiency of recycling of 
nutrients is essential, and (c) that creatimg the condi-
tions for effective integration of ruminant animals and 
crops is a means to upgrade the integrated management 
of resources and gradual intensification of the produc-
tlion system. 

Nitrogen isregarded as the particular link in the 
biological interrelationships of the soil-plant-animal 
system. Forage or dual-purpose legumes could make the 
farmer self-reliant, partially if not wholly, for the source 
of nitrogen and reduce the demand for :,uch inputs from 
outside the system. 
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Introduction 

Mexican arable land of low rainfall (receiving less 
than 500 mm of annual precipitation) is estimated to be 
more than 11.3 million ha. The dryland areas in the state 
ofAguascalientes are considered to be a typical semiarid 
region where rainfall is scarce and badly distributed; 
consequently. the region suffers from partial or even 
total production loss depending on the season. An 
interdisciplinary study is being used to reduce the 
effects of drought and to increase the net income of the 
ejido farmers in the state of Aguascalientes, North-
central Mexico. The objectives of the study were to 
evaluate an integrated dryland farming system with 
emphasis on agriculture (with water harvesting for dis-
tribution to the crops), introduced range land and live-
stock, and fruit production technology, and to analyse 
the economical potential of the system. 

WATER S11GCOS I 


Materials and Methods 

The study area is located at the Sandovales experi
mental station (Aguascalientes, Mexico), which belongs 
to the Forestry, Agricultural and Animal Husbandry 

' Science Research Center. The area is at 22010 north 
latitude and 102017' west longitude at an altitude of 
1950 m and is characterized as semiarid dominated by 
a temperate climate. Annual temperatures average be
tween 120 and 180C. Precipitation for the last 10 years 
averaged 337 mm and occurred mainly from May to 
October. High intensity thunderstorms are common in 
summer. Blue grama (Boutelouagracils)and wolfatail 
(Lycurus phleoides)grasses and shrub species Fuch as 
huizache (Acaciasp.), mesquite (Prosopissp.), and cat
claw mimosa (MiTmosabiuncfera)are the dominant spe
cies of the native vegetation. 
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Table 1.Grain and forage production, and net income of different crops with and without supplementary irrigation during 1987 
in Sandovales, Ags. (SARH-INIFAP-CIFAP. Aguascalientes, 1988). 

Supplemental irrigation 

Crop Without With 

kg/ha
Grain maize 520 1630 
Forage maize 3330, 7190, 
Bean 1230 1970 
Sunflower 360 860 
Forage oat@ 2180, 

1Percent increase. 
Net income for total area sown.
 

IKilograms of dry matter per hectare.
 
dConsidering grain and forage maize.
 
"Winter crop.
 

The System 

The system integrates rainwater harvesting (which 
is used for both supplementary irrigation and the pro-
duction of an additional irrigated crop), with improved 
range management within the traditional system called 
-ejido" of beef and arable production. Also introduced 
are fruit trees under semi-irrigated conditions (Fig. 1). 

Crops included are maize (Zea mays) for grain and 
forage, beans (Phaseolus vulgaris), sunflower (Helian-
thus annuus)as spring crops, and oat (Avena sativa)as 
a winter crop. Seeding rates used were 12, 35. 40.6, and 
100 kg/ha, respectively, and each crop was grown with 
and without supplemented irrigation. Fertilizer was 
applied at seeding at the level 40-40-0 (P-N-K) kg/ha, 
with the exception of oat which was not fertilized. The 
variables measured were maize, bean. and sunflower 
grain production; maize and oat forage production: and 
volume ofwater harvested and quantity of water applied, 

The total area seeded which had supplementary 
irrigation was 1.8 ha. The precipitation was 411 mm 
from June to September 1987 for the spring-summer 
period!. 

Maize forage production was measured when the 
grain was 50% mature and for grain when the crop was 
at physiological maturity. Winter oat forage production 
was measured at 3 0 %grain maturity. 

Introduced rangeland grasses, which were estab-
lished yars before the study was initiated. included 
green panic (Paicummaximum var. Trichoglume), buf-
fel (Cenchrus ciliars), sideoats grama (Bouteloua curli-
pendukr). and rhodes (Chioris gayana). Stocking rate 
was three heads per hectare to achieve a 60% utilization 
level. The range was divided into four pastures. 

The fruit subsystem has not yet been established as 
difficulty has been experienced in obtaining the trees 
from different sources. The fruit trees will be established 
during 1988. 

Supplemental irrigation 

%i, Without With 

312 
216 
160 
238 

140.155d 
510,990 

45,247 

$ pesos", 

606.905, 
899,490 
248,247 
174.320 

Results 

Water captured was appcximately 6,075 m3 and 
total applied was 10 cm distributed in two irrigation 
periods when the crops were in flowering and grain filling 
stages. 

Preliminary results of the crop subsystem are shown 
on Table 1. Grain and forage production data were 
compared between plots with and without supplemented 
irrigation. The percentage production increases due to 
irrigation were 312, 216, 160, and 238% for grain maize, 
forage maize, beans, and sunflower, respectively. Forage 
oat production during the winter was 2.18 Mg dry 
matter/ha, a very significant extra which othe-wise 
would not have been available to the subsystem. 

Grass production during a 4-month period was 6.66 
Mg dry matter/ha. The average daily gain per head was 
0.5 kg using 2.5-year old Hteford, Angus. or Charolais 
cattle, which had an initial weight of200 kg and obtained 
an average final weight gain per head of 60 kg during a 
grazing period of 120 days. 

Conclusions 

Harvested water (farm poncB) an important source 
of irrigation water in dryland areas, and reduces the risk 
of total crop failure due to periods of drought. An integral 
production system generates a greater net Income per 
hectare in comparision to the mono-crop or the tradi
tonal production system. The underlaying physical and 
economic relationships between crops, rangeland, and 
livestock enterprises require more investigation in low 

precipitation regions. 
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Introduction 

Winter wheat (Tritcum aestivum L.) is grown on ap-
proximately 12 million ha in the central and southern 
Great Plains. In a region which Includes portions of 
central and western Oklahoma and Kansas, eastern 
Colorado and New Mexico. and northern Texas, the 
forage of small grain crops has long been recognized as 
a valuable source of feed for ruminant grazing livestock. 
The year-round grazing system frequently used in Okla-
homa is based on native grasses, introduced warm-
season species. and winter wheat. Wheat is grazed 
during the winter months up to the onset of reproductive 
development in the spring when animals are removed 
from the fields to allow floral initiation and grain produc-
tion (Winter and Thompson, 1987: Dao, 1987a). In such 
a dual purpose production system, the economic return 
from wheat includes both the value of the grain crop and 
animal products. The grazing system has a forage deficit 
period in the fall and another in the spring for which few 
management alternatives exist. The spring forage deficit 
can be resolved by either (i)choosing to continue grazing 
wheat into late spring and not produce the grain crop or 
(ii) to retain both forage and grain options with the use 
of plant growth regulators at reduced grain yields (Dao, 
1987a). In late summer and early fall, unreliability of 
precipitation often hinders the early establishment of 
wheat which is nccessary to produce sulfficient fall 
growth to sustain livestock grazing and make up for the 
decline in productivity and digestibility of warm-season 
grasses. Conservation tillage systems have been shown 
to conserve soil water and improve water use efficiency 
as compared to conventional systems (Unger and Wiese. 
1979) and are postulated to play al important role in 
stabilizing fall establishment of wheat. 

Conservation production systems reduce soil ero-
sion, but their adoption and the increased use of sur-
face-appiid fertilizeis have intensified problems with 
grass weeds, in particular cheat (Bromus secalinus) and 
downy brome (B. tectorwnl in continuous wheat regions 
(Peeper. 1984: Dao. 1987b). Bromus infestation has 
been attributed to early seeding of wheat, adoption of 
reduced tillage systems, and lack of effective chemical 
control methods for a continuous wheat cropping sys-
tem. The latter is the most frequently cited reason for the 
slow acceptance of conservatiorn tillage in the Southern 
Plains (CTIC, 1987). Major differences in microclimate 
exist between conventional and conservation tillage 
methodsduetocropresiduemulchremainingonthesoil 
surface and reduced tillage intensity. The altered sur-

face microenvironnent necessitates a reassessment of 

current management practices, including fertilization, 
cultivar selection, and pest control Practices. 

Materials and Methods 

A study of crop-weed density relationship was con
ducted during 1983 to 1985 on no-tillage plots estab
lished on Norge silt loani (fine-silty, mixed, thernic Udic 
Paleustolls). Three levels ofstanding stubble were main
tained (0, 0.5. and 3.0 Mg/ha) on no-till plots in Septem
ber of each year. Glyphosate (N-(phosphononiethyl) 
glycine)(1.5 kg/ha), 2.4-D [(2.4-dichilorophenoxy) acetic 
acid] (2.0 kg/ha). and cvata "Te (2-[[4-chloro-6-(ethyl
amino)-§-triazin-2-vlJ amilt.)J-. ::, thylpropionitrile) (2.0 
kg/ha) were used to control wends during the summer 
fallow months. TAM 101 wheat was direct-drilled at 100 
kg/ha and fertilized (100 kg N and 60 kg P)2O/ha). 
Metribuzin (4-amino-6-( I.I -dimethylethyl)-3-(meth
ylthio)- 1,2.4-triazin- 5(41J -one}(0. 75 kg/ha) was applied 
when wheat was in the three to four-tiller stage to 
attempt to control Bromus.An application ofchlorsulfu
ron (2-chloro-N-[I(4-methoxy-6-methyl- 1.3,5-triazin-2
yl) aminol carbonyl] benzenesullbnamide) (28g/ha) was 
used for broadlea; weed control. Wheat, cheat, and 
downy bronic densties and yield were measured at 
regular intervals a.iv at harvest. 

Experiments , to evaluate tillage methods using 10 
commercial culiivars were established on Bethany silt 
loam (fine-silty, mLxed. thermic Pachic Paleustolls) to 
compare moldboard plowing. stubble mulch tillage, and 
no-tillage in 1983. A split plot design with cultivars 
(whole plots) and sub-units (tillage method) arranged in 
strips with three replications was used. Each fall, wheat 
was planted. fertilized. and herbicides applied as de
scribed for the above experiments, except that all plots 
received BAYSMY 1500(4-amiio-6-t-butyl -3-(cthylthlio)
as-triazin-5 (4; '!-one} (2.0 kg/hal to control Broinus 
instead ofmetriuuziln. Triadimefon I-(4-chlorophenoxy)
3.3-dimethyl- 1-(I H- I.2.4-triazol- I-yl}-2-buLtanone)(0. 15 
kg al/ha) and nancozeb (zinc ion and manganous eth
ylenebis Idithiocarbamatel) (1.5 kg al/hal were applied 
for disease control as needed. Grain yield was deter
mined by harvesting replicated areas (0.6 x 10 m) from 
each plot. 

The impact of livestock grazing oil tillage system 
performance was evaluated on field plots established 
similarly to those described above, on Norge silt loam 
(fine-silty, mixed. thermic Udic Paleustolls) in 1985. In 
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Table 1. Effects of crop residues on grain yield of no-till wheat 
near El Reno, Oklahoma, for 3 years. 

Surface residues (Mg/ha) 

Year 0 0.5 3.0 
Mg/ha 

1983 2.87 a 1.63 b 1.48 1) 
1984 1.88 a 1.31 b 1.28b 
1985 2.29 a 1.32 b 1.09 

this study, two grazing treatments (none arid moderate) 
were imposed on tillage plots. Plant and soil property 
measurements were made to assess the extent and effect 
of plant defoliation and trampling by livestock. 

Results and Discussion 

Using conventional cultural practices, either quan-
tity ofsurface standing stubble reduced grain yield of no-
tillage wheat in 1983, 1984, and 1985 (Table 1).In tile 
absence of more eff-ective weed control technology, tile 
mulch provided a niche for cheat and downy brome to 
proliferate. Surface straw did not reduce initial wheat 
stand, but stem and spike densities and grain yield at 
harvest were reduced by both levels of mulch. The crop 
losses were attributed to competition by Bronus sp. 
which were not controlled in these plots. While total 
standing dry matter was not significantly different be
tween treatments, grass weed phytomass accounted for 
approximately 20 to 27% of the total dry matter, com
pared to less than 1% in the non-mulched plots (Dao, 
1987b). BAY SMY 1500, applied preemergence and early 
postemergence. controlled cheat and downy brolne, and 
thereby increased grain yield over that of untreated no-
tillage plots (Table 2). 

The tillage-cultivar study indicated that reducing 
tillage intensity tended to delay the plant maturation 
process. Lower soil temperature in the spring (Smika 
and Ellis. 1971: lzaurraldeet al., 1986) may havecaused 
the slower regrowlh rate, which may prove to be a benefit 
to a dual-purpose wheat production system that favors 
forage utilization (Dao and Nguyen. 1988). Over the 
years, the mean grain yields for 10 cultivars were 1.7, 

1.3. and 1.7 Mg/ha (LSD (0.05)= 0.031 for plowing,

stubble mulch-, and no-tillage. respectively. The lowest 
yield was obtained with mulch tillage. In the latter treat-
ment, soil surface roughness was high; there were manry 
volunteer wheat plants resulting in uneven stand and 
growth. No-tillage yielded equally well or better than 
moldboard plowing with cheat control attained with BAY 
SMY 1500. 

Wheat establishment was improved with no-tillage 
due to rapid emergence, greater surface soil water 

improved fall wheat forage accumulation. Trampling 
Increased soil compaction in all three tillage systems: 
grazing animals were in the field during the vet months 
of winter and early spring. Grazing was terminated prior 
tu initiation of wheat jointing and the effects of grazing 
on grain yield were minimal in 1985 and 1986. Although 
no detrimental effect on plant growth has been observed 

Table 2. Relative grain yield increase/decrease of selected 
wheat cultivars after treatment with pre-emergence (PRE) and 
post-emergence (POST) application of ethtozine in 1984 and
1985. 

Relative grain yield 

PRE POST LSD" 
1984 1985 1984 1985 1994 1985 

Q
% of untreated control 

Chishohn 120 97 135 104 15 19 
Payne 134 97 139 110 
TAM 101 136 93 139 99Newton 154 95 189 120
 
Osage 140 81 236 131
 
OS D ( . 0 i8o h31 2p

"ISD(0.05) for comparing herbicide treatments. 

for three consecutive growing seasons, measurements of 
plant response and soil properties are continuing to 
determine the long-term implication of compaction on 
tillage-system performance under both ungrazed and 
grazed situations and remedial approaches to alleviating 
such constraints. 
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Introduction 

Cultivated Class IV land on the Southern Great 
Plains in western Oklahoma and adjacent areas in 
Kansas and Texas can produce wheat (Trittcumaestivum 
L.) yields of 1.7 to 3.4 Mg/ha annually under favorable 
climatic conditions and good management. However. 
droughts and highly erodible soils are major problems in 
this area along the eastern edge of the 1930s dust bowl. 
Since settlement in the 1890s, the area has experienced 
cycles of plowing grasslands for wheat production when 
wheat prices were high, followed by programs to rees-
tablish grass when wheat was in oversupply and/or 
conservation was of major national interest, 

Grazing out wheat as an alternative to harvesting for 
grain is a common practice in this area. Grazing out a 
portion of the planted wheat area can: 1)reduce the risk 
associated with grain production, 2) allowdiversion from 
grain production encouraged by the currcnt U.S.A. farm 
program, and 3) may help control cool-s,.ason annual 
grasses (Bromusjaponicusand B. tectorur) which are a 
major problem in grain production. A typical operation 
is to graze cattle from mid-fall through February on 
wheat seeded in September. In late winter when wheat 
is starting to grow rapidly, a portion of the wheat is 
fenced for 'graze-out and the remainder is managed for 
grain. Graze-out wheat usually provides high-quality 
forage for 60 to 80 days (March into May). After that time, 
cattle are moved to feedlots or warm-season grass pas-
tures. 

The erosion potential on graze-out wheatland Is 
higher than on wheat land managed for grain because: 
1)little residue remains, 2) the land is cultivated earlier 
than land used for griin production, and 3) wheat on 
poorer, more erodible, land is grazed out while wheat on 
better land is managed for grain because of higher yield 
potential on the latter. 

The objective of this study was to determine the 
effects of no-till as compared to conventional cultivation 
on runoff, sediment, N, and P yields from graze-out 
wheatland on highly erodible soils in the Southern 
Plains. 

Study Area and Methods 

Plains Range Research Station (Berg et al., 1988). The 
watersheds arL on nearly-parallel drainages with gener
ally west-facing slopes of 5 to 8%. Quinlan loam (loamy, 
mixed, thermic, shallow Typic Ustochrept) on upper 
slope positions and Woodward loam (coarse-silty, mixed, 
thermic Typic Ustochrept) on midslopes are the pre
dominant soils. The watersheds were in native range 
when instrumented in 1977. 

Native range was plowed in June 1979 and wheat 
was harvested for grain on the watersheds from 1980 
through 1984. In 1985, one watershed was cultivated 
between annual graze-out wheat crops by one disk and 
three sweep operations, and in 1986, by four sweep 
operations. On the other watershed (no-till watershed), 
four applications of herbicides (primarily glyphosate) (N
(phosphonomethyl) glycine) were used to control weeds 
over the May into September fallow period in 1985 and 
1986. Soil samples were taken yearly and the water
sheds were fertilized with N and P to produce a yield goal 
at 3.4 Mg grain/ha annually. 

Precipitation on the watersheds was 940 mm in 
.985 and 690 mm in 1986. This is greater than the long
term annual average of 600 mm. About 80% of the 
average annual precipitation is received in April through 
October. Major rainstorms with return periods of 8 to 9 
years (U.S. Department of Commerce, 1961) occurred on 
October 9, 1985 (96 mm, 20 mm/hr max 15 min 
intensity) and on August 14. 1986 (115mm, 15 mm/hr 
max 15 min intensity). 

Results 

Cultivated graze-out wheatland yielded large 
amounts of runoff, sediment, total N, and total P from 
major rainstorms in 1985 and 1986 (Fig. 1). Although 
the amount of runoff was similar between the two 
cultivaton methods, no-till graze-out wheatland resulted 
in 95% less sediment than cultivated graze-out wheat
land. The rainstorms caused rilling and gullying down to 
the tillage pan (100 to 150 rm) on the cultivated 
watershed. In contrast, the soil surface on the no-till 
watershed generally remained intact and allowed runoff 

without scouring. 
Total Nand P losses were considerably less under 

no-till management than under conventional cultivation 
The study was carried out on 3-ha adjacent water- (Fig. 1). However, no-till was relatively more effective in 

sheds in northwest Oklahoma on the USDA Southern conserving soil than in conserving total N or total P. 
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j site than the unterraced watersheds in this study.
However, erosion on terraced graze-out wheatland under 
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Figure 1. Runoff, sediment, total N, and total P
yields from cultivated and no-till graze-out wheat-
land in 1985 and 1986. 

Sediment from the no-UiIl watershed apparently ccn-
taied reaerconentaton,,) toal ad Pbecuseofaumed greater concentrations -ftota N and Pecauseof 

less dilution by infertile subsoil 

Residue cover on the cultiated graze-out wheatland 
decreased during the fallow p, iod from 61+6 (std.error) 
to 26+6% over the period July ff0 to November 26, 1985: 
and from 64+3 c 13+1% over the period June 9 to 
August 2.5, 1986. Thus, therc wa.'limited residue on the 
cultivated waters!ed when major erosion resulted from 
rainstorms on October 9, 1985, and August 14. 1986. 
Under no-till management, residue cover was 62+5 and 
51+4% on July 10and November 22, 1985, respectively; 
and 43+3 and 3i3±1% on June 9 and August 25. 1986. 
respectively. 

l'orage production by wheat on the cultivated water-
shed was 3.8+9.6 (std. error) Mg/ha in 1985and3.8+0.5 
Mg/ha in 1986. Under no-till management forage yields 
were 3.9±0.7 Mg/ha in 1985 and 3.5+0.4 Mg/ha in 
1986. The two watersheds grazed in common 'Ith 
yearling steers provided 500 steer-days grazing/ha ov:i. 
the period 18 March to 22 May 1985: these steers were 
not weighed. In 1986. the watersheds were grazed firom 
12 March to 21. April providing 270 jtcer-days grazing/
ha: these steers gained an average of 1.1 kg/day for a 
total beef gain of 315 kg/ha. 

Discussion 

No-till management controlled erosion of graze-out 
wheatland within acceptable limits despite the major 
late-season rainstorms in 1985 and 1986. Highly erod-
ible (by water) wheatland on the Southern Plains is 
usually terraced and thus has less sediment moved off-

tates extensive terrace maintenance. 
No-till management of araze-out wheatland is at

tractive from the erosion control standpoint; however, 

no-till using now-available herbicides is more costlyconventional tillage. We used an average of four 
applications of non-selective contact herbicides per 
season (May into September) to control vegetation, In
eluding an application soon after graze-out to prevent 

annual bromes from producing seed. On this basis, the
1987 cost of herbicide s and application was about 
$100/ha. Cost of four to five conventional tillage operatons was about $62/ha. Additional costs that should be 

under conventional tillage are for increased 
terrace maintenance, and for fertilizer to compensate for 
N and P lost to erosion. 

A minimum tillage approach using a combination of 
herbicides and tillage may be economically competitive 
with conventional tillage (Epplin et al., 1983). Afew farm 
operators use mininum tillage management on graze
out wheatland.Gen 2clr--l4mtoy6mty-.,In some of these operations, chlorosulfri 
furon (Glean) [2-chloro-N-[[(4-methoxy-6-methyl- 1,3,5
triazin-2-yl; aminol carbonyll benzene sulfonamide] is 
applied when liquid Nis applied in February. G!,ean normly c nrl ra ef w es utl n~ u m rmally controls broad leaf weeds until wfd summer. 
Herbicides or sweep tillage are used as conditions war
rant, anu, under some conditions, coaventional drills 
are used. 

Based on oar experience, consecutive years of no- till 
management ,iI not work for wheat grown for grain. 
This is because annual bromes, with a growth cycle very 
similar to wheat, proliferate undera no-till grain-harvest 
system using herbicides now availabl. Since innual 
bromes can be killed before nroduciig seed in graz. -out 
wheat, 2 years in graze-out wheat under no-till manage
ment may give eniugh annual ',-nme control to allow 
several year., of grain production under no-till to follow. 

The current U.S.A. fa:m program (Public Law 99
198) requires controlling erosion within prescribed lim
its if highly erodible soils are farmed. No-till arnage
ment of wheatland appear3 to be a way to meet the 
erosion control requirement; however, cost and the 
annualbromeprobleminwt'..tgrownforgrainlmituse 
of no-till on wheatland in the Southern Plains. Thus, 
more effective no-till systems that will control cool 
season annuals, need to be developed. 
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Introduction 

The consumption of red meat In Jordan exceeds 
or 75%, per annum. Oneproduction by 30,000 Mg, 

method for increasing production Is to replace the 
cereal/fallow rotation practiced In the dryland farming 
areas with a cereal/annual Medicago(medic) rotation for 
integrated crop-livestock production as was success
fully done in Mediterranean-type climates in southern 
Australia (Puckridge and French, 1983). This is the main 
aim of the Australian aid sponsored Jordan/Australia 
Dryland Farming Project (JADLFP). Many anual leg-
umes Including medics are indigenous to Jordan. Only 
Vicia species (vetches)are commonly grown by farmers 
- and then on less than 1% of the available fallow land. 

Project strategy for the introducion of annual leg-
umes into Jordanian dryland farming has been: (I) 
adaptation of introduced technology to local conditions 
through evaluation on farms of Australian commercial 
medic cultivars and local vetches: (ii) complementary 
applied research to evaluate productivity constraints 
and new genotypes selected in West Asia; and (ii) 
training of local staff through project p-ograms and 
scholarships. 

The dryland farming areas of Jordan have a 3hort 
rainfall season (approximately December to March). 
Opening rains may occur in November and light rains 
persist up to May. Dry spells of up to 6 weeks may occur 
during the season. In higher rainfall years, water stored 
in the deep clay soils buffers crops against rainless 
periods. 

A medic ley farming system applicable to Jordan is 
reprtsented by Figure 1. The main outputs are repre-
sented by the three inner crrcies, with major influencing 
factors and components In outer rings. Influence may 
operate across the three major groups (legume. crop. 
livestock). The directions of influence are shown by 
arrows. This article aims to assess relevant limiting 
factors and progress towards the successful introduc-
tion of annual legumes in the cereal zone (JADLFP, 
1982-1988). 

Applied Research Program 

Experiments have been concentrated at research 
centers in the main cereal districts: Ramtha (northern), 

Mushaqar (central), and Rabba (southern). Mean an
nual rainfall is 220, 380. and 320 mm, respectively; 

variability is high. Mean daily temperatures during 

winter are 8-90C with intermittant frosts. 

Species and Strain Comparisons 
for Herbage and Seed Production 

A large number of strains of several annual legume 
species were compared, including germplasm collected 
in Jordan. Medicago was the most productive genus. 
Throughout the project. M. rotata and M. scutellata 
(Australian cultivar and Robinson snail medic) have 
been the most productive species for herbage and seed, 
compared with other commercial cultivars. 

As an example of an early-opening, above-average 
rainfall season, small plot trials in 1986-87 gave winter 
herbage yields of 1Mg dry matter (DM),/ha at Rabba and 
0.5 Mg/ha at Mushaqar. Spring regrowth gave 2.3 and 
7.8 Mg DM/ha. respectively. In late-opening rainfall 
years, very l.ttle winter growth occurs, but uncut stands 
then produce reasonable spring herbage or seed yields. 
Self-regenerated stands are much more productive than 
newly established ones in the same year. 

Seed yields varied from 0.38 to 0.50 Mg/ha over the 
three stations in the good 1986/87 season. Almost 
identical seed yields were obtained in the dry 1985-86 
year where 'o winter cut was taken and rainfall was 230 
mm. With rainfall below 230 rm, yields decreased 
dramatically. Thus. there appear to be no problems of 
seed production in first year sowings of the best medic 
strains in the higher rainfall areas, even in relatively dry 
years. In lower-rainfall areas, medic m;iy have to be 
grown for 2 or 3 consecutive years to ensure a good 
reserve of seed in the soil. 

RhIzobial Inoculation and Nodulation 

Inoculation with CC169 and WSM244 has given 
significant responses. However, early sowing gives bet
ter nodulation and growth of medics than late sowing 

regardless ofrhizobium status. Even more striking is the 
difference between late sowings and earlier regeneration 
from seed dropped in the preceding season. For example, 

snail medic produced 6 Mg DM/ha in the second year of 
a grazing trial (Shorat, 1987), compared with 2.2 Mg/ha 
in an adjacent small plot (approximately 2 in 2). At 
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Ratha in 1987-88, the best M. rotata strain in a small increased with lateness of sowing because of improved
plot comparison yielded only 1.3 Mg DM/ha 4 months water relations, but herbage yields were poor. Seed 
after a late (December 23) sowing. In contrast, the best yields could still be good with late sowing, but only if 
M. rotatastrains regenerating in the 1986-87 trial were rainfall was adequate for seed development during May.
well-nodulated and yielded 4.3 Mg DM/ha. The results Project trials In 1952 to 1983 ( Shorat, 1987) have 
cannot be explained by differences in plant density. indicated sowing rates of 1 to 2 g/m 2 for small-seeded 
Further investigation is required into nudulation of medics and up to 4 g/m 2 for the larger-seeded snail 
medics in Jordan in relation to the effect of late-opening medic. With such rates and shallow sowing, satisfactory
rains, dry spells, and low temperatures on new sowings. plant densities of 200 to 400 plants/mn- beingare 
Fortunately, work done by ICARDA in cooperation with achieved in trials. Seedling emergence has been 56 to 
this project is achieving positive results. Use of the strain 73% of viable seed sown. 
M29 for inoculating M. rigidula has substantially in
creased the potential of this species. For M. rotata,new Regeneration 
strains of rhizobium tested in 1987-88 at Ramtha have
also shown marked improvement over WSM244 and For a medic ley system to succeed, suflicient imper-
U45 in January-sown plots. meable seed must persist in the soil f0r good regenera

tion after one or more cereal crops. However, numerousTime and Rate of Sowing farm observations and two experiments (1982-83 and 
1986-88) give no indication of regeneration problems

In general, early sowing gave higher yields of seed due to characteristics of genotypes or climate. At 
and herbage than later sowing. The exception was where Mushaqar, seed yields of 0.3-0.5 Mg/ha in 1986 resulted 
a dry spell occurred after opening rains: plant densities In regeneration densities of 500 to 900 plants/mn two 2 



seasons later for 10 strains of M. rotata,M. truncatula, 
and M. polymorpha. Densities in M. scutellatawere 300 
to 400 plants/m 2.Total estimated expenditure of seed in 
the first two seasons was around 40% of that initially 
produced In M. scutellataand around 20% for the other 
species. 

Heavy grazing which removes developing seed pods 
In spring will destroy the source of regeneration. How-
ever, normal commercial stocking pressures do riot give 
problems. Mean regeneration of snail medic in Novem-
ber 1986was270plants/m 2 followinggrazingat 12to 18 
lambs/ha from April to June. Even heavy grazing in 
summer need not be detrimental, because pods are 
trampled into the loose, self-mulching soi. A medic 
mixture sown in a rotation experiment in 1986 was 
grazed in spring and then grazed bare in summer. Yet, 
the self-regenerated plant density in the following barley 
(Hordeum vulgareL.)crop, in February 1988 was 272+83 
planIs/M 2. 

Vetches and Medics 

Most comparisons have been between the local 

"Ecekia' (V. sativa, common vetch) and Australian 

commercial medics. Under the same environmental 

conditions, Beekia :,wn at 6 to 9 g/m is no more 

productive than the best medics and sometimes less. 

Grazing Studies 

An essential test of the value of a pasture species is 
itsor erfrmace Agraingexpri-niml podutio.Its performance for animal production. A grazing experi-

ment conducted each season since 1986 compared the 

value of local common vech and Robinson snail medic 

for liveweight gain in Awassi lambs in spring (Shorat. 

1987). The mean liveweight gains of sheep in g/sheep/ 
day were 71% and 39% higher for vetch than for medic 
in 1986 and 1987, respectively. These results clearly 
show the superior value of common vetch over snail 

medic for lamb fattening and emphasize tie imnortance 

of evaluation under grazing. The current seazon's trial 

has included three locally selected medic strains. Pre-

liminary results suggest that these new medics are at 

least as productive for fattening lambs as vetch, while 

the snail medic is still much less. 

On-Farm Implementation 

of the Technology 

Transfer of technology requires that it be demon-
strated to farmers, the correct selection of whom is 
important for an effective diffusion process. Farmer 
selection has centered or. ownership of livestock, inno-
vative or leading farme, s, and distribution of farms 
through allcerealzones ofJordan. Through the life ofthe 
project, 120 sites of from 1 to 10 ha have demonstrated 
legume forage or pastures grown in rotation with cereals 
or as continuous pasture. Past field h!stories were 
collected to demonstrate benefits of the system. The 
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eight seasons of the project saw modifications to the 
application of the Australian technology as experience 
indicated techniques more appropriate to Jordan. 

Initial pasture development used succes3ful 
Australian Medicago cultivars with gradual introduc
tions of locally collected and tested species. Seeding 
rates were increased from 0.5 g/m 2 to 2.5 g/m 2 to 
improve the yield image of first year medics. Use of cover 
crops to protect the pasture from migratory flocks gave 
way to enclosing the fields by border strips of recognized 
crops which are left ungrazed. Farmer insistence on 
cereal inclusion in the legume forage or pasture mix 
resulting in lower pasture seed set and subsequent 
decreases in cereal yield has declined. M. inicatula has 
proved the most persistent species over time under the 
heavy grazing regimes of Jordanian shepherds, and its 
productivity can be high. 

Forage legumes such as Vicia sativa sp. continue to 
be an integral part of the project. The idea of replacing 
fallow with an annual legume of any type is a positive 
step towards a Jordanian ley farming system. 

Appropriate farmer-initiated technology has oc

curred. Pasture seed and frtilizerarebroadcastbyhand 
onto moist partially cultivated rangeland areas and 

trodden in by large flocks of sheep, with resultant good 

germination and dry matter yield. Shallow tillage of 

pastures in early summer to prevent over grazing, leav
ing sufficient seed in pods for regeneration was farmer 
initiated. 

A high degree of integration of animals into the 
cereal farming system has been encouraged with em
phas a cei n temiasi n enforage d pt re 

phass placed on utilization of the forage and pasture
through grazing rather than haymaking. This has re

quired associated animal health and husbandry ir
prents. 
provements. 

On-Farm PrGductivity 

Yields of first year commercial medic have ranged 

from 0.5 to 3.0 and 2.5 to 3.2 Mg DM/ha in rainfall areas 

<250 mm and >250 mm, respectively. Regenerated pas

tures have achieved yields ofup to 5.8 Mg DM/ha, equal 

to or better than annually sown forages in the same 

areas. The major advantage of regenerated pastures 

against forage legumes is the extended grazing period, 
with grazing available earlier for lactating ewes and/or 
as a more useful source of standover dry feed for early 

pregnant ewes in late summer or earl% autumn. In

creased milk production on a medic pasture has given 
extra returns of $390 (US)/ha. Replacing the fallow with 

a legume forage has decreased cereal yields by 14% in 

one instance, but increased gross margin by 38%. 
Another site of 1.7 ha gave a gross margin of $1881 /ha 
for a 3-year period (legume forage/wheat (Triticum du
rum)/legume forage). Adjoining plots of wheat/fallow/ 
wheat during the same period gave margins of $1332/ 
ha. Barley. in a low rainfall season after 3 years of 
continuous forage, yielded 3.4 Mg/ha grain while the 
adjacent field of wheat following fallow yielded 0.9 Mg/ 
ha. Meal (live weight) gains of 0.82 Mg/ha for a gross 
margin of$790 have been recorded on Vicia sativayield
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ing 5 Mg/ha with male Awassi lambs. Had this farmer 
fattened his own lambs, the return would have been 
$2090/ha.
 

Comparison of different methods ofutilization shows 
the grazing of green forage (with the farmers' own or 
purchased animals) to be the most profitable, followed 
by haymaking, seed production, grazing standover feed, 
and the sale of grazing rights. The low price and, hence. 
poor profitability that a farmer obtains from sale of 
grazing rights bears no relation to the feed value of the 
forage. Haymaking losses of up to 50% have been 
recorded due to the presence of surface stones. Pod 
shatter in vetch, resulting in reduced seed harvest, is 
being addressed by ICARDA. Standing forage provides 
protein for improved utilization ofcereal stubble grazing. 

Constraints on Adoption of the System 

It has been shown that a modified ley farming 
system can be introduced into Jordan. Constraints to its 
acceptance are socio-economic physical, and extension 
factors. Medics are often perceived as weeds as they are 
component species of native pastures or.rangeland and 
weedy fallows. As sown pasture, they may not be recog-
nized as such by shepherds who may try to exercise their 
traditional right of access to "fallows", despite physical 
barriers such as fences. Bare grazing, as used by shep
hi. ds, can destroy a medic pasture by preventing seed 
set. Fragmentation of land Inhibits good owner control of 
grazing areas. No Incentives are provided for improved 
legume seed production against large incentives for 
cereal seed production. In areas with less than 250 mm 
rainfall, poor soil structure results in severe crusting, 
requiring use of larger seeded forage legumes instead of 
medics. Other minor physical constraints are the still 
widespread use of deep cultivation, initial decreases in 
cereal yield that sometimes occur, and the poor perform-
ance of first year pastures, especially in crusting soils. 
Improved extension programs are required to advise on 
utilization and grazing management of annual pastures. 
and the integration of livestock into the cereal system. 

Conclusions 

There is good evidence that appropriate technology 
and suitable strains of self-regenerating medic are avail
able for use in a cereal-livestock farming system in 
Jordan. Some uncertainties or deficiencies remain con
cerning effective strains of rbizobia, establishment in 
dry seasons in surface-crusting soils, feeding value, and 
seed supplies of new strains. Because common vetch is 
relatively free of these problems and it is less prone to 
Invasion by migratory shepherds, progress in the adop
tion of integrated cereal-livestock farming could be 
hastened by the use of common vetch for grazing, hay, 
and seed production. 
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Introduction 

Livingston Farm, Moree, was acquired by the Uni-
versity of Sydney through a bequest in 1969. The prop-
erty Is 4200 ha in size, and has been changed from a 
partly cleared grazing enterprise to a large-scale wheat 

(Triticum aestivum L.) farm, and more recently to a 
diversified cropping and livestock property using forage 
crops and crop residues. Grain-legumes (legumes grown 
for their seed) and a crop rotational strategy have 
become integral parts of the program (Crofts et al., 
1988). 

Soil and Climatic Environment 

Livingston Farm is reasonably representative of the 
North West Plains of New South Wales in that it mainly 
consists of flat arable land with black self-mulching 
soils. These soils vary from 0.5 to 3 m in depth, with 
surface and subsoil pH values of 7.2 and 8.3. respec-
tively. The soils range from clay loam to heavy clay in 
texture, are high in organic matter, have a high base 
exchange capacity, and are well supplied with most 
essential plant nutrients. They have a high water-hold-
ing capacity and can supply up to 150 mm of available 
soil water/m. The climate of the area is mild in winter 
with a few frosts, hot In mid summer with day tempera-
tures over 301C, and with a summer dominant rainfall of 
450 to 600 mm. 

The Need For Change 
in Farming Practice 

The early years of farming on Livingston Farm 
produced high-yielding, high-quality wheat crops. 
However, the techniques employed eventually led to weed 
problems, build-ap of plant disease, unacceptable soil 
erosion, and yield decline due to loss in fertility. Alterna-
tive crops grown with conventional tillage systems often 
proved disappointing and had a higher risk than tradi-
tional wheat systems. Accordingly. in 1976, a decision 

was made to design and implement conservation farm

ing systems suited to the area. The underlying objective 
has been to develop a stable, economically sound agri
cultural system with efficient use ofthe resources ofsoili, 
water, energy, labor, and capital. Some of the significant 
changes are outlined below. 

Significant Changes 
in Farming Systems 

No-Till Grain Sorghum 

Traditionally. dryland grain sorghum [Sorghum 
bicolor (L.) Moenchl grown under conventional tillage 
after a 10-month fallow has been regarded as a high risk 
crop and yields were disappointing due to unreliable 
rainfall, poor seedling establishment, poor heit toler
ance, weed infestation, and disease. However, sorghum 
has advantages as a rotation crop to control weeds and 
disease in winter cereals. Radical changes were needed 
to decrease the risk associated with grain sorghum 
production. In 1981, the system was changed com
pletely to a no-tillage system with the use of atrazine as 
the main fallow herbicide. Annual yields have been 
increased by at least 0.5 Mg/ha by use of no-till. The 
same beneficial side effects as those experienced in 
U.S.A. have been observed, including better soil water 
relations, reduced soil erosion, better weed control, and 
less soil compaction. 1lowever, precise spray application 
has been vital for success. Costs for no-till sorghum have 
been the same as conventional systems. and with the 
yield advantage, a net profit increase of around $50/ha 
has consistently been achieved. 

Grain Legume Production 

Even though the black earth soils on Livingston 
Farm are fertile in their virgin state and are relatively 
young in cropping history, significant fertility decline 
has already occurred due to intensive cropping. Trials 
were commenced in 1979 to evaluate the suitability of 
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various grain-producing legumes. Winter growing spe-
cies include chickpeas Cicer arietinum), faba beans 
(Vicia faba). lupins (Lupinus angustifolius), field peas 
(Pisum sativum), and fenugreek (Trigoneila foenum-
graecum). Chickpeas have proved to be the most suc-
cessful, agronomically and financially, and the species is 
relatively well-suited to the environment. Despite some 
disappointments and setbacks, the area sown has ex-
panded each year (Table 1). Prices obtained for the 
harvested grain have been good. However, in some wet 
years, weed problems have been severe, and the crop is 
not tolerant of waterlogging. Subsequent winter cereal 
yields have increased by up to 2 Mg/ha following this 
legume. 

Summer-growing grain legumes studied were pi-
geon peas (Cajanuscajan). black-eyed peas (Vigna un-
guiculata), dryland soybeans (Glycine mal,, and mung 
beans (Vigna radiata).Preliminary results Indicate that 
pigeon peas and mung beans are worthy of further trial 
work, with a view to inclusion in crop rotations, 

Fallow Management 

The use of tillage implements in the fallow manage-
ment has become less important as more reliance is 
placed on herbicides. The program has changed over the 
last 10 years from one which used tillage as the main 
fallowing tool with herbicides as the back-up to one 
which uses herbicides as the main fallowing tool with 
tillage as the back-up. At the present time, sweep tillage 
is exclusively used as a back-up tillage method. 

In the early years of ieduced tillage, knockdown 
herbicides such as paraquat (1.'-dimethyl 1-4, 4-bipyrid-
inium ion (Gramoxone), glyphosate [N-(phosphonom-
ethyl glycinel (Roundup), and 2.4-D 12,4-dichlorophe-
noxy) acetic acid] derivatives were exclusively used. This 
gave good results, but the number of sprays required, 
the cost of the herbicides, and the expertise needed for 
timely application made the operation unattractive in a 
large farm situation. 

Since 1981, residual pre-emergence herbicides such 
as atrazine and chlor.ulfuron (2-chloro-N-[[(4-niethoxy-

6-methyl- 1.3,5-trlazin-2-yl)aniino] carbonyll benzene 
sulfonamide) (Glean) have been used as the mainstay. 
with knockdown herbicides being back-ups to control 
escapes and/or resistant weed species. This strategy 
has been much more cost effective, and far less reliant 
on the favorable weather conditions required to sat Isfac
torily apply knockdown herbicides. 

All spray~ng Is currently done with ground applica
tors with conventional hydraulic nozzles. There is con
siderable scope for increasing the efficiency of spraying 
technology. 

Livestock Integration 

The decrease in grain prices in the mid 1980s 
combined with the expansion in grain sorghum area 
after the change to no-till systems has caused a re
examination of the role of livestock on Livingston Farm. 
The sorghum stubble Is a valuable resource and is more 
profitable than using the same area for wheat grain 

production. The gross margin ior this operation in 1986 
was $230/ha compared with wheat grown for grain at 
$50/ha. This enterprise was expanded in 1987 and 
again in 1988 when 800 ha of oats for grazing have been 
planted, and will fatten up to 2000 steers. livestock 
grazing is a beneficial adjunct to a diversified operation 
becaise it allows savings on herbicides for fallow weed 
control and profitable use of some residues. The role of 
sheep in this strategy is being evaluated. 

With the change to conservation farming, it was 
immediately evident that the standard seeder/cultivator 
('combine') used by Australian farmers would be grossly 
inadequate for sowing in most situations. These seeders 
have a poor residue handling capability, and rely on 
timely rains to ensure satisfactory conditions for crop 
germination and establishment. There has been a corn
plete change to the exclusive use of press wheel drills 
using moisture seeking points where required. They 
have the advantage, in combination with the reduced 

Table 1. Area of wheat, sorghum, oats, and chickpeas grown at Livingston Farm in the harvest years 1981-1987. 

Crop 1981 1982 1983 19S4 1985 1986 1987 

ha 
Wheat 2100 1900 1850 2000 1300 550 400 
Sorghum - 1300 1300 1500 1500 950 600 
Oats 80 40 40 200 300 400 450 
Chickpea 40 50 300 200 350 600 1200
 

Table 2. Mean farm yield of wheat, grain sorghum, and chickpeas at Livingston Farm for the harvest years 1981- 1987. 

Crop 1981 1982 1983 1984 1985 1986 1987
 

Mg/ha
 
Wheat 1.7 1.5 1.8 1.9 2.0 3.0 
 2.1
 
Sorghum - 1.4 2.4 1.9 2.9 2.0 2.0 
Chickpeas 0.3 0.8 0.4 1.0 1.8 1.7 1.7 



tillage systems being employed, of being able to sow 
crops on time, even when conditions are not favorable, 
and the cost has been returned many times over in better 
crop establishment and higheryeilds. The current models, 
built around chisel plow frames, also have good residue 
clearance. 

Results 

Average crop yields have dramatically increased as 
a result of these changes to the farming system (Table 2), 

and the farm has been able to generate increasing 
profits. Total energy costs have stabilized, labor costs 
have been contained, and tractor hours drastically re
duced. However herbicide costs have increased. 

Plans for the Future 

Livingston Farm has by no means reached the 
pinnacle of efficiency. New enterprises need to be inves-
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tigated, and the full effect of the present integration of 
legumes and livestock into the farming system has yet to 
be realized. If the present regime of world grain prices 
continues, a swing to a legume-based pasture ley rota
tion is envisaged, with a further increase in livestock 
numbers. Fertility restoration will be fully achieved, and 
a significant increase in the crop productivity after the 
pasture phase is expected. lowever, the need to be fully 

flexible is realized, and if the relative prices and/or risks 
of various commodities change, Livingston Farm will 

alter the enterprise imix to accommodate these changes, 
keeping in mind at all times the necessity for an ecologi
cally stable, yet economically viable farming system. 
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Introduction 

The Inner Mongolia Autonomous Region lies be-
tween 37 to 530N. and 97 to 126"E., with a width of 4,000 
km from east to west. The total area of land is 1.18 
million km2 , of which the cultivated area is 5.35 million 
ha. Grassland in the region accounts for about one-third 
of China's natural grassland, and comes to 67 million ha 
(Edit Committee, 1984). 

Climatic conditions are various and complicated, 
particularly in the distribution of precipitation, which 
greatly decreases from east to west. As a result, it has 
different natural landscapes and types of vegetation, as 
well as a remarkable regional difference in kinds and 
quantities of livestock, 

Firstly, the whole area is divided into sub-areas by 
a modified moisture classification of Thornthwaite and 
Mather (1957). then some parameters are revised using 
the method provided by the International Land and 
Water Development Division (Wageningen method). 
Finally . the climatic productivity of natural grassland 
for the different moisture regions are evaluated, 

Method 


Moisture Index 

Considering the climatic condition of China, Zheng 
et al. (1982) put forward a modified moisture classifica-
tion Index (Table 1), based on the method of Thornth-
waite and Mather (1957). The moisture index: 

Im = 100 (S-D)/PE [I) 

where: S is water surplus, D is water deficit, and PE is 
potential evapotranspiration. 

After calculating the moisture index of 40 stations In 
the Inner Mongolia Autonomous Region with formula 
[11. the Region is classificated Into five different moisture 

Table 1.Modified moisture index (rm). 

Type Permoist Moist Humid 

regions using the index In Table 1 (Fig. 1) (Zheng et 
al., 1983). Moisture conditions of Inner Mongolia Au
tonomous Region change orderly from east to west,
which basically reflects the distribution of vegetation
 
landscapes from meadow grassland, steppe, desert
 
steppe, and desert. The natural productivity decreases
 
in the same direction.
 

Wageningen Method 

To apply the Wageningen method (Doorenbos and
 
Kassam. 1979). nine stations have been chosen for
 
productivity estimation [three (A,B. and C) in the humid
 
to subhumld region, four (D. E,F,and G) in the semiarid 
region, and two (I and J) in the arid region (see Fig. 1)]. 
Climatic productivity Is estimated based on the following 
formula: 

Ym = K*CH*CToGYo*PE / (e - ed) [21 

where Ym is radiation - thermal productivity: K is the 
coefficient ofcorrection for crop species, here K= 0.9: CHIs the coefficient of correction for harvested part, here CH 

= 0.45: CT Is correction for temperature, here CT = 0.5; 
and G is the length of grass growing season in days, 
which is affected by topography, soil water, and tem
perature condition. Generally, grasses start growing 
when daily mean temperature exceeds 50C in the spring 
(turn green date) and stop growing when daily mean 
temperature falls below O1C in autumn (growth stopping 
date). The period between these two dates was taken as 
the length of grass growing season (Table 2). 

In formula [21, Yo is grass dry matter of grass crop. 
The method of de Wit (1965) is used to calculate Yo in kg/ 
ha/day. This method Is based on the level of incoming 
active short wave radiation for standard conditions: 

Yo = Foy + (1-F),yc [31 

where: Yo = grass dry matter production of a standard 

Moist- Dry- Semiarid Arid 
subhumid subhumid 

Index > 80 40-80 10-40 -15-0 -30---15 -60--30 <-60 



Productivity in InnerMongolia, China 899 

Table 2. Grass turn green date, growth stopping date, growing season and grass radition-thermal productivity, grass climatic 
productivity in various stations (dry matter kg/ha). 

Turn green 
Station date 

day/month 
A 
B 
C 
D 
E 
F 
G 
1 
J 

A Tutlhe 
B Xiaorehe 
CKesouren 
DXlngyoql 
E Xitinhent° 
F Tnngtieo 
aChifong 
IPaeodao 
Linghe 

t0
 

10/5 

29/4 

24/4 

30/4 

24/4 

11/4 

10/4 

10/4 

9/4 


Growth stage 
date 

day/month 
5/10 

14/10 

21/10 

18/10 

21/10 

5/11 

8/11 

4/11 

8/11 


Latitude Longitude Attitude 

(N) (E)
° 
50,0 121'* 28' 

49" 12' 123" 43' 
460 37' 121" 14' 
48* 42' 116' 49' 

436 57' ill' 04' 

43 36' 122 ° 1' 

42' I' 118' 58' 

400 45' 104' 30' 

° 
40 46' 107" 24' 


(N)
 
732
 
287 

490 
554
 
989 

179
 
571
 

1323 
1039 


Growing Radition-thermal Climatic 
season productivity productivity 

days kg DM/ha kg DM/ha 
148 3070 2300
 
168 4250 3050
 
180 4110 2620
 
171 4410 1030
 
180 4140 1060
 
208 6380 1770
 
211 5160 1690
 
208 5670 200
 
213 7470 370
 

unid
 

A
 

,
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Figure 1.. The moisture clasaffIcation for the region and sites where stations are located. 

crop. kg/ha/day; F = fraction of daytime, which is ob-
tained from (Rse - 0.5 Rg)/0.8 Rse, where Rse is the 
maximum active incoming shortwave radiation on clear 
days in cai/cm/day, Rg is active measured incoming 
radiation incal/cm/day, Rg = (0.25 + 0.55 n/N)*Ra, 
where Ra is extraterrestrial radiation, N is maximum 
possible sunshine duration in hour/day, and n is meas-
ured actual sunshine duration in hour/day, y = grass 
dry matter production rate of a standard crop on a full 


overcast day in kg/ha/day; and y = grass dry matter 
production rate of a standard crop on a clear (cloudless) 
day in kg/ha/day. Ra, Rse, and y are functions of 
latitude. 

In formula [21, PE/(e. -ed) is a correction for climate, 
where PE is calculated by the Penman or Thornthwalte 
Method: and the factor (ea - ed) is the difference between 
saturation vapor pressure (ea) at mean temperature in 
mbar and mean actual vapor pressure (ed) inmbar. 
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Applying a Moisture Correction to Ym Results 

In general, when the water supply does not meet the The results for the calculation of grass radiationdemand of crops, actual consumption (actualThreutfotecaulinofrssadto
evapotransplraton, ETa) will fall below the demand of 

crops (maximum evapotranspiration, ETm). Under such 
condition, water stress will develop in the plant, which 
will adversely affect crop growth and, ultimately, crop 
yield. The effect of water stress on growth and yield 
depends on the crop species and variety as well as the 
magnitude and tine ofoccurrence ofwater deficit. Thus, 
climatic productivity of various areas can be found by 
using a moisture correction. 

To calculate total water requirements (E'rm) in the 
grass growing season. water requirements are defined as 
the depth ofwater needed to meet the water loss through 
evapotranspiration of a disease-free crop growing in 
large fields under nonrestricting soil conditions includ
ing soil water and fertility and achieving full production 
potential under the given growing environment. This is 
given by: 

ETm = KcPE [4] 

where: Kc is a crop coefficient, whose values vary with 
the kind ofcrop, its stage of growth, and growing season. 
For the whole growing stage of grass, Kc=0.95- 1.05. PE 
is potential evapotranspiration. 

Since almost 90%of precipitation occurs during the 
grass growing season, ETa of perennial grass is provided 
mainly by natural rainfall in summer. Therefore, ETa is 
taken to equal precipitation (P) during the grass growing 
season, i.e., ETa = P. 

The response of yield to water supply is quantified 
through the yield response coefficient (Ky), which is the 
ratio between relative yield decrease (1- Ya/Ym) and 
relative evapotranspiration deficit (1 - ETa/ETm), i.e., 

1- Ya/Ym = Ky (1- ETa/ETm); thus, 
Ya = Ym II- Ky (I-ETa/El'm)] [5) 

Grass Cover Rate Correction Factor (U) 

There are different cover rates for the grass commu-
nity in different grassland types. In general, the value of 
cover rate is 70 to 80% for meadow grassland. 50 to 60% 
for steppe. and 10 to 30% for desert steppe (Jia, 1979). 
Therefore,it is necessary to revise the cover rate correc-
ton factor (U) in calculating the climatic productivity of 
the various grasslands. To do this, formula [5]is changed 
as follows: 

Ya = Ym I1 - Ky (I -ETa/ETm)]*U [61 

thermal productivity in various areas based on formula[21 are given in Table 2. The data in Table 3 indicate that
the grass radiation-thermal productivity increases from 
east to west, because of the longer growing season and 
better conditions for radiation-thermal in the western 
part. 
part.The results of climatic productivity based on for
mula (6) are shown in Table 2. The grass climatic 
productivity is about 2300 to 3050 kg/ha for the humid

semihumid region. 1030 to 1770 kg/ha for the semiarid 
region, and 200 to 370 kg/ha for the arid region. 

Discussion 

Moisture and grass cover rate corrections have been 
incorporated for the calculation of grass climatic pro
ductivity and the results tend to agree with field surveys. 
Because of continuous overstocking and overgrazing, 
grassland productivity appears to be decreasing in some 
places. To establish proper stocking rates and to work 
out a longterm program for the grassland, the govern
ment needs sound scientific data. 

Emphasis should be on planting Introduced or 
adapted forages in semiarid areas. In 1987, 4080 kg/ha 
of vetch (Viciasp) (pea legume forage) and 3670 kg/ha of 
hairy vetch (Vicia villosa) (dry matter) were obtained In 
Wuchuan county in the Region, where the precipitation 
was 165 mm during the growing season (April- August). 
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In many areas of the world, agricultural production 
is increasingly practiced in fragile environments, namely, 
on marginal lands with extreme variability in precipita-
tion and temperature. A gradual integration of animal 
agriculture with crop production into a single enterprise 
ts practiced out of economic expediency, in order to 
enhance agronomic efficiency, to broaden and stabilize 
farm income, and to intensively conserve natural re-
sources. However, a prevailing lack of undemiitaiding of 
the interdependence of soil-plant-animal factors is the 
major hindrance to a greater productivity of the corn-
bined enterprise, 

The aim of the Integrated Cropping-Livestock Sys-
tems sessions was to bring together scientists from 
different disciplines, working at many national and 
international research centers, with a common interest 
in developing stable and sustainable crop-livestock 
production systems. Past progress achieved in integrat-
ing plant and animal agriculture were assessed based on 
extensive field experience. The presenters identified and 
proposed methods or new technology to alleviate pro-
duction constraints, and highlighted research needs 
and priorities for the next decade. 

The research areas extended from investigations on 
the economics and agronomic value of crop residues to 
promising problem-solving approaches such as alley 
farming, and application of meteorologic models to clas-
sify and manage grasslands. In summary, Sandford 
advanced the basic premise of risk avoidance for inte-
grating crop-livestock sectors and analyzed in detail the 
nature of the Interactions between them, and the stabil-
ity of such a farming system. He raised the issue of the 
relative value of crop residues in soil protection and in 
alternate uses, i.e., fuel and animal feed, and suggested 
that soil incorporation of manure may prove more bene-
ficial for crop production than direct incorporation of 
plant residues. However, in addition to providing soil 
erosion protection, a residue mulch also conserved soil 
water for crop production. The papers by Dao et al. and 
Berg et al. illustrated the benefits and costs of applying 
conservation tillage practices to forage-livestock pro-
duction systems in the Southern Plains of the U.S. from 
the standpoint of intensive resource conservation. On 
more marginal lands, Sims suggested that the develop-
ment of native range-forage systems, which are environ-

mentally safe and non-competitive with human food 
production, increase rangeland productivity while re
ducing governmental agricultural subsidies. Under 
similar climatic constraints, traditional water harvest
ing techniques can increase crop and livestock produc
tion by providing irrigation water, thus reducing risks of 
crop fall ire in dryland farming (Martinez-Meza et al.). 

Understanding the flow of nutrients in the soil
plant-animal system is the key to improving overall 
productivity of integrated crop-livestock systems. Five 
papers dealt with the importance of such knowledge in 
the development of ley farming or the use of legumes in 
crop-livestock systems as nitrogen is a common sub
strate in biological processes occurring in soils, plants, 
and livestock. Alley farming or integrating trees in crop
livestock production also provided a promising approach 
to increasing animal feed supply, and nutrients for 
maintaining soil fertility while protecting soil against 
erosion as detailed in Reynolds and de Leeuw's and 
Yilala's reports. 

In the final analysis, many production constraints 
still exist for sustainable dryland crop-livestock produc
tion systems, including climatic variability, erosion of 
the production base, and the extent and rate of environ
mental degradation caused by the presence of livestock. 
There was an apparent point of agreement on the need 
for integrating livestock with crop production to add 
economic stability to dryland farming practices. There
fore, deficiencies in process-based understanding of the 
interrelationships between soil-plant-animal factors and 
their controlling factors must be addressed. Increased 
research efforts on introduction of improved crop and 
tree species, and animal breeds into existing crop
livestock systems, grazing management strategies for 
alleviating crop defoliation stress, and root growth re
striction due to livestock trampling will be needed. 
Furthermore, emphasis on the development of compre
hensive resource-management models/expert systems 
will assist in identifying basic information gaps and in 
the decision-making process for allocating resources to 
optimize overall productivity and stability of integrated 
dryland crop-livestock production systems. These long
term efforts would certainly contribute to the well-being 
of the mixed farming producer and the preservation of 
global non-renewable resources. 
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267 The Value of Integrated Pest Management 
to Crop Production 

Perry L. Adkisson, Chancellor and Distinguished Professor of Entomology 
The Texas A&M University System, College Station, Texas 77843 

Introduction 

Integrated pest management (1PM) Is a pest control 
strategy that uses ali suitable methods in as compatible 
manner as possible and maintains pest populations at 
levels below those causing economic losses to the crop of 
concern. A variety of control methods (tactics) may be 
used to exert maximum suppression on pest popula
tions without creating great imbalances in the agrocco
system. Included among the tactics that may be used are 
stalk destruction, plowing, crop rotation, optimum p',' .i-
ing dates, improved production practices, resistant 
varieties, and the strategic use of insecticides applied to 
keep infestations below yield damaging levels. 

Integrated pest management is not new. It was 
commonly used in the United States before the synthetic 
organic insecticides were introduced to agriculture in 
the late 1940s. IPM is based on two important concepts: 
(1) there must be a thorough understanding of the pest 
complex involved. including a knowledge of all the 
natural factors that operate to keep key pest populations
below damaging levels, and the study and discovery of 
'weak links" in the pests' seasonal cycle3 that might be 

exploited by man: and (2) insecticides should bc used 
only as a last resort to keep the pests from inflicting 
losses to the yield (and/orquality) f the crop. IPM works 
in harmony with nature, not against it. 

IPM and Dryland Crop Production 

Typically, dryland farming may be considered as a 
production system operating under a low energy level, 
Yields are generally low and production is achieved with 
low capital inputs. Because the potential for yield is low, 
farmers cannot afford to use high quantities of fertilizer, 
pesticides, and other costly inputs. 

The best strategy for achieving control of insect 
pests by the dryland farmer is to use all the non-
chemical methods which are available in a management 
system designed to keep the key pests of the crop below 
damaging levels while preserving their natural enemies. 
This includes the use of resistant varieties and various 
cultural practices. Culturai practices should be de-
signed to have maximum adverse impact on the pests 
without adversely affecting the numbers of their natural 
enemies. The objective is to suppress the pest population 
by a combination of cultural methods and natural 

biological control to below damaging levels so that 
chemical control is not needed, or at most, minimal 

treatment is required. Should insecticides be required, 
treatment should be made using minimal doses and 
applied in such a way as to cause the least damage to 
beneficial insects, thus minimizing key pest resurgence 
and outbreaks of secondary pests. 

Impact of IPM on Cotton, Peanuts, 
and Sorghum 

IPM has been implemented on a wide scale in the 
U.S. by the growers of cotton (Gossypium hirsutumL.). 
pearuts (Arachis hypogaea), and sorghum [Sorghum 
bico,',r (L.) Moench]. This is particularly true in areas 
where these crops are produced under rain-grown or 
dryland conditions. Various systems of integrated pest 
management are used to protect these crops fron insect 
pests. Most of them involve the use ofinsect-resistaat, or 
early-maturing varieties, uniform planting dates, crop
inspection, and use of economic thresholdz fc,, ,,eter
mining optimum times for applying insecticide treat
ments, selective applications of insecticides, piiytosani
tation, etc. Most of the cotton, peanuts. and sorghum 
grown in the United States are produced under some 
form of IPM. 

The impact of IPM on these crops in the U.S. may be 
measured by the reductions in the amounts of insecti
oides used on them before and after the wide-scale 
implementation of IPM. As shown in Table 1, since the 
early and mid- 1970s (before IPM was practiced on a wMdF 
scale), the quantity of insecticides used on cAtC'. 
peanuts, and sorghum has been reduced by 77, 81, and 
58%. respectively. 

It could be argued that these reduct!ons in insecti
cide use might be due to the decreased area planted to 
the three crops. This rationale has some validity. As 
shown in Table 2, the areas planted in the IJ.S. to cotton, 
peanuts. and grain sorghum did decrease during the 
period 1971 through 1962. and hi: does account for 
some of the decrease in the quantity of insecticides used 
on these crops. 

A more accurate determination ofhowinsect control 
practices have affected the use of insecticides on these 
crops may be gained by examining use based on kdlo
grams of active ingredient applied per hectare. As shown 
in Table 3, use on cotton from 1971 to 1982 decreased 
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Table 1.Farm insecticide use (active ingredients) on three 
mal.or U. S. crops (U.S. Department of Agriculture, 1983). 

Crop 1971 1982 Change 

kg (millions) % 

Cotton 334 77 -77 

Peanuts 2.7 0.5 -81 

Grain sorghum 2.6 1.1 -58 


Table 2. Area planted to three major U.S. crops (U.S. 
Department of Agriculture, 1983). 

Crop 1971 1982 Change 

ha (millions) % 

Cotton 5.0 4.6 -8.0 

Peanuts 0.6 0.5 -16.7 

Grain sorghum 8.4 6.5 -22.6 


Table 3. Farm insecticide use on three major U.S. crops (U.S.
Department of Agriculture, 1983). 

Crop 1971 1972 Change 

kg a.i." / ha % 
Cotton 6.63 1.68 -74.7 
Peanuts 4.48 0.86 -80.8 
Grain sorghum 0.30 0.18 -40.0 

a.i. =active ingredient. 

by 4.95 kg/ha (4.42 lbs/acre), on peaxiuts by 3.62 kg! 

ha (3.23 lbs/acre), and on grain sorghum by 0.12 kg/ha 
(0.11 lbs/acre). These are substantial reductions in the 

amounts of insecticides used on these crops. This has 
amontbeen ofofgreatiseaticiduesvalue to theuseoongrowersrse Thststhe roducnas production costs 

have been substantially lowered without any loss in 
yields.

yietds r iconserving 
Another indicator of the value of IPM and its accep-

tance by the U.S. producers of cotton, peanuts, and 

hane i 

with insecticides from 1971 to 1982. As shown in Table 
4, the reductions in areas treated for cotton, peanuts, 

sorhumis heth aeasof hes crps reaedsorghum is the change in the areas ofthese crops treated 

ere46, nd 4%,and soybeans wereand oybans0, espetivly.across46, 60, and 48%, respectively. 

The decreased use of insecticides on these crops is 
due mostly to the implement.ltion of IPM practices which 
hold insect pest numbers below damaging levels with a 
minimum use of insecticides, thus preserving beneficial 
species. 

IPM in the Third World 

The greatest impa.ct of IPM may still be in the future 
a. 	din the developing and lesser developing countries. In 
these countries, under the encouragement of the FAO 
Panel of Experts for Integrated Pest Control, the US/AID 
Consortium for International Crop Protoction, the US/ 
AID CRISP Programs. and the International Agricultural 
Research Centers, most plant protection specialists 
have accepted the IPM philosophy. They are developing
and Implementing simple IPM programs for major food 
crops and cotton utilizing pest-resistant varieties, tradi
tional cultural methods, physical methods of control, 
and selective use of insecticides. IPM already is being 
used on a wide scale by farmers in Asia and Latin 
America. It is not so widely used in Africa, but could be 
if there was an adequate infrastructure for producing 
and distributing seed of new pest-resistant varieties and 
for providing technical assistance and credit to small 
farmers. 

Conclusion 

The evidence is clear that IPM is a technology that is 
being used on a large scale by U.S. farmers because it 
optimizes profit by protecting yields and lowering costs 
of production. This technology now is gaining wider 
acceptance in Third World countries where simple IPM 

systems are being used to protect rice (OryzasativaL.), 
sorghum, peanuts, cotton, corn (Zea mays L.), grain 
legumes (various sp.),and cassava (Manihot sp.) withgood results. 

1PM is still being developed and perfected, and its 

application is being directed toward all the pest species
aplcto sbig drcetoadllhepes spece 
- insects, diseases,doubtweeds and1PMnematodesa - of agreatercrop.There is little that has mucii 

Tetil o tec t Id ias prta
potential for protecting yields, increasing profits and 

the quality of the environment than the 
unilateral use of pesticides for crop protection. Results 

produced so far by IPM have been excellent and suggestthat research and extension efforts on 1PM should be 
intesared and exn s eadrs in cro e 
aote wrd we s ld ery in our 

oe the world,tawe should do everything within ouroesr hshpes 

power to ensure that this happens. 
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Table 4. Changes in the areas treated with insecticides on three major U.S. crops between 1971 and 1982 (U.S. Department of 

Agriculture, 1983). 

Crop 	 Areas treated, 1971 

ha (millions) % 
Cotton 3. i 61 
Peanuts 0.5 87 
Grain sorghum 3.3 39 

Acres treated, 

ha (millions) 
1.7 
0.2 
1.7 

1982 Change 

% % 
36 -45 
48 -60 
26 -48 
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to Enhance Crop Resistance 

R.T. Giaquinta and John H. Thorne 
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Abstract 

Biotechnology has the potential to augment today's 
crop protection strategies. For example, technological 
advances have resulted in the production of genetically 
modified-plants that are resistant to specific herbicides, 
diseases, and certain insects. This presentation high-
lighted significant technical advances that have the 
potential to be used in agriculture in the next several 
years. Specific attention will be focused on designing 

crops that are genetically resistant to Du Pont's sulfon

ylurea herbicides. Topics also included laboratory re
suits on gene characterization and transfer, field studies 
on crop resistance and weed control, and marketplace 
considerations. In addition, the role of biotechnology in 
designing disease resistant plants and in discovering 
next-generation agrichemicals was discussed. 

Note-The full text of this presentation was not 
available for publication. 
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P.O. Box 5466, Aleppo, Syria 

Introduction 

Most cereal production in West Asia and North 
Africa derives from rainfed agriculture in the variable 
Mediterranean environment. In drier areas (approxi-
mately 200-350 mm rainfall), barley (Hordeumvulgare 
L.) - livestock farming systems predominate whereas 
wheat (Triticum sp.) - based farming systems are com-
mon in moderate to high rainfall areas. Monoculture 
(barley after barley) is common in low rainfall areas, and 
enhances the development of diseases and insects. Pest 
control strategies proven effective in more advanced 
areas or high input environments often cannot be imple-
mented by farmers in these areas. 

Insect and pathogen damage to crops is aggravated 
when coupled with abiotic stresses such as drought, 
heat, cold, poor crop management, and low nutrient 
availability (Table 1). Pests are dynamic and change with 
different farming systems and patterns of crop variety 
use. 

ICARDA and its client countries are located in or 
near the origin of both wheat and barley. Since the 
domestication of both species, farmers in this region 
have cultivated these grains to feed themselves or their 
livestock in several dyland farming systems. Diseases 
and insect pests probably co-evolved with their host 
plant species, Almost all described barley and wheat 
diseases and insect pests can be found in one or more of 
the diverse environments of the Middle East or North 
Africa. 

Table 1. Losses due to diseases and insects (based on FAO, 
1986: Walker, 1975). 

Losses due to 
Crop/Region Total Diseases Insects Total % 

production 

Mg (x 106)
Wheat 

(WANA) 55.2 5.2 3.0 8.2 15 

Barley 
(WANA) 17.4 1.4 0.7 2.1 12 
(NON-WANA) 6.1 0.5 0.2 0.7 12 

Diseases 

Seed-borne diseases are most prominent w 
present dryland farming systems of West Asia and 1I 
Africa. Farmers in marginal areas often do not hay 
means or consider it unprofitable to treat seed 
fungicides or to use certified seed. Common bunt (Ti 
carriesand Tilletiafoetida)can reduce yield up to, 
especially in higher altitude areas with cold win 
Barley smuts are always found while the seed-b 
stripe disease (Pyrenophoragraminea)shows explc 
development in some years. Dryland root rots caus( 
Fusarlumspp. or Cochliobolussativusare favored bi 
soil water. Very little research on these pathogens 
been carried out in the region, but losses of 12 to 
were noted in Morocco. 

Theoccurrenceofvariousleafdiseasesdiffersgrn 
between agroclimatological zones and between y( 
Foliar disease development depends on temperal 
rainfall, Initial inoculum levels, and cultivar suscepl 
ity. Throughout the region, rainfall is concentrate 
the winter when low temperatures may restrict 
development of both plants and diseases. Pathol 
that can infect cereals at relatively low temperatt 
like barley scald (Rhynchosporium secalis), pow 
mildew (Erysiphegraminis), or yellow rust (Puco 
strilformTis) can build up during winter and may sp 
rapidly when temperatures rise since dew is heavy i 
in low rainfall areas. Infection of seedlings by 
diseases will retard root development, causing r 
pronounced damage if plants are drought stressed h 
Since several leaf pathogens interfere with leaf trar 
ration and respiration, even low levels of infection 
reduce yields of plants under stress. 

As an international center, ICARDA encour 
national programs to include better crop protec 
measures in improved farming systems. Some impr( 

practices such as fertilizer use, earlier planting
deeper sowing encourages disease development. 

draces consisting of highly heterogenous mixture 
genotypes (Ceccarelli et al., 1987) are still widely gr 
in the region. Previously unimportant diseases 
develop into devasting epidemics when traditi 
germplasms are replaced by homogenous imprc 
varieties (Saari and Wilcoxson, 1974). Present f 

(Based on FAO, 1986: Walker, 1975). infrastructure and economics do not allow fungicide 

I 



or rapid germpiasm replacement. Varieties for release 
should, therefore, possess adequate and durable resis-
tance to a wide range of pathogens. 

Insects 

A number of unique Insect pests confront farmers in 

rainfed environments under low-Input technology. In 

North Africa, the Hessian fly (Mayetioladestructor) in-

fests cereals during winter and spring growth. Factors 

affecting plant growth (e.g., reduced tillering during 
drought) lower the plant's ability to replace infested, 
dying tillers. Populations of sawflies (Cephus and 
Trachelus sp.) may be enhanced by abiotic stresses so 
that plants not initially infeted by Hessian fly will likely 
be infested by sawfiies. Developing resistance in wheat 
and barley to both insects in North Africa is a viable 
management tool (ICARDA, 19871. 

Insect pests, especially those exhibiting cyclic popu-
lation behavior or high reproductive rates, may be 
enhanced by large monocultures which provide abun-
dant food during the growth phase of the population 
cycle and harbor few predators nr parasites. This is 
currently the case with the sunn pest (Eunjgascerinte-
griceps) where crop protection efforts are limited to 
chemical applications after economic thresholds have 
been exceeded. Management problems associated with 
insect outbreaks in monocultures can be divided into 
two general categories. First, crop protection personnel 
are forced to react to a rapidly developing pest popula- 
tion rather than prevent losses. Second, logistical prob-
lems may disrupt the timing and efficiency of the control 
program. 

The farming system practiced iii a particular region 
may affect the duration and magnitude of pest problems. 
In northern Syria, farmers increasingly plant barley 
along the dcsert fringes which receive less than 250 mm 
rain annually. In good rainiall years, grain is harvested 
whereas the crap is used for animal forage in poor years. 
In both scenarios, the farmer realizes economic benefit 
from planting barley, and does so continually year after 
year. The wheat ground beetle (Zabrus tenebriodes) 
rapidly increases in fields where cereals are sown repeat-
edly. Conversely, the margarodid scale insect (Porphyro-
phoratriticO does best under moderate to severe drought, 
probably due to low physiological vigor of the host. Seed 

treatments and rotation or fallow between cereal crops 

may reduce populations of both pests to subeconomic 

levels (Miller, 1987). However, to the poor farmers inhab-

iting this region, the use of any chemical insecticide on 
rainfed barley is too expensive. The solution is to develop 
drought- and insect-resistant barleys for marginal envi-
ronments, and to develop crop rotations incorporating 
drought-resistant legumes. 

The Russian wheat aphid (Diuraphisnoxia) is the 
most serious aphid pest of rainfed systems. It occurs 

sporadically throughout West Asia, but is rampant in 

the Ethiopian highlands. At present, there are no satis-
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factory methods for controlling D.noxia. Repeated insec
ticidc applicatiors used as a stopgap measure In North 
America are unavailable to rural Ethiopian barley farm
ers. Current research in Ethiopia seeks to identify 
resistant genotypes from the wealth of barley landraces 
available in the country (institute of Agricultural Re
sea -ch. 1979) and to develop a fungal disease for biologi

cal control. The Ethiopian national program emphasizes 
identifying 'he agroecological zones where D. noxia per

forms best and then developing drought-resistant and 

insect-tolerant varieties for those zones. 

Conclusions 

ICARDA is striving to develop integrated pest man
agement programs for targeted environments to limit 
pest infestations to subeconomic levels. The strategy 
involves developing genetic resistance to the most com
mon pests, discouraging monocultures, careful and 
minimal chemical use, and the use of other suitable 
cultural practices. 

More studies are needed an the complex and dy
namic interaction between pest, plant, and environ
ment. Research on the host plant's ability to restrict 
disease development or insect population growth has 
been primarily restricted to studies on genetically deter
mined resistance and to the influence of simple environ
mental variables on genes expression. The effects of 
abiotic stresses on plant predisposition to fungus or 
insect infestation has not received adequate attention. 
Similarly, inducible plant defenses against both patho
gens and insects need further study. Recent biotechnol
ogical developments, e.g., the incorporation of Insect 
toxin genes into crop germplasm genomes, have not 
been adequately field tested nor have their long-term 
effectiveness been verified. 
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Introduction 

The dryland cereal farming system in southern 
Australia covers some 35 million/ha of which half is 
sown annually to wheat (TriticumaestivumL.) and barley 
(Hordeumvulgare L.). This farming system falls within 
the annual rainfall range of 300 to 600 mm, most of it 
falling in winter. Traditionally, this farming system has 
been based on alternate pasture and cereals: sheep are 
maintained by annual pastures of grasses and either 
subterranean clover (Trifolium subterraneum L.) or 
Medicago sp. which are followed by wheat or barley. 
Although this rotation has provided fodder for thesheep, 
improved soil structure, and raised organic matter and 
nitrogen levels, it presents problems in terms of root 
health of cereals. Since 1960, there has been little 
change in the wheat yields despite the constant intro-
duction of new varieties, herbicides, and fertilizers. 

The theme of this paper is that soilborne root 
diseases on cereals following annual pastures of grasses 
and legumes are one of the principle reasons for this 
static level of production, and that full use of soil 
resources by cereals requires healthy root systems. 

Table 1. Effect of soil fumigation on wheat yielos'. 

Site Soil description 

Reeves Plains Solonized brown soil 
Roseworthy College Solonized brown soil 

Sea Lakeb Solonized brown soil 

Streaky Bay Highly calcareous 
sandy loam 

Nunjikompita Highly calcareous 
sandy loam 

Coonalpyn, Deep siliceous sand 
Sand over clay 
Shallow sandy loam 
over clay 

Coonalpyn" Deep siliceous sand 
Sand over clay 
Deep siliceous sand 
Shallow sand over clay 

Wheat Root Diseases 

Soil fumigation over several years demonstrated 
that the potential yield for a particular soil was seldom 
reached (Table 1). Healthy roots are better able to extract 
soil water than diseased roots. Figure 1 shows the water 
distribution in the soil profile at two growth stages of a 
wheat crop in untrea-ted and fumigated soil. The yields 
of the two crops were 1600 and 2400 kg/ha for untreated 
and fumigated soils, respectively. 

The major soilborne root diseases of wheat and 
barley in southern Australia are Take-all (Gaeumanno
myces graminis var. tritici), Rhizoctonia bare patch 
(Rhizoctonta solani), and cereal cyst nematode or eel
worm (Heleroderaavenae). 

Take-all occurs world-wide and is second only to 
rust in economic importance: the take-all fungus In
vades the phloem and the xylem and interferes with 
movement of assimilates, nutrients, and water. This 
results in reduced root growth and a water stress which 
may cause premature ripening and whiteheads. The 
narrow host range of the take-all fungus confines it to 
wheat, barley, and grasses, thus facilitating control by 

Year Grain yield 
Untreated Fumigated 

kg/ha I 

1971 2400 3300** 
1971 2200 390000 
1972 1600 2400** 
1971 2100 3200** 
1973 900 3600 ° * 

1974 50 270000 

1974 800 1400* 

1975 200 500*0 
1975 500 1500 °** 

1975 1400 2800"** 

1975 300 9000** 
1976 2100 2400* 
1976 1000 17000* 
1976 900 2700"*0 

"All plots received superphosphate at 200 kg/ha Iwith trace elements whe re required. Fumigation was with either methyl 
bromide or chloropicrin at 200 io 400 kg/ha 1. 0, *. *00 indicate significance at P < 0.05. P < 0.01 and P < 0.00 1.
bJoint CSIRO-Victorian Department of Agriculture trials (Meagher, et al.. 1978). 
1King, 1984. 
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Figure 1. Water content of soil under wheat 
growing in fumigated and non-fumigated soil, 92 
and 136 d.ays after planting. 

rotation or removal of grasses in the annual pasture 
either by chemicals (Venn, 1984) or by management 
(MacNish and Nicholas. 1987). 

Rhizoctonia bare patch is more limited than take-
all, but with the introduction of direct drill (no-till) 
farming. it has become a problem in Australian cereals 
(Rovira, 1986) and the U.S.A. (Weller et al., 1986; 
Pumphrcy et al., 1987). Rhizoctonia has a wide host 
range and cannot be controlled by rotation but its effects 
can be ameliorated by improved nitrogen and phospho-
rus nutrition, grass-free legume pastures, and grain 
legumes in the year preceding cereals. 

Cereal cyst nematode (CCN), which causes heavy 
losses in cereals, is confined to cereals and grasses. 

Rotation with non-host crops is one form of control along 
with nematicides. resistant cultivars, and direct drilling 
(Rovira and Simon. 1982). Each of these pathogens 

influences rooting depth and soil exploration (Fig. 2). 
The relationships between incidence of take-all in-

fection and CCN damage on roots and wheat yields 

demonstrates that these two d!seases limit the ability of 
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Figure 2. Diagramatic illustration of the effects of 
three root diseases on the growth of wheat roots. 
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wheat to reach the yield potential set by soil fertility and 
rainfall (Fig 3). In another field experiment, Rovira 

(unpublished data) found that, despite having the lowest 

nitrogen in the profile at sowing, wheat after 

grass-free lupins (Lupinus sp.) had the highest yields 
to low take-all (Fig.4). Ballinger and Kollmorgen

(1986) have obtained large yield responses by chemical 

control of take-all with fertilizer coated with triadimefon 
[1 -(4-chlorophenoxy)-3,3-dimethyl- I( IH-1,2,4-triazol- 1

yl)-2-butanone. 
Yield losses from take-all ranged from 0 to 53% over 

8 years with an average annual yield loss of 500 kg/ha. 
Yield loss depended on adequate inoculum to initiate 
disease and sufficient spring rainfall for disease to 
develop from the infections (Roget and Rovira, 1989). 
They also found that the level of take-all following a 

grass/medic pasture is correlated to spring rainfall 

received by the pasture; wet springs provide the soil 

water needed for the development of the take-all fungus 
on the grass roots. With heavy colonization of grass roots 
and crowns by the pathogen, a virulent inoculum is built 
up which attacks the wheat roots the following year and 
the effect of infection on wheat yield depends on Septem
ber rainfall in the wheat year. 

Cereal cyst nematode reduces wheat yields by up to 

50% (Brown, 1987). Rovira (unpublished) obtained a 
three-fold yield increase partly from cereal cyst nema
tode controland partly from imp:oved nitrogen nutrition 
by rotation with non-host crops at a 350 mm rainfall site 
(Table 2). 

Yield losses caused by Rhizoctonia bare patch are 

(a) Take-all 	 (b) Cereal Cyst Nematode 
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Table 2. Effect of rotation on cereal cyst nematode damage to 
wheat roots and wheat yield in a calcareous sandy soil 
(Rovira unpublished). 

Rotation 	 Root damage Yield 

kg/ha k ha 

Wheat-Wheat 2.6 650 

Pasture-Wheat 2.5 1000--

Oats-Wheat 0.4 1310 

Medic-Wheat 0.6 1850 

Peas-Wheat 0.7 2150 


difficult to assess. but field trials on the effects of 

chemical fallow indicate losses of up to 1000 kg/ha with 
wheat (Roget et al.. 1987). Rovira and McDonald (1986) 
found that Rhizoctonia caused a loss of 1500 kg/ha in 
barley in the presence of chlorsulfuron (2-chloro-N[[(4
methoxy-6-methyl- 1.3,5-triazin-2-yl)amino carbonyl 
benzenesulfonamide) herbicide residues. 

In 	dryland cereal farming systems, the goal is to 
achieve maximum yield per trim rainfall. The model for 
South Australia from French and Schultz (1984) ex-
presses yields in terms of the April-October growing 
season rainfall and shows that few wheat crops achieved 
their potential yield. Our rotation x tillage trial showed 
that the maximum yield predicted by the model was 
obtained only in those rotations which gave low root 
disease and high available nitrogen (Fig. 5). 

Conclusion 

Root diseases impose a major constraint on cereal 
production under dryland farming conditions and 
maximum productivity per mm of rainfall requires crop-
ping strategies which control root diseases, 
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Introduction 

Barley (HordeumvulgareL.), durum wheat (Triticum 

durumDesf.), bread wheat (T.aestivumL.), and corn(Zea 

mays L.) are the major cereal crops of Morocco, occupy-

ing 47, 30. 12, and 10%. respectively, of the 4.3 million 

ha planted annually to cereals (Crawford and Purvis. 

1986; El Khyari. 1987). Sorghum [Sorghun bicolor (L.) 

Moench.] and rice (Onjza sativa L.) account for 18% of 

the total harvested area. Of the production area devoted 

to major cereals. 50% occurs in semi-arid (<400 mm 

rainfall) zones, 28% in higher rainfall zones, and 22% in 

irrigated sectors. The Government of Morocco (GOM) has 

encouraged increased bread wheat production. Dryland 

farmers in semi-arid zones consider bread wheat a high 

risk crop, so Imch offthe increased production has come 

from the more favored zones. The irrigated sector saw 

bread wheat production area increase from 46,000 ha in 

1976 to 105,000 ha in 1984. 

Nation-wide average cereal grain yields for the 1974 

to 1985 period were 0.92 Mg/ha. During favorable 

rainfall years, cereal yields in semi-arid areas are similar 

to those in higher rainfall areas, so about half the total 

production comes from drier areas. However, in poor 

years, the contribution of the low rainfall areas to cereal 

production may drop by 50%. thus accounting for only 
a fourth of total production (Crawford and Purvis, 1986). 

About 10% ofnational cereal production comes from 

Settat Province, a semi-arid area south of Casablanca 
that averages 250 to 400 mm annual rainfall. This 

region, and parts of neighboring provinces mostly to the 
southwest, were targeted for dryland farming improve-
ment by the GOM togetherwith the United StatesAgency 
for International Development (USAID). Cereal grain 
yields in Settat Province were 0.75 Mg/ha. 18% below 
the national average fbr 1974 to 1985 (Crawford and 
Purvis, 1986), a period that included four consecutive 
drought years from 1980 to 1984 with about 200 mm 
annual rainfall (Watts and El Mourd, 1988). 

Rainfall Patterns 

Water is usually the most crop-limiting factor in the 

semi-arid cereal production region of Morocco. Essen-

tially all precipitation occurs from September to June, 

with the majority falling from November to March. Since 
both timing and amount of the first autumn rains are 

very important to the success of the cropping season, 

Watts and El Mourd (1988) defined the first significant 

precipitation (FSP) as the first 10-day period with at least 

25 mm rainfall, and calculated the probabilities of FSP 

for different areas of the project. At Settat, the date with 

50% probability of FSP was Nov. 2, and in Abda it was 

Nov. 9. Watts and El Mourid (1988) also determined that 

the amounts of fall and spring precipitation were inde

pendent of each other. Thus, autumn rainfall is not 

useful as a predictor of the crop's performance during 

the peak water-use period in spring, except in so far as 

water from autumn rains might be stored in deep soils. 

In an environment where drought stress occurs 

nearly every year, additional stresses from weeds may 

further reduce cereal yields because of direct competi

tion for resources such as water, light, nutrients, and 

space. The extent of these losses varies mainly with the 

weed species and densities, but also with the vigor ofthe 

crop. Losses may be indirect because of tillage and other 

cropping practices that are designed to protect crop from 

weeds. For example, late planting of cereals is an effec

tive weed management practice, but it lowers yield 

potential (Bouchoutrouch, 1986). 

Cropping Systems 
of the Project Area 

Barley is the principal crop in areas averaging less 
than about 325 mm rainfall, and on hillsides and 

shallow soils. It is often grown in rotation with unim
proved weedy fallow which is used for grazing livestock. 
These are fields that have been abandoned for the year. 
with no agronomic inputs. Grazing favors rosette-form-
Ing winter annual weeds such as those of the Cruciferae 
and Compositae families. Grassy annual weeds such as 
wild oats (AvenafatuaL.) and sterile oats (A. sterilis L.) 

rarely reproduce clue to grazing pressure. 

On deeper soils. durum or bread wheats are grown 
in rotation with corn: food legumes such as lentils (Lens 

culinarLs Mecilk.). chick peas (Cicerarietinum L.), and 

fava beans (ViciaaJbaL.): or a clean-tilled fallow. These 

crops, especially corn, are intensively weeded and are 

good precedents to growing wheat the next year. The 
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amount of land area in clean fallow varies with region 
and climatic conditions. In the drought years of the early 
1980s, there was a marked decline of clean fallow in the 
Abda area because farmers could not afford to leave land 
idle (Primov et al., 1987b). 

Autumn planting date varies with region and timing 
of the FSP. "Dusting in" of small grain seed (i.e.. planting 
in the dust mulch prior to the FSP) allows weeds and 
small grains to germinate together, resulting in higher 
weed densities. Seeding after the FSP. in a seedbed 
prepared by tillage. results in far lower weed densities, 
but may incur a decrease in yield potential if planting is 
delayed beyond early December. Most Moroccan farmers 
are interested in more than cekeal grain yields. They 
depend on cereals for winter grazing and for straw 
production (Primov et al., 1987a), both are significantly 
reduced by late seeding. 

On-Farm Studies 
of Weeding Systems 

On-farm experiments from 1984 to 1986 compared 
the effects of three weeding systems on wheat grain and 
straw yields. and on weed yields in the Settat region 
(Tanji and Regehr, 1988a). Soils were at least 60 cm 
deep. and preceding crops were usually food legumes or 
corn. Wheat was sown following the FSP and several 
tillage passes, so the first wave of weed seedlings was 
destroyed in the planting process. Average weed densi-
ties were 80 to 89 plants/m 2, of which about 95% were 
dicotyledonous species. 

Treatment with 2,4-D [(2,4-dichlorophenoxy)acetic 
acid] at 480 g acid equivalent/ha reduced weed densities 
by 66% and biomass by 82%. This treatment was 
adequate where wheat was growing vigorously and weed 
densities are below about 50 plants/n 2 . However, few 
farmers use herbicides because of the logistics ofassem-
bling chemical, sprayers, water, and manpower. In fields 
that are sprayed, weeds are often too mature for satisfac
tory control. The wheat area treated with herbicides in 
the Chaouia (Settat area) was 4 to 5% (Benatya et al.. 
1983), and in Abda, 11% of cooperator farmers used 

herbicides (Primov et al., 1987b). The use of herbicides 
is confined mainly to bread and durlim wheat, which 
farmers consider less competitive and higher risk crops. 

Hand weeding is practiced in fields with relatively 
few large weeds. Weeds are fed to animals because of the 
shortage ofother forage in winter and spring. It is usually 
delayed until weeds appr.oach flowering, so losses from 
weed/wheat competition have already occurred. In 40 
farmers' fields, hand weeding reduced weed yields by 18 
to 41% (Tanji, 1987). The forage gained by hand weeding 
averaged 570 and 280 kg/ha in the 2 years. Grain yields 
with hand weeded treatments were 231 and 127 kg/ha 
less than with 2,4-D treatments, a trade-off of 0.43 kg 
grain loss for each kg forage gained. The dominant weed 
species in wheat was field marigold (Calendulaarverisbs 
L.). Together with corn poppy (Papaverrhoeas L.), wild 
mustard (SinapisarvensisL.), crown daisy (Chnjsanthe-
mum coronariumL.). and chicory (CichoriumendiviaL.), 

it constituted over 55% of the weed biomass (Tanji, 
1987). 

Effects of Weed Control Timing 

Under certain conditions, 2,4-1) applied at the full
tiller stage may bc inadequate. Where weed densities are 
high because ofa previous weedy fallowor poorly weeded 
crop, manual weeding may be impractical and 2,4-D 
application may be too late to help the crop. Under these 
conditions, herbicides that can be applied earlier than 
2,4-D are advantageous. In nine on-station experi
ments, 2,4-D applied at the full- tiller stage reduced weed 
biomass by 81% and Increased grain yields by 28%, 
whereas herbicides such as ioxynil (4-hydroxy-3,5-diio
dobenzonitrile) with recoprop (2-[(4-chloro-o-totyl) 

oxylpropionic acid) or bentazon (3-isopropyl-111-2, 1,3
benzothiadiazin-431lJ)-one) with dichlorprop (2-(2,4
dichloroplienoxy)propionic acid) applied earlier at the 3
5 leaf stage reduced weed biomass by 90% and doubled 
grain yields (Tanji and Regehr, 1988b). 

The relative benefits of early vs. late weed control 
was a function of weed density and biomass, rainfall. 
and the preceeding crop. Yield response to early and late 
treatments from eight on-station experiments is sum
marized in Fig. I. where weed weight as a )ercent of crop 
weight indicates relative weed pressure. Diverging re
gression lines show that early weed control becomes 
increasingly important at high weed pressure level. The 
two experiments with the largest yield response to early 
weeding had bread wheat following weedy fallow, and the 
weed densities were 190 and 297 plants/m 2. mainly 
Centaureadiluta Alton. 
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Figure 1. Percentage wheat grain yield increase 
from early (3-5 leaf stage of wheat) and late (full
tiller stage) applications of herbicides for weed 
control, relative to a weed pressure gradient. The 
gradient is defined as the percent of crop dry 
weight represented by weeds in untreated plots. 
(Based on data from Tanji and Regehr, 1988b.) 



Influence of Hessian Fly 
on Weed Control 

Hessian fly [Mayetliola destructor (Say)] is another 
important biotic stress in Moroccan wheat (Regehr, 
1985). Hessian fly resistance genes have been identified 
(Elbouhssini et al., 1986) and are being bred into adapted 
wheat varieties. From 1984 to 1987, wheat yields were 
measured in factorial experiments with different levels of 
weed and Hessian fly control. Weed treatments were 
chlorsulfuron (2-chloro-N[[(4-methoxy-6-methyl- 1,3,5
triazin-2-yl) aminolcarbonyll benzenesulfonamide) ap-
plied at the pre-tiller stage, 2,4-D at the full-tiller stage, 
and no control. Short-term and long-term Hessian fly 
control was obtained with carbofuran (2,3-dihydro-2-,2-
dimethyl-7-benzofuranyl methylcarbamate) applied dur-
ing and after planting. 

Yield increases from late and early weed control 
treatments were 12 and 35%, respectively, when aver-
aged across fly control treatments. Grain yield gains 
from fly control were 60% when averaged across weed 

control treatments. Fly control and early weed control 
together resulted in 1 ! 6% grain yield increases in fivestae 

expeimets ver3yars(Reehr 198).strategy
experiments over3 years (Regehr, 1988). 

Sunrary 

Small grain production In semi-arid Morocco is 

limited by shortage of water and nutrients, and by pests 
and late planting. We suggest that a good strategy for 
autumn planting in the Settat region I- to wait for the 
FSP until about November 10, and if it still has not 
occurred, then proceed to plant in dry, dusty soil so that 
seed will germinate with the FSP, thus minimizing losses 
in yield potential because of late planting. 

Detrimental effects of weeds are most prenounced 
when the crop is suffering from other stresses such as 

drought and Hessian fly damage, and when weed densi-

ties are high following weedy fallow. iland weeding 

continues to play an important role in weed manage-
ment and forage gathering, especially in fields with 
relatively low weed densities. 

In order to optimize crop yield and water use, eariier 
autumn planting is advised, combined with field scout-
ing for early assessment of weed pressure, and early 
control if warranted. The technology is available to 
greatly reduce weeds as detrimental factors in cereal 

production. Thiswould stabilize yields, especially through 
Increased yields in dry years. Further research is needed 

to identify weed density thresholds, so that the efferts of 
control measures can be more accurately predicted. The 
total benefits of weed control cannot be realized until 
other stresses such as Hessian fly are alleviated. 
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Introduction 

Crop production under dryland farming is generally 
low yielding, particularly In Africa. This is as a result of 
such factors as drought stress in a rainfed system where 
rainfall is low and erratic, high biotic pressures, and 
nultrient deficiencies, 

In addressing the issue of increasing crop yields by 
managing insect pests through IPM strategies, use is 
made ofcowpea [Vigna unguiculata(L.) Walpers] insects 
in the Sudan savannah of Northern Nigeria as a model. 
Rainfall in this area is monomodal and approximately 
750 mm. 

In our model study, the program was initiated along 
the following line: 

1. Understanding the current farming systems for 
cowpea and farmers' perception of insect pests as a 
major constraint to production, 

2. 	Establishing crop losses due to key Insect pests and 
determine appropriate Insecticide spraying technol-

Table 1. Grain yields and losses 104)) for cowpeas protected
severally and Jointly against different insect pests (1986). 
Spray level, Grain yield Yield loss 

kg/ha', % 

1-1-1-1 1800 a 
0-1-1-1 1690 a 5.8 

0-1-1-0 1640 ab 8.7 

1-1-1-0 1340 bc 25.5 

1-1-0-1 1330 bc 26.1 

0-1-0-1 1310 cd 27.1 

1-1-0-0 1280 cde 28.9
0-1-0-0 1140 cde 36.7 

0-0-1-1 990 deC 45.2
 
0-0-1-0 860 efg 52.4 

0-0-0-0 740 fgh 58.9 

1-0-1-1 610 ghi 65.9 

0-0-0-1 520 hi 70.9 

1-0-1-0 520 hi 71.4 

1-0-0-1 460 hi 74.4 

1-0-0-0 330 i 81.9 


ogy In conjunction with Host Plant Resisi 
3. 	Determining the role of intercropplng a., 

in cowpea 1PM, and 
4. 	Developing IPM prototypes for on-farm 

Yield potentials for cowpeas are high, a 
to 3.0 Mg/ha. but actual yields obtained by 
low, averaging 0.2 to 0.3 Mg/ha. A major fa( 
yields is a complex of insect pests, damages 
result in grain losses of up to 100%. 

Cowpea Farming Systems 
Farmers' Perception of Insec 

Major Production Constra 

A survey involving 30 farmers in vilk 
Gezawa Local Government Area of Kano Stat 
Nigeria, reveals that cowpea is grown mostly 
with cereals or groundnut (ArachishypogaeL 

in farm sizes ranging 0.5 to 2.5 ha. The cr(
mostly for grains or fodder. Grains are for 
sumption and the excess sold in the markei 

Most of the farmers interviewed recogni 
as a serious limiting factor for grain productl( 

eight farmers pointed out the importance 
(AphiscraccivoraKoch). while 7, 6. and 7 rep(
thrips (Megalorothripssjostedti Trybom), pi 
bugs, and grasshopper (Zenocerus variega 
spectively, as serious pests. Efforts at contr( 
pests were not widespread. Twenty-four fan 

applied no control tactic and attributed this t, 
ness of control measure (30%), lack of funds tcostly insecticides (65%). and unavailability 

cides In rural areas (15%). Twenty percent of I 
applied insecticides through contract sprayi 

These observations suggest that cowpea
dary crop, requiring low inputs to boost its r 
Based on this, a rational IPM approach wou 

1. Educating the farmers about available c 
tics, 

Note: 1-0-0-0; 0-1-0-0; 0-0-1-1: 0-0-0- 1 means sprayed at 2. Developing IPM strategies that are on 
foliage, bug initiation, flowering, and podding, respectively. 3 
bAny two means followed by the same letter are not significantly 3. Creating an awareness on the necessi 
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Table 2. Marginal returns for every Naira (US $0.66) spent in 
one additional insecticide spraying of cowpea (1986). 

Spray interval Marginal returns' 

Bud initiation 10.38 
Bud initiation + flowering 19.64 
Bud initiation + flowering + podding 2.03 
Foliage + bud initiation + flowering + podding 4.11 

ICost of cowpea = N 1.60/kg: spray costs at N61.60. N102.60, 

N143.60, and N184.60 for I to 4 sprays, respectively, 

Crop Loss2s Due to Key Insect Pests 
and Determining Appropriate Spray 

Levels in Conjunction with HPR 

To partially fulfill the above, studies on the insect 
pests profile and crop losses due to the different pests on 
cowpeas using resistant cultivars were undertaken. The 
results show that in the experimental area, flower thrips 
followed by pod bugs and foliage pests such as aphids 
were the most serious. Yield losses ranged 6 to 82% for 
the different insects, either severally or jointly (Table 1). 
Marginal returns for the different spray levels show that 
chemical application was profitable (Table 2). Spraying 
for flower thrips at bud initiation and/or flowering 
increased yields two to four fold. Additional sprays 
against pod bugs at podding and/or foliage pests in-
creased yields further, but the profit margins were lower 
than that obtained for spraying against thrips. Thus, 
profitable spray schedules for categories of farmers with 
varying levels of resources can be designed. 

Cropping Systems as a Pest
 
Management Tactic
 

The combined effects of different cropping systems, 
cultivars, and spray schedules were examined. This was 
an effort to develop categories that are low cost and 
compatible With existing farming systems and provide 
demonstration plots for farmers. On-farm plots to verify 

the appropriateness of three sprays considered as opti

mum for sole and intercropped cowpeas were conducted 
on farmers' fields. Fields were planted in equal propor
tions to sole and intercropped cowpea using two elite 
cultivars, TVx 3236 and IT832D-699, together with Dan 

ilan (a local cultivar). TVx 3236 is moderately resistant 

to flower thrips while HT82D-699 has some levels of 
resistance to flower thrips and aphids. The cowpea plant 
populations were 166,000 and 83,000 plants/ba for sole 

and intercrop, respectively. 
Equal numbers of fields were sprayed with Cymbush 

Super ED, using the Electrodyn sprayer, and Sherpa 
Plus, using the knapsack sprayer. Plots of each cultivar 
were divided equally into sprayed and unsprayed por
tions. Cymbush Super ED and Sherpa Plus are mixtures 
of dimethoate [Q,O-dimethyl S-(methylcarbamoyl
methyl)phosphorodithioatel and cypermethrin[(j+)-
cyano-(3-phenoxyphenyl)methylW-cis, trans 3-(2,2-di
chloroethenyl)-9 2-dimethylcyclopropanecarboxylatel, 
but at different formulations. 

The Insecticides used were effective in reducing 
insect numbers, but gave different reactions for the 
different insects, cultivars, and cropping systems (Table 
1). Sherpa Plus was more effective against flower thrips. 
the predominant pest recorded. Similarly, the intercrop
ped cowpeas had lower numbs.: of flower thrips than the 

Table 3. Damage levels and grain yields for cowpea cultivars planted in sole and sorghum intercropping systems and sprayed 
with two insecticides: Minjibir, Kano State, Nigeria, 1987. 

Seed 
Marca per Thrips per damage Grain 
20 flowers 20 flowers by PSB yield 

no. 	 % kg/ha 
A. 	 Cropping System 

Sole 3.5(1.88) a, 50(7.07) ab 39 a 544 a 
Intercropping 3.5(1.88) a 40(6.32) b 39 a 480 b 

B. 	 Chemical 
Cymbush Super ED 3.7(1.93) a 50(7.06) a 38 a 413 b 
Sherpa Plus 3.3(1.82) a 39(6.26) a 41 a 627 a 

C. 	 Spray level 
Sprayed 2.2(1.47 a 24(4.85) b 39 a 837 a 
Unsprayed 5.2(2.29) a 73(8.54) a 40 a 187 b 

D. 	 Cultivars 
TVx 3236 2.7(1.64) b 49(7.02) a 34 b 517 a 
IT82D-699 3.9(1.90) ab 36(6.01) b 40 a 594 a 
Dan ilan 4.4(2.10) a 50(7.06) a 44 a 424 b 

For every subset of data in the table, two data points in the same column followed by the same letter are not significantly 
different at P > 0.05. 
bFigures in parenthesis represent square root transformed values. 

http:4.4(2.10
http:3.9(1.90
http:2.7(1.64
http:5.2(2.29
http:2.2(1.47
http:3.3(1.82
http:3.7(1.93
http:3.5(1.88
http:3.5(1.88
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Table 4. Partial budgets for two insecticides applied at three spray intervals to three cowpea cultivars grown under sole and 
intercropping systems in Minjibir village, Kano State, Nigeria, 1987. 

Items 

SOLE 
Cost of insecticide 
Cost of spray equipment, 
Labor cost 

Total 

Additional yield (kg/ha) 
Revenue at N1.60/kgb 

Profit 
Benefit/cost ratio 

INTERCROPPING 
Cost of Insecticide 
Cost of spray equipment 
Labor cost 

Total 

Additional yield (kg/ha) 
Revenue at N1.60/kg 

Profit 
Benefit/cost ratio 

TVx 3236 

206.40 
100.25 
49.62 

356.27 

527 
843.20 

486.93 
2.37 

206.40 
100.25 
49.92 

356.57 

532 
851.20 

494.63 
2.39 

Cymbush Super Ed 
lT82D-699 

206.40 
100.25 
49.98 

356.63 

533 
852.80 

496.17 
2.39 

206.40 
100.25 
46.56 

353.21 

476 
761.60 

408.39 
2.16 

Dan Ilan TVx3236 
Sherpa Plus 
IT82D-699 Dan Ilan 

(local) (local) 

206.40 190.50 190.50 190.50 
100.25 147.00 147.00 147.00 
53.64 50.94 115.68 56.52 

360.29 388.44 453.18 394.02 

594 549 1628 642 
950.40 878.40 2504.80 1027.20 

590.11 489.96 2151.62 633.18 
2.64 2.26 5.75 2.61 

206.40 190.50 190.50 190.50 
100.25 147.00 147.00 147.00 
53.82 60.06 69.30 48.00 

360.47 397.56 406.80 390.50 

597 701 855 584 
955.20 1121.60 1368.00 934.40 

594.73 724.04 961.20 643.86 
2.65 2.82 3.36 2.39 

"Cost of Electrodyn sprayer was calculated at an interest rate of 15% p.a. and depreciation over 3 years; cost of Knapsack 
sprayer was calculated at an interest rate of 15% p.a. and depreciation over 5 years.
bNI = US $0.22. 

sole crop. However, there was no significant difference in 
the numbers of Maruca pod borer recorded from thc 
inter-and sole-cropped cowpeas, probably because of 
their low numbers. 

Grain yields were increased substantially with the 
three sprays for both Insecticides in the two cropping 
systems for most of the cultlvars tested (Table 1). In 
general, the insecticidal control of the insect was profit-
able for both cropping rsystems with an average benefit/ 
cost ratio of2.8: 1 (Table 2). It was more profitable for sole 
cropped IT82D-699 than when intercropped. The bene-
fit/cost ratios were similar for the other cultivars under 
both sole and Intercropping. Spraying Sherpa Plus 
appeared more profitable than Cymbush Super ED in 
terms of absolute profits, but benefit/cost ratios were 
similar. The local cultivar performed similarly with the 
elite cultivars, both in terms of additional yield and 
benefit/cost ratios. 

In an attempt to further reduce the spray yield for 
the resource poor larmers who grow and derive a sizeable 
portion of their protein from cowpeas, a study was 
designed to exploit the reduced pest numbers due to 
intercropping. Four el!tc cowpea cultivars, viz, IT84E-
124, IT84E-l-108, IT84S-2246-4, and TVx 3236, and 
the local cuitivar, Dan Ilan, were planted in sole and 
intercropped plots. Half of each plot was protected with 
two sprays of Cymbush Super ED, either at foliage and 

flowering stages or at bud initiation and podding stages. 
Again, intercropplng reduced the number of flower 

thrips and pod sucking bugs on the cowpea, while the 
number of Marucapod borer larvae were similar for both 
the sole and intercropped cowpea (Table 3). Spraying the 
cowpeas at the foliage and flowering stages was more 
effective in reducing Maruca pod borer and flower thrips 
numbers than spraying at bud initiation and podding. 
The later spray schedule was more effective against pod 
sucking bugs. The various cultivars did not differ signifi
cantly in insect numbers and grain yields, except for 
IT84S-2246-4 which outperformed the others. Grain 
yields were similar for the two spray srhedules, but 
differed siginficantly for the cropping systems. Sole 
cropped cowpeas produced 60% more than those inter
cropped. 

On the whole, three sprays at bud initiation, flower-
Ing, and podding increased cowpea grain yields and was 
profitable for both sole and intercropped cowpeas (Table 
4). Intercropping cowpeas with cereals decreased the 
numbers of some pests and, when complemented with 
two insecticidal sprays, cowpea substantially enhanced 
grain yields (Table 5). 

From the foregoing, it is evident that, in developing 
IPM tactics for resource poor farmers, due consideration 
must be given to profitability, specificity of location, 
compatibility of farming systems, respect for farmers' 
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Table 5. Damage levels and grain yields for cowpea cultivars planted in sole and maize Intercropplng systems and sprayed at 
two different intervals: Alabata, Oyo State, Nigeria, 1987. 

Maruca Thrips PSB Seed 
per 20 per 20 per 10 damage Grain 
flowers flowers plants by PSB yield 

no. 	 % kg/ha 
A. 	Cropping System 

Sole 0.8 a, 154 a 1.2 a 70 a 2060 a 
Intercropplng 0.8 a 83 b 0.6 b 48 a 1290 b 

B. 	Spray level 
1-0-1-0b 0.4 b 64 b 1.3 a 77 a 1630 a 
0-1-0-1c 1.2 a 173 a 0.5 b 41 b 1730 a 

C. 	 Cultivars 
IT84E- 124 0.7 a 98 a 0.8 a 54 ab 1450 b 
IT84S-2246-4 1.0 a 138 a 0.7 a 41 b 2800 a 
TVx 3236 0.5 a 130 a 1.1 a 97 a 1530 b 
T84E-1-108 0.9 a 118 a 0.6 a 49 ab 1290 b 

Dan Ilan 0.8 a 108 a 1.1 a 53 ab 1300 b 

For every sub set of data in the table, two data points in the same column followed by the same letter are not significantly 
different at P > 0.05. 
' Sprayed at foliage and flowering plant growth stages. 
c Sprayed at bud initiation and podding growth stages. 

socio-economic cirLumstances. levels ofawareness, and 
updating from time to time to reflect changing circum
stances. 
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Introduction 

The aphid known as the greenbug (Schizaphis 
graminum(Rondan))is the most important insect pest of 
wheat (Thiticum aestivum L.) and grain sorghum [Sor
ghum bicolor(L.) Moench] on the Great Plains. Generally, 
the greenbug is controlled with insecticides in wheat and 
with insecticides and, to some extent, with plant resis
tance in grain sorghum. However, greenbug control by 
insecticides could be reduced or eliminated on these two 
grain crops if the integrated management and produc-
tion techniques discussed below are followed, 

Methods 

After establishing a significant correlation between 
conservation tillage practices and greenbug population 
reduction (Burton and Krenzer, 1985: Burton et al., 
1987a). we have focused our research effort on defining 
specific cropping system components and their interac-
tions. Our approach has been to study the effects of 
tillage on greenbug populations and their damage in as 
many different cropping systems as possible. These 
investigations have included the following components 
and their related interactions with greenbug infesta-
tions: two crops-wheat and grain sorghum: water 
status-irrigation vs. dryland: growing seasons-stud-
les over several seasons: vegetative canopy-weedy vs. 
clean cultivation: residue densities-various amounts of 
surface residues: geographical location-plot locations 
in three states: residue types-wheat and grain sor-
ghum: amount of tillage-heavy, moderate, and no 
tillage; type of tillage- moldboard plow, disc, V-blade, 
sweep plow. chisel plow. and no tillage; plot size-small 
and large plots; herbicides-herbicides vs. no herbi-
cides: planting dates-early vs. late: hybrids- resistant 
vs. susceptible: residue management-burning vs. no 
burning: and littered residue-the addition of wheat 
straw vs. no straw. The experimental protocols for 
studying these interactions have been previously stated 
(Burton and Krenzer, 1985: Burton et al., 1987a: Burton 
et al., 1987b). Results from these studies show that 

cropping practices can be selected that will control 
greenbug populations in grain sorghum and in wheat, 
and reduce or eliminate the need for insecticides. 

Cropping Practices 
as Management Tools 

Tillage 

During these studies, without exception, greenbug 
densities and greenbug damage were reduced when 
tillage was reduced. Moreover, as the amount of tillage 
increased. so did the amount of greenbug damage. 
Fundamental to the explanation of this phenomenon is 
the fact that both wheat and grain sorghum are annual 
crops that must be planted yearly and thus must be 
reinfested each year. Greenbugs are migratory: alate 
migratory forms can move from plant to plant or travel 
great distances on the prevailing winds (Berry and 
Taylor. 1968). Wind-aided flights occur seasonally and 
provide the means by which grain fields are infested. At 
the end of the migratory process, the greenbugs must 
find a suitable host plant in order to initiate the repro
ductive process. Host locai ion by greenbgs appears to 
be regulated by inherent behavioral responses to re
flected light. Thus. as the winged greenbugs arrive at the 
grain fields, they ultimately select a suitable host plant 
using criteria based on the reflected light waves emanat
ing from the plant and from the conditions surrounding 
the plant. Apparently. grcenbugs are attracted to the 
longer wavelengths reflected by bare plowed soil (Kring. 
1972; Harvey et al.. 1982). At the same time they are 
repelled by the shorter light wavelengths that are re
flected from surrounding situations such as occurs with 
surface' residues, soil masking vegetative canopies, and, 
to some extent, unplowed soil (Moericke. 1969: Burton 
et al., 1987a). Thus prior to host contact, the aphid must 
integrate these reflected wavelengths into a resulting 
decision as to whether the plant is acceptable or unac
ceptable. As the quantity of unattractive reflective wave
lengths increases, as in a no-tillage situation, the number 
of greenbugs selecting the host as acceptable should 



decrease. In other words, because the surface residues, 
vegetative canopies, and undisturbed soils increase the 
reflection of the shorter wavelengths, the attractiveness 
of the situation is decreased, which reduces the number 
of immigrating greenbugs that infest the field. The initial 
base population is smaller, resulting in a reduced popu
lation growth. We propose that greenbug populations 
can be effectively managed and the amount of greenbug 
damage can be reduced by taking advantage of the 
mechanisms by which aphids find the host grain crops, 
and by increasing the repellant wavelengths and de 
creasing the attractive ones. 

As far as we can tell, we are the first to propose the 
concept of using reduced tillage for the management of 
aphids in row crops. However, the concept closely par-
allels that proposed by Kring (1972): a concept used in 
vegetable culture. In that case, aluminum foil and other mateial wee muche toefecivey ued s rfletiv 
materials were eletctively used as reflective nmlches to 
repellent to incoming aphids that vector diseases of 
repealet t ithe same time, the mlches covered the 
vegetables. At med theong e s vered the 
soil surface and masked the longer wavelengths that 
attract aphids. By repelling the aphids. the use of' the 
mulches delayed the onset of the diseases until the fruit 
were set which resulted in significantly improved yields, 

Planting Dates 

from early spring until late fall during periods when local 
conditions are favorable. Even so, greenbug flights are 
not ofuniform density orduration: instead they are quite 
erratic. Harvey et al. (1982) showed that large flights of 
greenbugs occur during the growing season. By adjust
ing planting dates to avoid the larger flights, greenbug 
infestions should be reduced. We have found that a 
delayed planting date can reduce populations of
greenbugs in grain sorghum. 

Hybrids 

The use of greenbug-resistant grain sorghum hy-
brids on the Great Plains is a common, but not unani-
mous, cropping practice. Only a few greenbug-resistant 
wheat varieties are commercially available. Resistant 
hybrids reduce damage by greenbugs. saving growers 

millions of dollars each year. The selection of a resistant 

hybrid is paramount in managing greenbugs. However, 
resistant hybrids are not totally imnmune and can con-

tract and maintain high populations that can reduce 
yields. Thus, combining available plant resistance with 
other greenbug-reducing cropping practices can be 
beneficial. 

Natural Enemies 

The continual use of insecticides destroys the natu-
ralenemiesofthegreenbug, thus removing the potential 
benefit for this component of greenbug management. 
Although natural enemies of the greenbug tend to be 
density dependant, biocontrol can still be a valuable part 
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of the management system when combined with other 
managem -t components. The reduction or elimination 
of insecticides can restore this parameter and thus 
further enhance a greenbug management system. 

The Integration of Above Cropping
Practices Into a Management System 

Our previous studies (Burton and Krenzer. 1985: 
Burton et al.. 1987a) have shown that, in most cases. 
greenbug populations can be reduced to below economic 
threshold levels by increasing the maintenance of resi
clues on the Surface with a corresponding reduction In 
tlue. the surace aet oping sytem 
tillage. The interactions between the cropping system 
components that reduce greenbug populations are
compatible and usually additive, thus are even more 
effective than reduced tillage alone. New findings (un
published) have shown that when late planting dates 
and resistant sorghum hybrids are combined with a 
reduction in tillage, greenbug populations can be re
duced even further. By eliminating insecticides. biocon

trol is also enhanced. In light of this information, we 

propose that a combined use ofreduced tilage, resirtant 
hybrids, delayed planting dates, and natural enemies 

can be utilized in a management system to reduce 
greenbug populations to the point where they do not 

reach economically damaging proportions and, there
fore, do not require insecticides. These recommenda
tir ns are compatible with conservation tillage systems 
currently recommended on the Great Plains: those 
designed to conserve soil. soil water and fuel. 
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Introduction 

The increasing shift to no-till or reduced tillage 
cereal production in the Northern Great Plains of the 
United States has created a farming environment favor-
Ing the encroachment of perennial weeds such as Can-
ada thistle [Cirsiumarvense (L.) Scop.], smooth brome-
grass (Bromus inermis L.). and foxtail barley (Hordeum 
jubatum L.). Canada thistle is also a concern in "conven-
tional" tillage farming systems employing either chisel or 
moldboard plowing for primary tillage (Dexter et al., 
1981). Canada thistle is troublesome because of its 
extensive, spreading root system and adventitious root 
buds which produce new daughter shoots (Moore, 1975). 

Canada thistle can be highly competitive with spring 
wheat (TYiticumaestivumL.) (Hodgson. 1955, 1968).Two 
plants/M 2 reduced yield 15%. whereas 30 plants/M 2 

reduced yield 60%. Consequently, control strategies 
must reduce Canada thistle densities to 1 plant/m 2 or 
less to minimize or prevent spring wheat yield losses, 

No-till dryland farmers in the Northern Great Plains 
manage perennial weeds by applying high rates ofglypho
sate' IN-(phosphonomethyl)glycine or dicamba (3.6-di
chloro-2-methoxybenzoic acid) in the fall after wheat 

I Mention of a trademark or proprietary product does not 
constitute a guarantee or warranty of the product by the U.S. 
Department of Agriculture and does not imply its approval to 
the exclusion of other products that also may be suitable, 

harvest to prevent or decrease Canada thistle shoo 

emergence in the following growing season. Both herbi 
cides damage cereals if they are applied to the crop at thi 
high rates (0.8 to 1.7 kg/ha) needed to damage Canad, 
thistle roots. Fall treatment is probably the best manage 
ment strategy for dense stands of Canada thistle in thi 
short-term, but it is ncL necessarily the best strateg 
from an economic standpoint. More than one fall treat 
ment is needed to eradicate Canada thistle roots. Fal 
drought in the Northern Great Plains may reduce th( 
effectiveness of fall-applied herbicides. Variable weathei 
may render ineffective a multiyear control strategy tha 
relies on annual fall retreatment with these expensiv 
herbicides. 

The objective of this field research was to find e 
strategy, other than fall-applied herbicides, to managt 
Canada thistle in no-till spring wheat. Various in-cror 
herbicides were applied to the same no-till plots ofspring 
wheat for 3 years to evaluate their relative efficacy and 
characterize their effects on unearthed Canada thistle 
roots. 

Materials and Methods 

This field experimerii had a randomized complete 
block design with three blocks. Plots measured 3.3 by
12.8 m. The no-till site at Fargo, North Dakota, was 
heavily infested with Canada thistle (25 to 50 plants/ 
m 2). All plots were treated with glyphosate at 0.39 kg acid 

Table 1.Effect of herbicides on visually evaluated Canada thistle control in no-till hard red spring wheat. 

Canada thistle control 

1985 1986 1987 

Treatment Rate (8/5) (6/12) (8/7) (5/29) (7/30) 

Untreated 
MCPA + Bromoxynil 
2,4-D amine 
2.-D + Clopyralid 
Chlorsulfuron' 
DPX-L53001' 

g at/ha 
--

280+280 
560 

280+60 
30 
10 

c 
87a 
40 b 
92 a 
95 a 
80 a 

0 b 
0 b 
0 b 

17 b 
63 a 
0 b 

%. 
0 d 

73 b 
53 c 
93 a 
98 a 
93 a 

0 c 
42 b 
35 bc 
70 ab 
88 a 
45b 

0 b 
81 a 
90 a 
97 a 
97 a 
85 a 

'Means in a column followed by the same letter were not different at P=0.05 by Duncan's multiple range test.
hX-77 surlactant at 0.25%(v/v)added. 
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Table 2. Effect of herbicides on Canada thistle shoot density in no-till iard red spling wheat. 

Canada thistle density 

19871985 1986 

Treatment Rate (8/14) (5/20) (8/13) (5/24) (7/27) 

g al/ha no./m2a 
Untreated - 25 a 27 a 50 a 15 ab 50 a 
MCPA + Bromoxynil 280 + 280 14 bc 25 ab 22 be 6 cd 8 cd 
2,4-D amine 560 24 a 22 ab 32 b 18 a 4 cd 
2.4-D + clopyralid 280 + 60 11 cd 18 a-c 14 cd 5 d 0.5 d 
Chlorsulfuronb 30 5 cd 2 c Ic 0.3 d 0.2 d 
DPX-L5300b 10 20 ab 1lbc 33 b 8 b-d 15 bc 

'Means in a column followed by the same letter were not different at P=0.05 by Duncan's multiple range test. Six 0.25 m2 

quadrates were sampled per plot.
bX-77 surfactant at 0.25% (v/v)added. 

Table 3. Effect of herbicides applied in no-till hard red spring wheat on Canada thistle roots. 

Root fresh Root Root bud 

weight length number 

Treatment Rate 1986 1987 1986 1987 1986 1917 

g al/ha g/i n/rn ' no./hi ' 

Untreated 
Chlorsulfuron' 
DPX-L5300b 
2,4-D + Clopyralid 

-
30 
10 

280 + 60 

3630 a 
80 c 

1440 b 
-

2290 
60 

1360 
150 

640 a 
20 c 

270 b 

400 a 
7 b 

330 a 
30 b 

8280 a 
240 c 

40601h 
-

9880 a 
160 b 

5500 ab 
320 b 

'Means in a cohmn followed by the same letter were not different at P=0.05 by Duncan's multiple range test. 
bX-77 surfactant at 0.25% (v/v) added. 

equivalent/ha plus surfactant X-77 at 0.25% before sulfonylbenzoate], chlorsulfuron 12-chloro-N-![(4
planting. Either "Len" or "Wheaton" semidwarf hard red methoxy-6-methyl- I,3,5-triazin-2-yl)amino]carbo
spring wheat was planted 5 cm deep In 17.5-cm rows at nylibenzenesulfonamidel. and clopyralid (3,6-dichloro
85 kg/ha with a double disk no-till grain drill. Nitrogen 2-pyridinecarboxylic acid) plus 2.4-D [(2.4
fertilizer was banded 10 cm deep between alternate rows dichlorophenoxy)acetic acid] provided consistently good 
for a yield goal of 2.4 Mg/ha as recommended by soil test. co~itrol (L80%) ofCanada t histle shoots at wheat harvest 
Supplemental phosphorous and potassium were not (Table 1). Control with 2,4-D amine was poor in the first 
needed. All annual grass weeds were controlled with year. but improved with annual reapplication for three 
diclofop [(+)-2-14-(2,4-dichlorophenoxy)phenoxy] growing seasons. MCPA [(4-chloro-2-niethyl
propanoic acid] at 1.1 kg/ha applied postemergence. phenoxy)acetic ,,cid] plus bromoxynil (3,5-dlbromo-4-
Herbicides for Canada thistle and annual broadleaf hydroxybenzonitrile) usuallywas superior to 2,4-D amine, 
weed control were applied postemergence (Table 1). but was inferior to DPX-L5300, chlorsulfuron, and clop-
Early, mid-, and late-season control ratings: Canada yralid plus 2,4-D. 
thistle density; and wheat yield were determined. In the All herbicide treatments reduced Canada thistle 
fall after harvest, 15 soil cores per plot (each was 7.2-cm shoot density by harvest after 2 and 3 years with the 
diam. by 50-cm deep) were taken. Thickened, propaga- greatest decreases by chlorsulfuron, clopyralid plus 2.4
tive Canada thistle roots (L = 1.3mmdiam.)werewashed D, 2,4-D alone, and MC1PA plus bromoxynil (Table 2). 
free of soil (Carlson and Donald, 1986) and root length, Only chlorsulfuron and clopyralid plus 2,4-D reduced 
fresh weight. an6 the number of visible adventitious root shoot density below I plant/ni after 3 years. 
buds were determined. Two or 3 years of repeated treatment with chlorsul

furon or clopyralid plus 2.4-D in wheat reduced Canada 
thistle root biomass, length, and adventitious root bud 

Results ad Discussion numbers to 7% or less of control values (Table 3). 
Wheat yield was an insensitive measure of the 

DPX-L5300 [methyl 2-[3-(4-methoxy-6-methyl- relative efficacy of the herbicides for Canada thistle 
1,3,5-triazin-2-yl)-N-methylari.ino] carbonyl] amino] control (Table4). Wheat in herbicide-treated plotsyielded 
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Table 4. Effect of herbicides for Canada thistle control on hard red spring wheat yield in no-till. 

Wheat yield 

Treatment Rate 1985 1986 1987 

g al/ha Mg/hal 
Untreated 0.86 b 0.51 b 0.57 b 
MCPA + Bromoxynil 280+280 1.70 a 1.78 a 2.42 a 
2.4-D amine 560 1.58 a 1.34 a 2.08 a 
2,4-D + Clopyralid 280 + 60 1.61 a 1.76 a 2.71 a 
Chlorsulfuronb 30 2. 10 a 1.90 a 2.91 a 
DPX-L5300b 10 1.70 a 1.50 a 1.98 a 

'Means in a colum followed by the same letter were not different at P= 0.05 by Duncan's multiple i-ange test. A small plot combine 
was used to harvest the wheat and yield was adjusted to 12% moisture content, 
bX-77 surfactant at 0.25% (v/v)added. 

two- to three-fold more than in control plots, but differ-
ences between herbicide treatments could not be de
tected despite dramatic differences in Canada thistle 
shoot density (Table 2) and control (Table 1). 

Concem about the spread and development of hard-
to-control perennial weeds such as Canada thistle acts 
as a deterrent to adoption of no-till. This research 
demonstrates that repeated applications of chlorsulfu-
ron or clopyralid plus 2,4-D over 3 years both controlled 
Canada thistle shoots and reduced root growth, while 
increasing wheat yields. 
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Introduction 

Septoria tritici blotch caused by Mycosphaerella 
graminicola(anamorph: Septoriatriticiland pyrenophora 
tan spot aused by Pyjrenophoratritici-repentis (anamorph: 
Drecthsleratritici-repenlis)are common fungal diseases 
ofwheat (Trticumsp.) foliage in many parts of the wo;Id. 
Estimates of grain losses caused by Septoria tritici 
blotch (hereafter termed leaf blotch) often range from 5 
to 20% (King et al.. 1983; Shipton et al.. 1971). but 
occasionally may be as high as 45% (Caldwell and 
Narvaes, 1960. Tan spot has been all important wheat 
disease in the Unittd States for less than 20 years. In 

1977, an estimated 30% or more of the spring wheat crop 
under stubble-mulch in South Dakota may have been 
destroyed (Buchenan et al.. 1977). In 1982, at Stillwater, 
Oklahoma. partial suppression of natural flag leafinfec-
tions (0.3 vs. 0.9 lesions/crl) with a fungicide applied to 
13 cultivar-. in no-till plots increased yields by 6 to 30% 

(g= 20%) and kernel weights by 0 to 28% (R = 10%) 
(Gough et al., 1983).plots. 

Both S. tritici and P. tritici-repentisproduce repro-
ductive structures that live from one crop season to the 
next in dead leaves and straw. This fact, coupled with a 
long tradition of plowing under crop residue to control 
foliar diseases, has elicited concern that severity of leafblotch (Baker. 1978: Kidng et al.. 19831 and tan spot (Rees
and Platz. 1979, 1980: Sebesta. 1982) will be substan-
t an by80: ractced1979,redue t 82)will bsten-t ially en ha n c ed by red u ce d tillag e p rac tice s .

This paper summarizes our observations of leaf 
blotch and tan spot development in a winter wheat 
monoculture produced under conventional- and re-
dutage managemudent syse.- a101),duced-tlllage managem ent system s. 

Materials and Methods 

Leaf blotch and tan spot development were observed 
from 1983 through 1986 on susceptible wheat cultivars 
(TAM W-101, 1983-85: Pioneer2157, 1986) In 15- by30-

11 plots maintained under four tillage systems at Altus 

and Stillwater, Oklahoma. The plots were designed as a 
continuous winter wheat monoculture with the same 
tillage practice maintained on each plot. Fertilizer 
lAmnmoniul nitrate - 360 kg/ha and dianoniuml 
phosphate - 100 kg/ha] and herbicides [glyphosate-N
(phosphononmethyllglycine - 0.5 kg/ha and ietribuzin
4-amino-6- tert-butyl-3- (iethylithio)-as-triazin -5(4H) 
one - 3.8 kg/hal were applied uniiormly to all plots at a 
location. Plot treatments, replicated four times at each 
location were: plowed (moldboard) and disked, disked. 
subsurface tilled (V-blade). and untilled (no-till). In this 
order, soil surface coverage with crop residue at seeding 
at Altus was estimated to be: 1,21, 49, and 75% for 1984 
23, 26, 84and 9 1%I-r 1985 (due to drought, moldboard 
plots were only disked and V-blade plots were not tilled 
prior to seeding ill the fall of 1984): and 4. 11, 57, and 
90% for 1986. Similarly at Stillwater, surface coverage 
was estimated to be: 8. 22. 68. and 89% for 1984: and 4, 
31. 75. and 97% for 1985. Disease data were not
collected at Stillwater in 1986 due to herbicide damage 

Inom plots. 
In an 1983 El Reno tadditional study in at Okla

homa, an area wbthin a field from which leaf blotch
infected wheat had been harvested, was raked clear of 

ost crop residue. The area wasclivted into three plottreatments inl a randomized complete block design with 
six replications. One treatment consisted of burning off 
the residue left by raking. The second and third treate t c o s t d , r p c i v l , f s r a i n 0 . a d 3 0 mnents consisted, respectively, of spreading 0.5 and 3.0 
Mg/ha of strawover assigned plot areas. The plots (20x
30 m) were seeded with a susceptible cultivar (TAM W

and emerged plants were assessed or the develope t o l afb tc oi M y 29 1 84ment of leaf blotch on May 29. 1984. 

Number of lesions per gran of dry leaf tissue was 
used to measure disease severity. At each observation 
date. 20 to 30 of the uplpexl'ost infected leaves were 
collected randomly froln each plot and conveyed in 
plastic bags to the laboratory where they were scruti
nized for lesion numbers of each disease, dried (3611C for 
4 to 7 days), and weighed. 
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Table 1. Effect of tillage systems on septoria leaf blotch in winter wheat at Altus and Stillwater. Oklahoma. 

Tillage Septoria leaf blotch 
system and Altus" Stillwater,
statistics 2/2/84 4/9/85 5/10/85 2/15/83 4/1/83 5/17/83 5/14/84 5/17/85 

lesions/gram leaf tissue 
Plow 152 ab 16 a 15 a 54 a 9 a 145 a 187 a 92 a 
Disc 225 a 13 a 12 a 37 a 10 ab 131 ab 223 a 67 a 
Subsurface 213 a 6 a 9 a 62 a 13 c 78 b 186 a 92 a 
No-till 225 a 6 a 5 a 58 a 1I bc 125 ab 198 a 93 a 
CV, 24% 93% 130% 33% 22% 31% 38% 93% 

'Plants were in growth stage 3 (Feekes scale) in February. stages 6 and 7 in April, and stages 10.0- 11.2 in May. 
bWithin columns, numbers followed by the same letter are not significantly different (P= 0.05) according to Duncan's multiple
 
range test.
 
"CV = coefficient of variation.
 

Table 2. Effect of tillage systems on pyrenophora tan spot in winter wheat at Altus and Stillwater, Oklahoma. 

Tillage Pyrenophora tan spot 
system and Altus' Stillwatera 
statistics 4/11/83 5/23/83 4/19/85' 5/10/85" 5/8/86 5/24/84 5/17/85 

lesions/gram leaf tissue 
Plow 2a' 70a 85a 175a 98a 115a 735a 
Disc 6 b 92 b 114 ab 227 ab 124 a 118 a 881 ab 
Subsurface 9 bc IlO be 194 c 276 ab 220 b 117 a 1364 b 
No-till lI c 117 c 123 ab 327 c 229 b 143 a 889 ab 
CVd 78% 14% 24% 29% 27% 39% 39% 

, Plants were in growth stages 6-7 (Feekes scale) in April, and stages 10.0-1 1.2 in May.

bDue to drought, plots designated to plowing and subsurface tillage were disked only and left untilled. respectively.
 
'Within columns, numbers followed by the same letter are not significantly different according to either LSD or Duncan's
 
multiple range test.
 
dCV =coefficient of variation.
 

Sexual-spore (ascospore)producing bodies (pseudo- plants grown in subsurface-till and no-till plots was 
thecia) of P. tritici-repentisdevelop during the fall and indicated in April, but an opposite trend was indicated 
winter in straw ofinfected wheat plants. The ascospores, in May. 
which serve as primary inoculum, are released into the The mean number of lesions per gram of dry leaf 
air in greatest numbers in the spring and early summer, tissue from plants in plots at El Reno were estimated at 
To determine if the ioculum potential per unit of wheat 140, 93, and 99 for plots with 0.0 (burned). 0.5, and 3.0 
straw was influenced by levels of disease in leaves of the Mg/ha, respectively. These differences were not signifi
previous crop, we counted visible pseudothecia pergram cant. 
ofdried infected straw collected randomly within plots at We concluded that our data provided no evidence 
Altus on February 15, 1984. that tillage practices affected the development of leaf 

Analysis of variance and Duncan's multiple range blotch. This conclusion agrees with work in Israel (Di
test, or the LSD test, were computed for each data set. noor, 1978) where conspicuous differences in leaf blotch 
The probability (P) value for determining significance severity in spring wheat occurred 2 to 3 weeks after 
was P _ 0.05. emergence in plots in which stubble had been burned 

and In those in which it had not. However, there was no 
significant difference in yield between plot treatments in 

Results two consecutive seasons, and it was concluded that 
burning wheat stubble to reduce damage caused by leaf 

Leaf Blotch blotch was not necessary. 

The number of septoria leaf blotch lesions that Tan Spot 
developed on leaves of wheat produced In the different 
tillage plots did not differ significantly at Altus on each Fewer tan spot lesions developed on plants in plowed
of three observation dates, or at Stillwater on three of five plots than in reduced-tilled plots (Table 2). However, at 
dates (Table 1). Where significant differences occurred, Stillwater, the differences were not significant. At Altus, 
a trend toward increased lesion numbers in leaves of fewer lesions developed on plants grown in plowed plots 



(disked in 1985) than in either subsurface-tilled or no-
tilled plots at every observation date. At Altus, tan spot 
severity was enhanced by the presence of infected crop 

residue on the soil surface. 

The number of pseudothecia produced in straw on 

the soil surface was influenced by tillage in the one 

assessment made. Pseudothecia per gram of dry straw 
was 74, 230, 632, and 605 for samples from plowed. 
disked, subsurface-tilled, and no-till plots, respectively. 
The difference in pseudothecia numbers did not differ 
significantly (Duncan's multiple range test) between 
plowed and disked plots, or between subsurface-tilled 
and no-till plots: but the difference between these two 

groups was significant. These data, plus an indication 

that leaf lesion numbers may Increase with years (Table 

2), suggest that control of tan spot in reduced tillage 
systems may require periodic elimination of infected 
residue by plowing, burning, or crop rotation. Further-
more, the fungus produces secondary spores (conidia) 
on leaf lesions and straw that may be windborne for 
several miles. Consequently, even the best sanitation 
practices carried out locally may not insure a tan spot-
free crop. 
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Introduction 

Early-season control is a technique that utilizes one 
or more insecticide applications to cotton (Gossypium 
hirsutum L.) to suppress overwintered boll weevils (An-
thonomus grandis Boheman). Insecticides are applied 
from pinhead to 1/3-grown square stage (i.e., when first 
squares are 3 to 6 nmm diameter). The purpose of these 
early-season applications is to delay the development of 
high late-season populations until the second summer 
generation, by which time most bolls would be safe from 
injury. 

The concept of early-season boll weevil control was 
reviewed by Parker ei al. (1980) and Walker et al. (1979, 
1984) who reported that yields were increased if over-
wintered boll weevils were controlled in tile Blacklands 
and Winter Garden areas in'Texas. The treatment thresh-
old for overwintered boll weevils is low. Walker (1968) 
indicated that if the population of overwintered fenales 
exceeded 100/ha. heavy damage would occur during the 
first summer generation: he also indicated thatp~opula-tions of 123 to 247/ha cou diproduce high late-season 
populations, 

Tile objective of this report is to present hiv evalu-
ation ofovervinter boll weevil control for dr.land cotton) 
in the Rolling Plains area in Texas. 

Materials and Methods 

The studies were conducted at the Texas Agricul-
tural Experiment Station at Chillicothe, Texas. from 
1976to 1987. Cotton was planted after May20each year 
In accordance with the delayed uniform planting (late 
recommendation, a practice developed for management 
of boll weevils in the Texas Rolling Plains (Masud et al., 
1985). Spacing between rows in all studies was 102 cn, 
and the cotton was grown on dryland. 

In subsequent discussions, the studies are refer-
enced by the year in which they were conducted. There 
were two tests in 1976, which are relerred to as 1976a 
and 1976b, and two tests in 1986, referred to as 1986a 
and 19861). Tile other studies were conducted in 1983, 
1984. 1985, and 1987. Two insecticide applications 
were made within 8 days after the first 1/3-grown 
squares appeared in all tests, except the 1986b study in 
which only one application was applied. Normally. the 

first application was made the day after tile first 1/3
grown squares were noticed in the plots, and the second
 
application was made within the next 7 days. Azinphos
methyl (_,0-dimethyl S-[(4-oxo- I,2,3-bcnzotriazn-3(4HL
yl)niethyllphosphorodithioate) at 0.28 kg ai (active in
gredient)/ha wa,; used in all tests except the 1976a
 
study, where carbaryl (1-naphthyl met hylcarbalate) at
 
1.7 kg ai/ha was used. Applications were made with a
 
ground sprayer which delivered a minimum of',7.0 L/ha
 
of total spray.
 

Plots were sampled semiweekly from early-July to 
mid-August each year.The total number of squares with 
boll weevil egg and fecding punctures were counted in 4 
m of row at two locations in each plot. In some years, 
sample size was redluced in August to 2 01 of row at two 
locations in each plot. Plots were harvested after late 
November each year alter a killing freeze terminated 
plant.development. Cotton was hand-picked from 4 m of 
row fron two locations in each plot. Plots were at least 
eight rows wide and 15 m long. 

In most tests, there were several treatments, but 
only data from plots treated for early-season weevil 
control and from the untreated control plots are pre
sented. Experiments were designed as randomized 
complete blocks or split-plots with three or four replica
tions. depending on the year. Data were analyzed with 
tile appropriate analysis of variance procedure, and 
means were separated with Duncan's multiple range 
test (P= 0.05 level).

MThecotton variety 'Lankart 57' was used in tile
 
1976a test. Five cot tol varieties ('SP-37. 'OR-S', 'Lockett 
77', 'CAMD-S'. and 'Lankart Sel. 611') were used in the 
1976b test, but data in the following discussion are 
averaged over these five varieties. Ihe cotton variety 
'Lockett 77' was used in the 1983, 1984, 1985, and 
1986a tests. The variety 'Paymaster 145' was used in the 
1986b and 1987 tests. 

The nume)(rs ofholl weevils present In the plots each 
year at time of first 1/3-grown squares were as follows: 
161/ha (1976a), 198/ha (19761)). 52/ha (1983). 645/ha 
(1984). 637/ha (1985). 916/ha (1986a), and 161/ha 
(19861)). A threshold study was conducted in 1987, and 
numlbers of weevils were 77, 472, 867, 1262, and 1657/ 
ha in the plots. Data in the following discussion for 1987 
are averaged over the five weevil densities. Native boll 
weevils in the plots were supI)lemented with weevils from 
a laboratory culture in the 1984, 1985, 1986a. and 1987 
tests to obtain the aforenentioned densities. 
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Table 1. Effect of insecticides. applied at first 1/3-grown square stage of cotton, on overwintered boll weevil control, square 
damage, and yield. Chillicothe, Texas. 

Insecticide Year of study in dryland cotton 
t reatn , nt ' T71 1983 1984 1985 1986a 1986b 1987 

average number of damaged squares per 4 11 of row 
Treated 3.7 a 3.2 a 1.8 a 0.5 a 3.3 a 12.5 a 7.3 a 7.4 a 
Untreated 5.3 b 5.2 a 0.2 a 0.6 a 5.4 a 17.41b 8.1 a 12.6 b 

yield (kg lint per ha)' 
Treated 319 a 392 a 135 a 473 a 287 a 121 a 139 a 564 a 
Untreated 328 a 382 a 121 a 480 a 270 a 120 a 188 a 597 a 

v"I~oapplications of insecticide in all tests except 1986b which received only one application. 
"Azinphosmcthyl at 0.28 kg Al/ha in all tests except 1976b which rectived two applications of carbaryl at 1.7 kg Al/ha. 
Comparisons ar, between treated and untreated within each yar. and values with the same letter are not significantly 

different (P > 0.05). 

Results a"-d Discussion 	 attained 43" and that temperatures exceeded 38"C for 
about 5 hours/day. When temperatures are high. insec-

The data for the average numnber ofcamaged squares ticide applications are not effective because populations 

per 4 m of row (Table 1) are average values for the entire fail to develop even in untreated plots. 

sampling p~eriod from early-July to milid-Aurust of each Soil waterdepletion also influences the effectiveness 
year. and the counots are the sum of egg and feeding of early-season insecticides. Gerard and Clark (1978)
punctures. Insecticides suppressed boll weev l damage showed that available soil waler at the 25- to 50-cm
in treated cotton as coipared to ntreatedl cotton in all depth steadily decreased from late June to late August.
tests. However, the differences 12'tween treated and Additionally. very little rainfall is received during July 

untreated cotton vere significant !n only three of tie and August. averaging only 5.4 and 5.3 cm for these 2 

eight tests: 1976a, 1986a. and 1987. These results months, respectively. for the past 81 years at the Texas 

indicate that early-season insecticide treatmncits did not Agricultural Experiment Station at Chillicothe. 

My data indicate that the cotton plant producesconsistently reducc the damage potential of overwin-
most squares during the period from late-June to midtered boll wcevils throughout the season. 
August, and peak square production occurs from mid- toInsecticide treatments for ove wintered boll weevils 

did not increase yields in dryland cotton in Ihtie Rolling late-July. Hence, the cotton plant is producing all of its 

Plains. There were no significant differences in yield 	 squares during a period of declining water supply. Yield 
is limited by inadequate water, and protecting squarestests freatedandutracttieds innyai highe n were from boll weevils in early season is not advantageouste s ts (Ta b le 1). In fa c t ,yie lds we re n u meric a l!, ,h igh e r inb e a s th pl n a i ' S p o t ig l v l s f fr tuntraten cotontheeigt tets.because 	 the liant ?an not supportfor o high levels of fruit 

There are several potential reasons why insecticides production. Squares that are protected from weevils 

applied for control of oveivintered boll we 'vils failed to 	 early in the season may later shed, perhaps as a small 

suppress damage and increase vields. These reasons boll, in response to drought.
 
in clu de tihe effects 'of hig h su m m er The short residual activity of azinphosmethy! is a
tem p eratures on t i d f c o h tl m t h f ec i e e s o e r y s a opopulation development of the bo0l1 weevil, the effects of third factor that liniits the effectiveness of early-season 
water stress on cotton plant growth, and the short resid- control applications. In leaf bioassay tests, Price and
ual life of azinphosmethyl. Slosser (unpublished data) found that there Is little

In seven of the eight tests, the overwintered pyopl.- residual toxicity of this insecticide: initial weevil mortal

tion at first 1/3 grown squares was at least 100/ha, yet ity on treated leaves immediately alter application was 
high late-season populations often did not develop, even about 85%, but mortality decreased to about 5% by 48 

in the untreated check plots. Weevil populations may hours after application. Apparently. high ambient air 

not have Increased as expected because mortality of the temperatures cause this rapid decrease in residual 

Immature stages was high in egg-punctured squares activity.Therefore, there is no extended residual activity 

shed from the plant. This mortality is against weevils that survive the applications or againstafter they were 
weevils that enter the plots after the last application.caused by desiccation i)f the cotton square which is 

associated with high temperatures and other factors Early-season applications of insecticides for control 

(Curry et al., 1982). Survival of boll weevils in fallen of ovcrwintercd boll weevils are appropriate In some 

squares varies widely from year to year: for example, regions ofTexas. However, this management strategy Is 

Slosser et al. (1986) reported survival in field cages was not effective for drland cotton in the Texas Rolling 

6.6, 45.6, and 31.6%, in 1981, 1982, and 1983. respec- Plains, at least when utilized in conjunction with delayed 

tively. Slosser (unpublished data) found that mortality Is uniform planing at the early-season population levels 

very high at temperatures of about 381C, and Slosser encountered in these tests. Early-season applications 

(1981) reported that soil temperatures In row furrows suppressed boll weevil damage throughout the growing 
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season in some years. but yields were not increased in 
any of eight tests conducted from 1976 to 1987. 
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Introduction 

Variability in agricultural production has led farm-
ers to implement management strategies limiting risk to 
acceptable levels. Pesticide use is a risk-reducing strat-
egy which can have harmful environmental effects. 
Integrated Pest Management (1PM) methods attempt to 
minimize pesticide inputs by substituting information 
and management skills for chemical control. The eco-
nomic threshold conce-pt underlies the practice of IPM 
and is defined as the population that produces incre-
mental damage equal to the cost of preventing that 
damage (Headley, 1972). 

This paper considers how robust threshold guide-
lines are when used for dryland and irrigated soybean 
(Glycine max L.) production. Producers' motivations for 
selecting different strategies are also analyzed. We ex-
pect that adhering to Cooperative Extension IPM guide-
lines under dryland production would outperform a 
partial compliance regime by reducing pest-induced 
stress. When drought stress is eliminated by irrigation, 
we expect strict compliance to the complete IPM guide
lines to be inferior because correctly coordinating pro
duction decisions through the season is complex. 

Previous Research 

Early threshold research failed to incorporate opti-
mal amounts and timing of pesticide applications. Hall 
and Norgaard (1973), Talpaz and Borosh (1974), and 
Hueth and Regev (1974) Improved the determination of 
the economic threshold by including simple functions 
for pest population growth, plant damage, and insect 
control costs. However. the models assumed highly 
simplified situations with a single pest. a controlled 
environment, a lack of plant interaction, and unstruc-
tured pest population dynamics. 

The recent development of biophysical simulation 
models is a major step towards the implementation of an 
integrated crop and pest management research method-
ology. Simulation can provide a range of possible out-
comes depending upon varying inputs and weather 
regimes and help select the best pest control alternative, 
Previous research related to this type of analysis employ-

Ing biophysical simulation models include the works of 

Brown et al. (1983). Reichelderfer and Bender (1979), 
and Boggess et al. (1984). Extension IPM programs 
which use the threshold concept assume that highest 
economic gain is the farmer's overriding motivation. 
However, recent risk theories provide new perspectives 
to explain producers' pest control actions and participa
tion in IPM programs. Large errors made in setting the 
values of any decision variable may not significantly 
reduce profit or utility (Akerlof and Yellen, 1985). Rela
tive to an optimal solution, which is computationally 
burdensome to a producer, little net revenue is lost by 
using simpler decision rules (Hall and Moffitt, 1985). 

Differences in risk related 'heories may explain 
patterns of participation in IPM programs. The partici
pation rate in Georgia soybean IPM extension programs 
Is low (23%) when compared with programs in cotton 
(Gossypium hirsutum L.) (81%) (Douce, 1988). Even 
among those soybean producers that do participate, the 
degree of compliance is not 100% at every control 
recommendation (Smith et al., 1987). 

Objectives 

The implications of producer pest control actions 
under dryland and irrigated production and varying 
motivational assumptions can be evaluated in a risk 
context through simulation techniques. Determining a 
control strategy including risk could provide a rationale 
for the adoption or rejection of a newly evolving technol
ogy and could provide guidelines for improved profitabil
ity for producers facing complex production systems. 

Model Development and Description 

The Soybean Integrated Crop Management (SICM) 
simulation model (Wilkerson et al., 1983) was selected 
for our analysis. The SICM model is comprised of four 
model components. The first component is the soybean 
crop growth model (SOYGRO), version 4.2. Physiological 
processes, weather, soil, and crop conditions are in
eluded In the model. 
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A second model component simulates the popula- 
tion dynamics of the velvetbean caterpillar (VBC) (Anti-
carsiagemmatais),corn earworm (CEW) (Heliothiszea), 
and the southern green stinkbug (SGSB) (Nezaravirid-
ula). The VBC and CEW are important defoliating pests 
of soybean in the southeastern United States, while the 
SGSB is a pod a.d seed feeder which can reduce yield or 
quality, 

In the third model component, the effects of specific 
insecticides on individual development stages are calcu-
lated, including residual killing effects over time to give 
age dependent survival rates. The final model compo-
nent determines ne, returns above variable costs to 
measure tile success of the management strategies 
employed by the decision maker. Total variable costs are 
subtracted from tile gross returns of the crop. A further 
description of model components as well as calibration 
and validation procedures may be found in Szmedra et 
al. (1988). 

Parameters were initialized in the SICM model to 
duplicate the sandy soil conditions typical of the Coastal 
Plain. Nine years of weather data (1975- 1983) at Tifton, 
Georgia, were used and included daily max/min tern-
perature, precipitation, solar radiation, and pan evapo-
ration rate. Dryland and irrigated crop production were 
analyzed. Fifteen insect infestation levels, emergence 
timing patterns. as well as probability of occurrence for 
VBC, CEW, and SGSB were identified from data also 
collected at the Coastal Plain Experiment Station for the 
years 1972 through 1984 (Todd et al., 1985). 

Pest Control Strategies Modeled 

Ge'irgia's Cooperative Extension recommends that 
foliage feeding insects be treated when the plant stand is 
30% defoliated prior to full bloom. After full bloom and 
through full pod fill, the threshold drops to 15% to 
protect the nutritive abilities of the leaf canopy. After full 
pod fill, chemical control is recommended if defoliating 
pressure causes 25% canopy loss (Adams et al., 1985). 
The insecticide most commonly used against early and 
midseason defoliating pests is permethrin [m-
phenoxybenzyl cis, trans-(+J-3-(2,2-dichlorovinyl)-2,2-
dimethylcyclopropanecarboxylatel, which provides up 
to 98% kill when applied and residual control for up to 
30 days. 

Methyl parathion [0,0-dImethyl 0. (pt-nitro
phenyl)phosphorothioate] (MP) is recommended to 
combat damage from pod and seed feeding insects late 
in the season. The MP should be applied when counts of 
SGSB and CEW reach threshold levels. An insect control 
regime following strict extension economic threshold 
guidelines was included to judge the ability of current 
research procedures to correctly apply optimizing condi
tions to a production system under differing water stress 
conditions. This approach, designated as Total IPM, 
provided for an insecticidal control on the day following 
a defoliation or insect count threshold being reached. 

Deviations from optimal pest control practices based 
on thresholds and characterized by sporadic or delayed 
compliance were modeled according to data compiled 
from surveys of southern Georgia soybean producers 
(Hatcher et al.. 1984). The producers adhered to exten
sion recommendations 69% of the time after an eco
nomic threshold was reached. When a control threshold 
was reached, a treatment was applied within the recom
mended 3-day "window" of economic advantage 41% of 
the time. jtherwise, a control was applied up to 7 days 
after this threshold "window" had passed (Partial IPM). 
In 31% of the cases in which a control recommendation 
was ignored, producers relied on a strategy which called 
for a pest control application on a pre-determined calen
dar date. 

The S1CM model was used tu c:camine the partial 
and total IPM control regimes. For the total IPM model, 
270 runs of SICM were performed and included all 
combinations of years of weather data, CEW and VBC 

insect scenarios, and light and heavy SGSB populations. 
In order to simulate the Partial IPM, a pseudoran

dom number generator was included to model compli
ance and then timeliness of threshold adherence. Thirty 
iterations of each of the 270 combinations of insect 
populations and years of weather data were performed 
resulting in 8100 runs of SICM. For example, when an 
extension guideline threshold was exceeded in the simu
lation, a random number was generated to determine 
whether IPM extension guidelines would be followed 
(random number < 0.69). In instances when extension 
recommendations were followed, a second random 
number was used to determine when the model would 
apply a control up to 7 days post threshold. For cases 
when guidelines were nut followed, the model enacted a 

Table 1. Net returns and risk efficiency results for dryland and irrigation technologies. 

Annual Net Returns Dominance' 

Technologies Expected 1H Variance Difference EV GMD SSD 

S/ha 
Dryland 

Total IPM 145.68 22317.23 57.35 0 Total 0 
Partial IPM 142.32 21373.95 54.22 

Irrigated 
Total IPM 476.96 2038.20 20.82 Partial Partial Partial 
Partial I'IM 490.00 1993.36 21.37 

EV denotes Mean Variance Analysis. GMD denotes Gini Mean Difference Analysis, SSD denotes Second Degree Stochastic 
Dominance Analysis, and 0 denotes neither distribution dominates. 



calendar control application ifthe date was not past the 
calendar control date. 

The following initialization values for the SICM 
model conformed with accepted production practices in 
southern Georgia: planting date, May20; cultivar, Bragg; 
maturity group 7; row spacing, 91.4 cm; treatment 
threshold, percent defoliation for leaf feeders and insect 
counts for SGSB and CEW late in the season: scouting 
interval, 7 days: insecticide choice, permethrin (0.28 1/ 
ha), methyl parathion (1. 17-2.34 /ha), or a mixture of 
these insecticides, 

Risk Efficiency Criteria 

The assumptions regarding production behavior 
under risk normally involve producer concerns for the 
mean and variance of either yield or net returns. Using 
a mean-variance (EV) approach, an insect p(.st manage-
ment strategy, fRX), dominates an alternative strategy. 
h(X), if 

EfRX) > Eh(X) and Vf(X) <Vh(X) [I] 

where one of the two inequalities must hold. E and V 
denote the expectation and variance operators, respec-
tively, and X is the distribution of economic returns or 
yield. 

An alternative and more flexible approach to risk 
analysis is stochastic dominance. Stochastic dominance 
involves the comparison ofcumulative probability distri-
bution functions (CPDF) ofyearly net return or yield for 
different alternative choices. First degree stochastic 
dominance of strategy f(X) over strategy h(X) can be 
defined as 

H(x,) > F(x,) for all xX 121 

where F(xdl and H(x,) represent CPDF's associated with 
alternative strategies. At least one strict inequality in 
equation 121 must hold over the set X. Second degree 
stochastic dominance (SSD) requires that the area below 
the CPDF of the dominant strategy must be less than or 
equal to the area below the CPDF of the strategy it 
dominates. 

Although stochastic dominance exploits the entire 
data set, an inherent problem in using it is the probabil-
ity of a Type II error. Type It error would be the inclusion 
of choice alternatives into the risk efficient set that are 
actually risk inferior. The inability to discriminate is 
caused by the necessarily large preference intervals 
which define groups of individuals. Yitzhaki (1982) 
presented an alternative method based on the Gini 
coefficient for comparing risky prospects. He demon-
strated that strategy f(X) dominates strategy h(X) if 

E(X) > Eh(X) and IE[(X) - G,} > (Eh(X) - GHl [31 
where 

GF= X F(x1)lI-F(x)l Ax, and 
I 

Gil = Y H(x)[ I -H(x,)}Ax,. 
I 
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The (E-G) expression is the Gini Mean Difference (GMD) 
term. 

Cumulative density functions of net returns gener
ated by the 9 years of weather data were evaluated in a 
first and second degree stochastic dominance frame
work in order to select a risk efficient set of production 
strategies. GMD (Wetzstein et al., 1938) was employed to 
reduce stochastic efficient sets when stochastic dom!
nance criteria were unsuccessful in discriminating be
tween the two insect pest management regimes. Yearly 
results were combined with the probability of any par
ticular insect infestation pattern to derive overall sum
mary statistics. 

Results 

An economic summary of the simulated IPM man
agement regimes under dryland and irrigated conditions 
demonstrated that the mean-variance (EV) and stochas-
Uc dominance (SD) analysis were unable to distinguish 
.oetweenTotal and Partial IPM underdryland technology 
(Table 1). The EV indicated that partial IPM was prefer
able for irrigation. In contrast, GMD and expected value 
analysis indicated that total adoption of IPM under 
dryland technology dominates, whereas the reverse was 
true with irrigation. Total IPM was inferior to a partial 
IPM regime under irrigated conditions. This probably 
results because extension IPM recommendations are 
tailored to a dryland technology, the dominant produc
tion method in Georgia. Partial adoption of IPM in 
conjunction with irrigation provides for an augmente. 
information base as producers incorporate prior experi
ence under the existing technology with extension rec
ommendations in determining a modified insect control 
program. 

in addition, the complexity of coordinating the tim
ing and intensity of both pest and drought control is 
alleviated only partially by adopting the total IPM pack
age. Under dryland conditions, no irrigation decision is 
required. thus simplifying the decisional task and re
sulting in superior production results. Irrigation con 
founds the process. Expected value and risk efficiency 
criteria suggest that producers should only partially 
adopt an IPM technology package when producing soy
beans under irrigation. 

Conclusions 

The success of differert pest management practices 
differs between dryland and irrigated production meth
ods. The simulations also pose questions regarding the 
universality of Cooperative Extension threshold guide
lines. Under all production conditions, threshold deter
mination under limited information and separated from 
a critical production factor such as soil-water conditions 
may not reflect an optima, appro..h in a complex 
production system. Our simulations show that total 
adoption of 1PM techniques under dryland production is 
a better rroducer decision than only partial adoption in 
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terms of expected returns and risk efficiency. The re-
verse is true under irrigation. Extension guidelines 
should, therefore, be modified to include the particular 
soil-water management practice in use. 
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The Great Plains 

The Great Plains region of North America extends 
from the prairie provinces of Alberta. Saskatchewan, 
and Manitoba in Western Canada, south to the Gulf of 
Mexico. In the United States. it includes all of North and 
South Dakota, Nebraska, and Kansas. as well as,parts 
of Montana, Wyoming, Colorado, Oklahoma. New Mex-
ico. and Texas. Precipitation is extremely variable and 
averages from 800 mm In the east to 350 mm in the west. 
Crop production is prevented by cold temperatures in 
the northern edge of the Great Plains. but it seldom 
freezes along the Gulf of Mexico. 

Settlement began after 1880, starting in the east 
and proceeding westward, first by ranchers and later by 
farmers. Development was fastest from 1900 to 1920. 
but continued through 1930. Using technology devel-
oped in wetter areas, farmers plowed sod and planted 
annual crops of corn (Zea mays L.). sorghum [Sorghum 
bicolor(L.) Moench]. oi wheat (TriticumaestivumL.). This 
was successful in the eastern part of the plains, but 
failed In dry years in the west. Crop failure led to 
alternate cropping and fallow systems to store soil water 
in fallow years for subsequent crop growth. Moldboard 
plowing and disk tillage left the soil surface bare and 
subject to wind and water erosion. 

Large variations in precipitation over the years have 
caused both economic hardship for farmers and serious 
wind erosion. In Montana, a boom period with ample 
rainfall occurred from 1909 to 1916 and wheat yielded 
upto 1.68 Mg/ha.Adrought followed from 1919to 1925, 
wheat failed, and devastating dust storms occurred 
during high winds in 1920. In that period, over 0.8 
million ha in Montana went out of production, and one 
out of two farmers lost their land (Jones and Brown, 
1987). A similar situation developed in the southern 
Great Plains in the 1930s, when a long drought com-
blned with serious economic depression drove many 
farmers from their land. Severe winds blew enough dust 
from the area to darken skies along the east coast of the 
United States giving rise to the name "Dust Bowl". 

Stubble Mulch 

Attempts to control wind erosion led to development 
of sweep and chisel "stubble mulch" plows which left 

crop residues on the soil surface. Pioneering research by 
Duley and Russel (1939. 1942) led to development of 

plows with V-shaped sweeps which prevented wind 
erosion and increased soil water storage during fallow 
periods. C. S. Noble. an Alberta farmer, built a straight 
blade plow about the same time (Allen and Fenster, 
1986). In the southern Great Plains. Ackerman and 
Ebersole (1945) along with C. J. Whitfield and C. E. Van 
Doren at Bushland. Texas, started to develop a stubble
mulch plow in 1941 that was strong enough to penetrate 
dry, fine-textured soil immediately after harvest, and 
still plow shallow enough just before planting the next 
crop. Their plow had five 0.75-m V-shaped sweeps with 
0.38-m rolling coulters in front of each sweep. 

Fenster (1960) described various systems of stubble 
mulch tillage using sweep plows, rod weeders, and one
way disks for controlling wind erosion. Based on re
search by Chepil and Woodruff(1954) at the USDA Wind 
Erosion Laboratory, Manhattan, Kansas. Fenster (1960) 
concluded that 1.0, 1.5, and 2.5 Mg/ha of anchored 
small grain residue was required to prevent wind erosion 
on fine, medium, and sandy soils, respectively. He 
proposed using a combination of tillage tools that would 
leave that much crop residue on the soil surface at 
planting. 

Research to determine the effect of stubble mulch
ing on wheat yield was initiated at Bushland, Texas. in 
1941. After 27 years of continuous crops, hard red 
winter wheat yield averaged 0.58 and 0.69 Mg/ha for 
one-way disking and sweep plowing. Yield for the two 
systems with winter wheat-fallow-wheat was 0.93 and 
1.06 Mg/ha. The 10% increase in yield was attributed to 
increased stored soil water at planting (Johnson and 
Davis, 1972). 

In a 14-year study, fallowing 11 or 20 months with 
a moldboard plow, one-way disk, or sweep plow did not 
affect soil water storage or subsequent yield of either 
winter or spring wheat at three locations in Montana 
(Krall et al., 1958). In North Dakota, neither soil water 
storage nor yield of spring wheat was affected by tillage 
with a field cultivator at intervals of 4, 5, 6, or 7 weeks 
during the summer fallow period following spring wheat 
harvest (Bauer and Conlon. 1978). The field cultivations 
started in mid June following moldboard plowing in mid 
May. 

Stubble mulch tillage produced several benefits, but 
seeding through crop residue that remained on the soil 
surface was difficult. Duley and Russel (1942) found 
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that 25-cn (10-inch) spaced furrow disk drills mixed too 
much straw with seed, and they developed a shovel press 
drill having seed openers mounted in two or three rows 
to insure enough clearance for crop residue. Fenster et 
al. (1965) noted that there should be at least 50-cm 
between shovels and a vertical clearance of 45-cm 
between the frame and shovel tip. The shovels were 
followed by large press wheels that carried most of the 
weight. 

Later, narrow draft points ("spear points") were de-
veloped which did not disturb nmch residue and worked 
well with narrow press wheels (Allen and Fenster, 1986). 
Recently. Bauder (1983) recommend that wheat drills 
should have 45-cm vertical clearance, 50-cm clearance 
between ranks of openers. rows spaced 20 to 36-cm, 
narrow shoe or hoe openers, a disk in front of the 
openers, and press wheels that pack soil around the 
seed and anchor crop residue in the soil. 

Chemical Fallow 

In 1948, chemical fallow experiments with 2.4-D 
((2.4-dichlorophenoxy)acetic acid) and dalapon (2,2-

dichloropropanoic acid) were started in Montana (Baker 
et al., 1956). When herbicides controlled weeds during 
fallow, wheat yields were comparable to conventional 
tillage. Yields were reduced if weeds were not controlled 
or herbicides persisted in the soil at planting time. 
Similar studies were initiated in the southern Great 
Plains in 1956 (Wiese et al.. 1960). Russian thistle 
(SalsolaibericaSennen & Paul kochia [Kochia scoparia 
(L.) Schrad.], puncturevine (Tribulus terrestris L.), and 
pigweed (Amaranthussp.) were controlled with 2.4-D, 
but dalapon and other herbicides failed to control stink-
grass (Eragrostis cilianensis (Al1.) E. Mosher] and 
wit higrass (Panicum capillareL).Soil water"storage and 
yields in the winter wheat-sorghum-fallow cropping 
sequence were not as good with chemical fallow as with 
sweep tillage because all weeds were not controlled. 
However, chemical fallow achieved the goal of erosion 
control by increasing crop residue on the soil surface. 

Atrazine(6-chloro-N-ethyl-N*-(1 -methylethyl)- 13,5-
trazine-2,4-diamine) and propazine (6-chloro-N,N'-bis( 1-
methylethyl)-1,3.5-triazine-24-diamine) became avail-
able about 1960, and gave excellent control of most 
annual grass and broadleaf weeds in chemical fallow 
(Phillips, 1964). Atrazine at 3.3 kg/haimmediately after 
wheat harvest controlled weeds until sorghum planting 
and Increased both sorghum yield and net returns. 
Foxtail (Setariasp.)and sandbur (Cenchnissp.). growing 
in the wheat before harvest, were not controlled by 
atrazine. Sweep plowing either before or after atrazine 
application eliminated the weeds and sorghum yields 
averaged 1.4 Mg/ha more with chemical fallow than 
sweep tillage (Phillips, 1969). If atrazine was not supple-
mented with sweep plowing, sorghum yield was the 
same as with conventional tillage. 

In Nebraska, Wicks (1976) coined the term "Ecofal-
low" for a no-tillage system with a winter wheat-sorghum 

cropping sequence. Ecofallow sorghum yielded 3.76 
Mg/hacompared to 1.68 Mg/hafor conventional tillage. 
Wicks and Smika (1973) developed a reduced tillage 
system for winter wheat-fallow-wheat using a low rate of 
atrazine to control cheat (Bronius sp.). Early research 
with conservation tillage for the central and southern 
Great Plains was summarized by Wiese and Staniforth 
(1973) and Unger et al. (1977). 

Paraquat (1,1'-dimethyl-4,4'-bipyridiniuml ion) and 
glyphosate ((N-(phosphonomethyl)glycine) made it pos
sible to reduce tillage in many cropping sequences 
because these herbicides controlled most annual weeds 
and crop volunteer at a cost comparable to sweep 
plowing (Wiese and Chenault, 1987). Prior to 1980, 
herbicides that persisted in soil and gave economical 
control of weeds during fallow periods were toxic to 
wheat. After 1980, chlorsulfuron (2-chloro-N-I(4
methoxy-6-methyl- I,3,5-triazin-2-yl)amino carbonyl] 
benzenesulfonamide) and metsulftron (2-11[1(4 -methoxy
6-methyl- 1,3,5-triazin-2-yl)aminolcarbonyl] amino] 
sulfonyl] benzoic acid) not only controlled most weeds in 
wheat, but could be used safely to control weeds in 
the fallow prior to planting wheat (Wiese and Lavake, 
1984). 

The value of crop residues for conserving soil water 
was determined in conjunction with chemical fallow 
research. At three locations in the central Great Plains, 
soil water storage increased up to 70 mm in a 14-month 
fallow with 6.6 Mg/ha wheat straw on the soil surface 
(Greb et al.. 1970). Wheat yield was increased by the 
extra soil water. In the southern Great Plains, available 
soil water was 123 and 214 nm with 0 and '2 Mg/ha 
wheat straw on the soil surface (Unger, 1978). This 
inercased sorghum grain yields from 1.78 to 3.99 Mg/ 
ha. In a 3-year irrigated wheat-dryland sorghum rotation 
with an lI-month fallow between wheat and sorghum, 
no-tillage, sweep plowing, and disking resulted in 217, 
170, and 152 mm of water storage in a 1.8-m soil profile. 
Sorghum yield was 3.14 for no-tillage and 1.93 Mg/ha 
for disking (Unger and Wiese, 1979). This and similar 
research was summarized by Wiese and Unger( 1983). At 
Sidney, Montana, wheat straw mulch increased soil 
water storage in sandy soil, but wheat yield increase 
depended on adequate fertilization (Black, 1973). 

Extra soil water saved with no-tillage has made it 
possible and profitable to plant annual crops of either 
.pring or winter wheat in Montana (Jackson and Krall, 
1980). Wheat was planted without a fallow period If 50 
to 100 mm of soil water had accumulated since the last 
crop was harvested. This system controlled erosion, 
helped control saline seep, and reduced fuel cost. 

Recent research with conservation tillage and re
lated subjects in the Great Plains has been summarized 
in several publications and proceedings (Elliot, 1987; 
Fanning, 1980: Follett et al., 1984; Gerik andi Harris, 
1987: Wicks, 1985: Wiese et al., 1985: Wiese et al., 
1986). Economic analysesofseveralcroppingsequences 
has been made for the southern Great Plains. No-tillage 
of wheat stubble prior to planting sorghum was the most 
profitable sequence (Harman and Wiese, 1985). 
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279 Pest Management 

W. W. Donald 
USDA Agricultural Research Service, Fargo, North Dakota 

The presentations on pest management included 
highly diverse topics. While dryland agriculture is de-
fined by soil and water conditions which limit yield, 
potential yield in either irrigated or dryland farming also 
can be limited by weeds, diseases, or insects. Major 
advances in reduced tillage systems for dryland agricul-
ture in the Great Plains of North America were reviewed 
(Wiese). These advances would not have been possible 
without adequate pest control, particularly weed con-
trol. In the plenary paper, the role that integrated pest 
management (1PM) should play in dryland farming was 
reemphasized (Adkisson). The IPM paradigm has been 
accepted by other pest management disciplines, includ-
Ing weed science and plant pathology. While cooperative 
research among scientific disciplines in researching and 
implementing IPM is accepted in principle, most re-
search continues to be along disciplinary lines, often 
dealing only with single pests (Donald: Slosser). If cur-
rent research on pest management is, in any sense, 
integrated. it is that single investigators conducting field 
research on individual pests have adopted a mUltifactor 
research approach. This research approach incorpo-
rates not only chemicals for managing pests, but also 
crop management practices, rotations, and breeding as 
pest control strategies. While plant pathology and ento-
mology have traditionally used multifactor research 
approaches, this approach is relatively new to the area 
of weed science. The single largest limitation to pest 
management research in dryland conditions would be 
that single pests are studied in isolation (e.g.. Szmedra 
et al., Donald). Interactions between pest species have 
not been examined fully and have not been integratet 
into an IPM program. Even if nonchemical pest manage-
ment strategies do not develop from IPM research efforts, 
it may provide more rational use of pesticides and holds 

the promise of minimizing pesticide use. 
There appears to be a dichotomy between developed 

and developing countries in terms of how researchers 
view the role of herbicides, fungicides, and insecticides 
in the development of pest management strategies. 
Nonchemical methods are favored in developing coun
tries where foreign capital may be limited for pesticide 
purchases from abroad. In contrast, the role of biotech
nology in incorporating herbicide resistance into differ
ent crop species was heralded by representatives from 
herbicide manufacturers from the developed world 
(Giaquinta and Thorne). The ultimate place of biotech
nology in pest management should be questioned at this 
point In time. In contrast, developing countries put more 
reliance on nonchemical methods, some of which in
clude hand labor (Regehr et al.). Without proper rotation 
research, can IPM be considered integrated into farming 
systems? Yet, relatively little research is being con
ducted on crop rotations in dryland areas for pest 
control. Of course, shifts in economic circumstance may 
short-circuit an individual farmer's plan for use of 
rotation in managing pests. 

Little research effort on pest management has dealt 
with farms having both livestock and crops grown for 
human consumption or export. Yet in Morocco, weeds 
were hand-harvested for use as forage shortly before 
wheat harvest (Regehr et al.). 

Methodology also is needed to distinguish between 
pest and nonpest factors which limit economic crop 
production. Methodology for eliminating alternative 
causes for yield loss needs to be developed more system
atically. Studies on the interaction between tillage and 
nitrogen fertilization In controlling take-all disease of 
wheat in Australia is noteworthy in this regard (Rovira). 
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Marvin E. Jensen
 
Colorado State University. Colorado Institute for Irrigation Management, 4th Floor USC,
 

Ft. Collins, Colorado 80523, U.S.A.
 

The purpose of the closing session was to evaluate 
the conference findings and assess what they mean. We 
asked a rapporteur for each session to provide feedback 
to the conference organizers relating to the Conference 
objectives of: 1)Evaluating past progress: 2) Identifying 
constraints: 3) Identifying methods and technologies for 
alleviating constraints; 4) Identifying policies and pro-
grams for more effective technology transfer: and 5) 
Identifying research needs and priorities. Additional 
information requested included 1) Points of agreement: 
2) Points of disagreement: 3) Issues not covered: and 4) 
New. promising problem-solving approaches. 

This summary presents highlights of keynote and 
plenarypresentationsandasummaryoftheinformation 
provided by rapporteurs. Many rapporteurs reported 
similar items, but with different points of view. Because 
ofthe voluminous material collected, only selected items 
are included in this summary. Additional details can be 
found in the rapporteur reports contained in these 
proceedings. 


Keynote Highlights 

Dr. Ntville Clarke, Texas Agricultural Experiment 
Station, opened he conference stating that dryland 
farming is extensive rather than intensive agriculture. 
Effective technologies are needed to sustain dryland 

agriculture. The primary socioeconomic concern is that 

dryland agriculture is a high-risk enterprise. A systems 
approach and risk management are key issues. 

Dr. Nyle Brady. USAID. indicated that dryland agri-
culture will be growing in importance. Need for innova-
tive dryland technologies is especially important in parts 
of Africa where population growth rates are about 3 
percent per year. Current USAID concerns involve: 1) 
conservation ofnatural resources (water. soil. and plants): 
2) socioeconomic issues such as government planning 
programs, women's roles, credit, land tenure, and ml-
cro-enterprises: and 3) communications within the 
dryland community or developing a dryland technology 
network. 

Dr. Edward Schun. University of Minnesota and 
formerly of The World Bank, indicated that investments 
in agricultural research are among the highest payoffs. 
In view of this fact, he questioned why governments 
discriminate against agriculture and rural education 
and training and why rural infrastructure is neglected. 
Complex socioeconomic aspects ofdryland farming were 
reviewed In detail, especially International trade issues. 

He stressed that a global food and agricultural system is 
emerging and that national economic systems are sus
ceptible to international economic forces and trade. 

Dr. Malcolm Ilall,FAO. discussed similarissues and 
highlighted approaches and problems affecting technol
ogy transfer. He emphasized the differences between 
local and institutional knowledge. Local knowledge 
changes more slowly than institutional knowledge. Risk 
factors are ofgreat local concern but are often overlooked 
by institutional programs. Intervention frequently fails 
because of insufticient knowledge and erroneous per
ceptions. Systems approaches to agricultural develop
ment with adequate training at the level of the populace 
are needed, especially in dealing with household and 
community problems. 

Dr. Gerald Thomas. New Mexico State University, 
emphasize' the need to consider environmental issues 
relative to sustainability of dryland agriculture. Verbal 
commitments have been made by The World Bank, 
USAID. and others, but the impact of this new emphasis 
on programs is yet to be determined. Adding the environ
mental dimension will require more time to carry out 
programs. We tolut improve measures of progress. and 
we must apply economic values to our resource base. He 

stressed that every development project should have a 
conservation objective. If agriculturalists do not con
sider environmental issues, environmentalists will write 
the agenda. 

Dr. M. Yudelman. World Resources Institute, indi
cated that investment In dryland agriculture is becom
ing more attractive relative to irrigation. Investments in 
dryland farming during the 1970s were relatively small 
and had little impact on raising agricultural productlv
ity; returns on these investments were low relative to 

investments in irrigation. Only two of the international 
research centers. ICRISAT and ICARDA, are developing 
technologies that target large numbers of dryland farm
ers. Dr. Yudelman asked "Why have we neglected dry
land agricultural resources?" Typically, small dryland 
farmers represent a major poverty problem that cannot 
be ignored, but solving this problem will be a long-term 
and difficult process. 

Past Progress 

Lessons have been learned, but we sometimes have 
difficulty relatingcurrent problems to these lessons. The 
same mistakes are frequently repeated without learning 
and adding to the knowledge base. Expanding food 

" , -7 *,., * . .. 
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requirements caused by increasing populations are 
forcing tradeoffs between current production and sus-
tainability of dryland agricultural systems. The long-
term negative effects of some of these tradeoffs may be 
irreversible, 

Both irrigated and dryland farming are production 
systems, but they operate .in -pposite ends of the 
production continuum. However, the knowledge base 
from which information can be drawn involves both 
irrigated and dryland farming systems. We have made a 
lot of progress in quantifying dryland farr.ing environ-
ments, but we need less empirical methods for transfer-
ring the relationships to other locations. 

Many examples of research progress were presented, 
These included water conservation and fallow technol-
ogy; conservation tillage including no-till and residue 
management; cropping systems including cultural prac-
tices, plant geometry, and flexible cropping sequence: 
control of wind and water erosion: windbreaks; erosion 
models; pest management: fertilizer practices including 
principles of nutrient availability and mobility: crop 
cultivar development for drought tolerance and in-
proved root systems; and risk management. Extensive 
research has produced information necessary for devel-
oping yield-water relationships and simulation models 
for dryland farming systems. 

An important factor in dryland farming systems in 
developed versus developing countries involves the al-
ternative and competing uses of crop residues. In the 
U.S.A. and other countries with similar conditions, crop 
residues are used as mulches to increase the retention 
of precipitation and to contro! wind and water erosion. In 
developing countries, however, there are alteniative and 
competing uses for residues such as animal feed, fuel, 
fiber, and use as raw material for manufacturing. Use of 
dryland crop residues for livestock feed may have nega-
tive impacts on soil productivity, but dryland crop 
residue production is generally less variable than grain 
yields. 

Many authors described integrated livestock-crops, 
agroforestry, and intercropping systems involving tree 
and food crops which may provide more stable produc-
tion in fragile environments. Others related the impor-
tance of technologies such as improved micrometeorol-
ogical and recording instrumentation and data manage-
ment systems. Much progress also has been made in 
human resource development, but some participants 
indicated resource-environmental issues have been 
under-emphasized. Land use values have been increased 
in some areas by intercropping compared with mono-
cropping. 

Interdisciplinary approaches and teams were fre-
quently mentioned as a requirement for solving mul-
tidisciplinary problems. Many examples of successful 
technology transfer techniques were summarized. 

Constraints 

The rapid rate of population growth in many coun 
tries has resulted in conflict between maintaining a 

sustainable production system and meeting increasing 
food requirements. Loss of topsoil is for all practical 
purposes an irreversible process and can quickly lead to 
desertification. Sustainable dryland agriculture requires 
conservation of the natural resource base. 

Insufficient and highly variable rainfall are major 
constraints in dryland fhrming. Water supply for crop 
use is often the most limiting production variable. Dry
land farming areas typically are high wind areas, which 
results in susceptlblitty to wind erosion and crop dam
age. Low residue production limits potential control of 
both wind and water erosion and evaporation suppres
sion, and particularly so when there are competing uses 
for residues. 

Dr. John Monteith, ICRISAT, stated that truth pro
ceeds faster from error than from confusion. We poten
tially can learn more from mistakes than from suc
cesses. The learning curve is slow in agricultural sys
tems. It is especially slow for dryland farming systems 
because manyyears may be required to establish needed 
relationships and basic data under local conditions. 
Even more important, the returns often do not provide 
sufficient incentives for farmers to adopt new, risky 
technologies. 

Lack of biologically- and physically-based relation
ships between available water and crop yield, soils, and 
economic. reliable rainfall, solar radiation. and tempera
ture data from common sources were frequently cited as 
major constraints in developing or adapting new tech
nology. Limited alternative crops and compatible crops 
for dryland systems also limit the adoption of more 
productive farming cropping systems. Lack of market 
alternatives for crops produced in dryland areas further 
limits the selections. 

Soil constraints include degradation, low organic 
matter, poor structure, low fertility, lack of profile infor
mation and taxonomy, and, in some areas, soil acidity 
problems. Removal of surface vegetative cover through 
excessive tillage and over-grazing decreases infiltration 
rates, increases runoff, and reduces resistance to ero
sion. Energy and equipment available to small farmers 
in developing countries severely limit land shaping and 
surface modifications by tillage that can enhance rain
fall retention. Several authors indicated they were not 
able to provide optimal fertilizer recommendations based 
on weather probabilities because of inadequate models 
and data. Inadequate equipment available to small 
farmers also limits optimal placement of fertilizers. 

Government policies have resulted in inadequate 
long-term investments in dryland production systems 
including trained professional staffs for research and 
extension. Many existing programs are based on short
term time frames driven by economics. Typically, in 
research and technology development, farmers are not 
involved in planning approaches and programs. As a 
result, they are not always receptive to proposed new 
practices, or new practices are not compatible with 
current practices. Economic constraints include limited 
analyses of dryland systems, limited diversity and flexi
billty, low inputs and low profits, high interest rates, and 
lack of production incentives. Analysis of social impacts 



of investments and development is also often lacking. 
Limited adoption of new technologies, for whatever 

reasons, hinders development of more productive dry-
land systems in developing countries. Effective strate-
gies are lacking. Extension programs are generally 
understaffed, and frequently the staff is not adequately 
trained to facilitate technology transfer. 

Methods to Alleviate Constraints 

Greater investments are needed in developing dry-

land cropping systems that result in more efficient use 

of rainfall. plant, and soil resources and reduce subsil-

tence farmers' risks. Programs and policies are necdec' 

to develop an adequate agricultural support infrastruc-

ture for dryland areas. 
In developed countries like the U.S.A.. Oie currcnt 

public and farmer perception is that development of 

agriculture in developing countries increases competi-

tion for farm products in the world markets. This percep-

tion limits support for international agricultural devel-

opment programs. I lowever. studies have shown that 

development of agriculture in developing countries in-

creases their buying power and demands for miore 

specialized agricultural products. More assessments 

and dissemination of these interrelations are needed. 

Effective government programs frequently are not 

funded and implemented because agricultural entities 

cannot agree on priorities. Government programs can 

influence both public and private investments, long-

trm funding, production incentives, fertilizer policies, 

and research funding. Adequate infrastructure for agri-

cultural support and production incentives can enable 

many subsistence dryland farmers to become produc-

tion oriented. Many participants felt that international 

organizations like The World Bank should play a greater 
role in shaping government programs and policies for 
dryland areas. 

Better basic understanding of the crop-soil-environ-
ment system is needed. Research results should de
scribe basic relationships to enable more direct transfer 
of information to other regions. Dr. Monteith proposed 
an improvd technique for characterizing water-limiting 
environments which involves normalizing rainfall using 
the vapor saturation deficit and linking this parameter 
with interception of solar radiation. Characterizing cli-
mates in this less empirical manner Would enable trans-
ferring relationships to other areas. Guidelines for 
measuring and reporting basic environtnental data are 
needed to enable extrapolating experimental results to 
areas where limited studies have been conducted. 

A critical mass of scientists is often lacking at 
research locations in developing countries which limits 
effective technology transfer and development of new 
knowledge. The interdisciplinary interaction of scien-
tists, technicians, arid farmers can result in the whole 
being greater than the sum of the parts relative to 
development and transfer ofdryland technology. Getting 
scientists of different disciplines to work togetlier can be 
difficult, but experience has shown that greater use of 
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interdisciplinary teams in research enhances the devel
opment of improved technology. Greater efforts are 
needed to establish teams involving economists, envi
ronmentalists, sociologists, and various physical and 
biological scientists. Administrators should be encour
aged to give rewards to teams effective in research and 
extension. 

Use of crop residues for erosion control and main
taining soil productivity is basic to dryland farming 
systems in the U.S.A. Additional economic assessments 
of the long-term value of residues are needed where crop 

residues may generate greater short-term values when 

used as animal feed by subsistence farmers. Invest

ments in alternativ, sources of fuel for heating and 

cooking may be required to enable developing countries 

to adapt conservation techniques that are based on crop 
residues. 

Control ofwind and water erosion and resulting crop 

damage can be accomplished by such methods as adop

tion of no-till practices: use of grass buffer strips and 

other wind breaks; effective residue management; rough 

tillage and tied furrows: a total systems approach: and 

water harvesting. Where renewable water resources 

exist, supplemental irrigation can be particularly effec

tive in cropping-livestock systems because feed pro

duced on irrigated land can maintain the livestock base 
in droughts. 

Better plants also are needed with more effective 

root systems for dryland farming. Improved criteria and 

parameters are required to enable plant breeders to 

improve and develop alternative cultivars. 

Improved management practices and management 

models are needed. These models should enable im

proved predictions of plant nutrient requirements and 

soil fertility management, manure use, and soil organic 
matter dynamics. 

Effective Technology Transfer
 
Programs and Policies
 

Networks which can facilitate developing and adapt
ing dryland farming technologies can be achieved by 
linking national and international organizations de
voted to these problems. The exchange of scientists, 
exchange of scientific and technical Information, and 
appropriate training are needed to adapt or transfer new 
technology. Expert systems for dryland management 
coupled with computer assisted video training systems 
could enhance technician training and technology trans
fer. Farmers also require training. Arrangements are 
seldom made that enable innovative farmers to see first 
hand how improved technology is being used. Use of 
video tapes can greatly enhance transfer of technology to 
farmers. 

Increased emphasis is required on sustainability in 
all agricultural research and development activities. 
Conference participants generally agreed that compre
hensive management models would improve predictions 
of crop and animal performance and social impacts. 
However, model predictions must be validated by site
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specific data bases. Systems for disseminating real-time 
predictions of climate effects on ci'op growth for farmer 
use in decision-making are essential. 

The mandate of single commodity research centers 
may limit their ability to address flexible cropping sys
tem problems. Single commodity programs are needed, 
but investments in single commodity programs should 
be balanced with investments in integrated production 
systems. Additional emphasis on training in basic sci-
ence and in planning, evaluating, anid conducting re-
search is required to increase the return on research 
investments. National and international agricultural 
development centers can facilitate this training as well 
as develop needed climate and soils data bases and 
conduct field evaluations. 

Governmental policies and programs should be 
linked to integrated production system technologies 
rather than to single drland and resource conservation 
practices. Rainfed and irrigated agricultural production 
programs must be planned and implemented as al 
integrated, complimentary system. Associated govern
ment policies thai can directly affect dryland agriculture 
include energy. low-cost loans. equipment loans, power.
prices, nmrketing. land reform commlitments. windlbreaks, and subsidies. 

Research Needs and Priorities 

The purpose of dryland farning research in develop-
ing countries should be to close knowledge gaps and to 
adapt known technologies to local conditions, or adap
tive research. Knowledge and data gaps include: 1) 
economics of alternative uses of crop residues for ero-
sion control and water conservation, livestock feed. 
domestic fuel, and miscellaneous uses: 21 plant nutrient 
requirements and soil water extraction, plant water 
stress, and disease relationships Under intercropping 
systems: 3) environmental impacts and society benefits 
of agricultural policies: 4) weed control technology in 
conservation production systems; 5) real-time and his-
torical meteorological data bases with real-time man-
agement models: 6) guidelines for predicting the suita-
bility of no-till production systems on various soils:7) 
better understanding of biological activity in soils in-
eluding nutrient-organic matter interactions, buffering 
capacities, and chelation complexes in tropical regions: 
8 stability of integrated forage-livestock farming sys-
tems; and 9) guidelines for cropping systems involving 
integrated practices, system evaluations, intercropping, 
and agroforestry. Other identified research needs were 
better measurement technology, management systems, 
modeling physical and biological systems and model 
validation, land use policies, and risk analysis. Partici-
pants generally expressed the need for research on all ofthe constraints previously mentioned, 

Points of Agreement 

There was general agreement that there will be 
increasing dependence on dryland agriculture for meet-

ing future food and fiber demands. Also, there was 
agreement that there will be more emphasis on overcom
ing the effects of drought while maintaining the sus
tainability of the production system. 

Points of Disagreement 

There was some disagreement about the suitability 
of soils on which no-till systems could be used. Everyone 
did not agree that there was inadequate data concisely 
describing the climate in experiments. Also, not every
one agreed on the role of fallow in dryland farming 
systems. 

Differences were recognized among participants 
about the value efdata from models and modeling efforts 
because ofsite-specific characteristics. Differences were 
also acknowledged about the merits of intercropping 
versus monocropping systems. 

Issues Not Covered 

Many important issues were not covered, but theyare too numerous to include in this brief summary. 
Several issues not adequately covered, although men
tioned by some participants, include: alley-tree cropping 
systems: training needs; plant response to grazing; 
storage: and environmental and socioeconomic issues. 

Promising New Problem-Solving
Approaches
 

Most of the promising, new. problem-solving ap
proaches have already been mentioned. Additional ar
eas include processing and storage technoloQ for dry
land crops and better descriptions ofagrolimatic zones 
to enable more rapid transfer of applicable technology. 

There were perhaps two issues that permeated the 
conference. First, the alue of crop residues remaining 
on the soil surface for controlling wind and water erosion 
and evaporation suppression was clearly recognized. 
Second. simulation modeling in concert with a limited 
number of site-specific experiments for validating the 
models offers tremendous potential for improving the 
transfer of technology in dryland areas. 

Summary and Conclusions 

This Conference clearly demonstrated that a wealth 
ofdryland farming knowledge exists and that new knowledge and technologies are being developed and technolo
gies are being transferred. The key question remaining 
before us is "Where do we go from here?" We do not need 
more bureaucracy, but we need more effective mechanisms to sustain the on-going efforts to enhance and 
promote the exchange of dryland production informa
tion and technology. These mechanisms 



should be globally oriented. Several possible altema-
tives are: 

1) Establishing an international non-governmental and 
non-political commission oil dryland farming sys-
terns. Conferences like this. perhaps with a nar-
rower focus, could be organized and held in different 
parts of the arid and semiarid world on a three- to 
five-year interval. Working groups and committees 
would meet annually, 

2) Establishing an effective mechanism for coordinat-
ing international dryland research and technology 
transfer linkages within an existing agricultural 
organization such as FAO or The World Bank if it 
does not already exist. 

3) Establishing formal linkages between existing inter-
national d-yland research organizations like ICARDA 
and ICRISATand research laboratories in developed 
countries for: real-time exchange of information; 
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exchange of scientists: and interdisciplinary work
ing groups to address specific problems. Interna
tional commodity research centers would be linked 
as needed depending ol cropping systems. 
During the concluding open discussion, the confer

ence participants supported the continuation of effort 
that led to tile development of this conference. 

Trhe numerous expressions of concern about tile 
need for new government policies and long-term support 
for dryland farming prograns and research also reflect 
a deficiency in the agricultural community. Many rec
ommendations made involve macroeconomics, but few 
participants admitted that they were negligent in inter
acting with macroeconomic decision makers. As agricul
tural researchers, we are addressing our concerns to co
workers rather than taking a more active role in macro
economics that affect national policies. 
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281 What Have We Learned? 

Peter Goldsworthy 
ISNAR. P.O. Box 93375, 2509 AJ. The Hague (070) 33746, The Netherlands 

We were privileged to participate in the celebration 
of 	the USDA Agricultural Research Service and the 
Texas Agricultural Experiment Station recognizing 50 
years of research elort at B3ushland. Texas, U.S.A. At tile 
same time, we ha ,e participated in a truly international 
conference. 

Thci e hlave been significant additions to our knowl
edge in all topics discussed at tile conference; the 
number and quality of the presentations are a measure 
of the large body of knowledge that is available. It is clear 
that there already is a great deal of interdisciplinary 
effort, but the diversity of the fields of study suggests 
that there are likely to be many 1."odluctive opporwunities 
for cooperation not yet explored. We need to ensure that 
efforts to extend this knowledge take full advantage of 
the complementary contributions that different disci-
pllnes cal make. The key issue is "How do theimany 
different fields of research fit together and what are the 
practical ways of applying the knowledge or technologv 
to particularsituations?" 'his issue was addressed right 
at the beginning of the conference. 

In the limited space available. I cannot attempt to 
identify all that was reported in tlt: individual sessions, 
but rather try to capture the main thrusts of the confer-
ence. Also, the agricultural environments discussed 
during the conference varied considerably, as well as the 
crops, cultural practices, and socioeconomic condl-
tions. The important thinr! to stress is that although tile 
specific conditions vary greatly, the scientific bases for 
managing the environment apply everywhere. 

The Task 

Dryland farming occurs in environments where 
production depends largely or entirely on the water 
supply from current rainfall, plus water stored in the soil 
profile. The lack of water is a major limitation for crop 
production in dryland areas, so capture of rainfall and 
conservation of water are principal concerns. 

Much of the world's agricultural activity is carried 
out in such environments. Where dryland farming is 
practiced, particularly in developing countries, it is 
common to find rural populations that are ecologically 
and economically disadvantaged. Drought is common in 
these environments and crop yields are highly variable, 
largelybecauseweather conditions. especially the antount 
and distribution of rainfall, vary from year to year. 

Whether our primary interest is agroclimatology, 
soils, cropping systems, or any of the other topics 
discussed at this conference, our ultimate aiu is to make 
life better for people who live in these environments. One 
way to help do this is to find ways to improve their 

agricultural production systems. New systems must be 
well adapted to the long-term climate ofthe target region, 
and they nmust also be sufficiently robust and flexible to 
produce acceptable results in different individual years. 

Drought 

Studies ofthe consequences ofthe shortage of water 
within plants have received a great deal ofattention over 
tile past 20 years. and important papers relating to these 
topics were presented at this conference. I intend to 
focus lainly on the ecological situations which lead to 
shortage ofwater in dryland agriculture, rather than on 
particular attributes of drought resistance ill crop plants. 

For at least part of their life, plants roust obtain 
sufficient water tolineet enot igh ofthe evaporatixe demand 
to permit growth and development. The amount of water 
required depends on two sets of factors: 

First, the length of' period tor which tile water re
(qluireniert must be more or less satisfied, which is 
deternmined by the lift' cycle of the crop. The length 
of the life cycle will depend on the genetics. morphol
ogy. andimanagenment of the crop plants. 

* 	 Second. the time course of the evaporative deniand 
during the life cycle of the crop. Both components of 
total water requirement are strongly affectecl by 
temperature. 
To design options (cultivars and ways to manage 

them) that are adapted to the main features of environ
ments for which they are itmended, and at the same time 

flexible enough to performn well in individual years. one 

mst bear in mind how variations in the frequency and 
duration of dry periods affect tile probability of a suc
cessfufl outcone in any one year and ove, time (measures 
of risk). 

Systems of Production 

Dr. Nyle Brady, USAID, and Dr. Malcolm I lall, FAO. 
both reminded us during the opening session that part 
of tile solution in designing new options in dryland 
regions lies in a knowledge of' current practice and 
understanding the rationale of existing systems of pro
duction. During my tenure with the Ilnterllational Center 
for Agricultural Research in Dryland Areas (ICARDA), 
Allepo, Syria, we had o rememlber that in the drier parts 
of tile Mediterranean region. the end product of !he 
farming system is sheep and that other practices are 
done in support of the dominant livestock enterprise. 
Animals are mobile and can be moved to where grazing 
is available: they act as a combined bank accom nt and 
reserve against hard times in a harsh environment: they 



provide income from the sale of milk, meat, and wool: 
and they make economic use of crop residues. Crops 
have to fit as secondary enterprises into a system of 
resource use in which animals con' e first. 

Storage 

Little was said at this conference about storage and 

storage losses. Even with well adapted production sys

tems, season to season variations in weather will give 

rise to years of good and of poor crop yields, and 
communities will continue to use a variety of means to 
minimize the risks and to ease the hardships in bad 
years. One of the most important provisions against the 
risk of drought is to store food. Therefore, an important 
part of the task of offsetting the effects of drought is to 
ensure that grain storage facilities are available and that 
storage losses are minimized. 

Social, Economic, and Policy Issues 

Dr. Nyle Brady, USAID, and Dr. Edward Schuh, 
University of Minnesota and formerly with The World 
Bank. pointed out that poverty is the principal cause of 
hunger in the poorest sector of the community and that 
by restricting the effective market for food, it also limits 
production. In poor countries or isolated regions, pro-
duction occurs in self-contained subsistence systems. 
The household is then producer and consumer, with 
little or no cash and little incentive to produce more than 
it needs for its own use. 

While most governments continually underinvesi in 
agricultural research, education and training, and rural 
infrastructure needed for a healthy agriculture. Dr. M. 
Yudelman, World Resources Institute, spoke of the low 
returns to date on investment in dryland areas. So. what 
are the prospects for greater investment in dry areas? 

New technology may eventually increase production 
and decrease unit costs of the products in marginal 
areas with subsistence agricultural systems, so that 
they give a better return and can compete in the market. 
There are excellent examples in North America, Austra-
lia, and in some of the developing countries as well, that 
food production can be increased significantly in dry-
land areas. However, producers in more favored rainfed 
environments are likely to continue to do better. There-
fore, the tendency may remain on focusing investment 
where production can be improved more quickly, and to 
encourage people to move off drier marginal land to 
areas where there are opportunities to seek non-agricul-
tural employment in towns and cities. In the meantime, 
there is a great need to do what is possible to lessen the 
poverty of very large numbers of rural people who will 
continue to live in these harsh environments. Also, as 
population increases, people are pushed more and more 
to the marginal lands so it will become necessary to 
utilize the dryland areas more effectively to meet the food 
and fiber needs of the people. Consequently. policy 
makers and governments need to recognize that much 
progress has been made In dryland farming systems and 

What Is Needed? 947 

that dryland areas offer valuable resources worthy of 
development. Proper development will require a far 
greater proportion of resources than most governments 
have traditionally given to these less favored areas. 

We were reminded that if farmers are to be per
suaded to produce more. they must be given access to 
markets where they can sell surplus produce for cash 
and buy things they want, including fertilizer, seed. 

and ther in ts thatumaygberne d befor 

they can adopt new technology. 

Transfer of Technology 

The technical exchanges during the conference 
showed that dryland farming is extremely diverse and 
individual countries within it differ from one another in 
environment, social organization, and economy. Conse
quently, though the scientific bases for managing the 
environment may be the same everywhere, important 
differences restrict transfer of technological practices 
from one environment to another. Technologies needed 
will often be locale specific so there are unlikely to be any 
universal technical prescriptions. The central problem is 
"How can the knowledge acquired in one situation be 
applied to another?" 

Perhaps the best Lnown examples of successful 
transfer of agricultural technology have been associated 
with the international plant breeding programs in wheat 
and rice. Their achievements were mainly the result of a 
plant breeding effort, and agronomy played only a secon
dary role. The work focused on environments with an 
assured supply of water, where the initial impact on food 
production would be greatest. The procedures were 
based on multi-location trials and depended largely on 
the transfer of results from one location to another by 
analogy. As long as water was not a main limiting factor 
or source of variation, this procedure worked well. Most 
international crop improvement programs have contir
ued to use the same procedure, but in more difficult, 
variable, dryland environments, it has been less sue
cessful. This is what we should have expected and it is 
important now to recognize that we need quite different 
approaches. One of the immediate challenges is to better 
evaluate and utilize more fully the large collections of 
germplasm material that have become available in re
cent years for a number of important food crops. For 
dryland areas, the need Is to develop cultivars that will 
effectively exploit the advantages of specific adaptation 
to particular situations. Also, agronomy, which played a 
secondary role in the past, is much more important in 
the dryland areas because the genetic potential of crops 
cannot be realized unless agronomic practices are devel
oped to conserve soil and water resources. 

From the largely empirical approaches of the past, 
the science of agronomy is now much more analytical 
and predictive. The presentations by Dr. Calvin Rose, 
Brisbane University, Queensland. Australia, and Dr. 
John Monteith, International Crops Research Institute 
for the Semi-Arid Tropics (ICRISAT) demonstra.ed this 
admirably. They both developed theoretical arguments 
that help to reveal the processes involved, in soil erosion 

http:demonstra.ed


948 ConferenceFindings 

on the one hand, and in the relationships between plant 
and climate on the other. 

Numerous other exampies were presented at the 
conference of new approaches to the study of soils and 
crops. Many. based on systems analysis and simu-
lation methods, offer the means to couple environmental 
data more closely with what we know about the physical 
and biological processes in the agricultural system. 
Models which simulate the major processes of energy, 
water, and carbon balance as well as crop growth, 
development, and yleld are now available, and others are 
being developed. Because the same key processes govern 
the function of most crop models, the n iodels have 
tended to converge in form and function as they have 
evolved. 

Though models may serve different purposes, the 
minimum data sets required are similar. Individual 
nations must provide the resources for the national soil 
survey and meteorological services which provide the 
required data. Special support will be needed if they are 
to continue their work of collecting data. One way to do 
this is to be sure governments are kept informed of the 
use that is to be made of the data, and of results that 
come from their use. 

Crop models have an added value as self teaching 
tools. In their construction, they reveal to the investiga-
tors areas where assumptions have been made because 
of a lack of quantitative information about the process 
being modelled. It is akin to what Dr. Monteith said; 'The 
models may be imperfect, but they assist in clearing 
confusion, and to this extent they can help to guide
research." 

Compared with the introduction of a new variety or 
a management practice which involves but one compo-
nent of the production system, the task of formulating 
options for whole or parts of production systems in 
regions with uncertainand unpredictable environments, 
is significantly more complex. 

Models may be of assistance here, too; they can 
indicate how management systems might develop to 
make better use of the environment and resources. They 
can at the same time help breeders define the character-
istics of the cultivars required to meet the producers' 
needs. An important aspect of simulation models is their 
ability, when employed with long term weather data 
(particularly rainfall), to provide probabilities ofdifferent 
outcomes (measures of risk), that cannot be obtained 
from field trials. 

Now? 

We have been reminded that in adverse environ-
ments the task ofgenerating new technology will be more 
difficult and the time taken for research to produce 
usable results will be longer than the 15 years often 
associated with less harsh circumstances. What we have 
seen at Bushland is the result of 50 years of investment 
and research effort. However, it serves as an excellent 
example that improved technologies can transform an 
area where erosion is rampant, as it was in that area in 
the 1930s, to a productive and sustainable area. In 

developing countries with fewer resources, the time 
taken for the results uf research to spread and begin to 
have any significant impact, may well be of the order of 
20 years or more. At the same time, we are faced with an 
urgency: while the average population growth rate is 
decreasing, it is still very high in many areas. The 
population of India will increase from almost 800 million 
now to about 1 billion in the next 15 years, with almost 
half of that increase in dryland areas. The population of 
the Sahel region in Africa will grow from 30 million to 
about 45 million in the same period, with all of the 
increase occurring in dryland areas. 

We need to examine the yield gaps-potential yields, 
practical yields, and actual yields. One of the first tasks 
is to assemble and codii the scientific and technical 
knowledge from the substantial amounts of agricultural 
and environmental research that has been done in the 
past. This conference has served as a valuable step 
towards that end. 

We still need to learn a lot more about the agricul
tural environments of the developing countries: about 
the climates, weather, and soils; and about the existing 
land use and farming systems that have evolved to suit 
these environments, of the resources allocated to them, 
and of the constraints (including competition for re
sources) which restrict output. These studies will serve 
as a guide to the planning of research and can aid in the 
selection of representative locations at which research 
can be conducted. The same kind of information is 
needed to guide governments in the formulation of rural 
development programs. 

If new technology is to be adopted. it must be 
founded on an understanding of the needs and the 
resources of the existing systems, rather than on scien
tific results alone: in other words, it must help to resolve 
the real problems that producers experience and must 
not call for resources that are not available. New tech
nologies of this sort are only likely to emerge where the 
experience of local people has been incorporated in the 
development of the technologies. 

The work requires participation of interdisciplinary 
teams that contain both natural and human sciences. It 
will be very important to give support of this concept to 
national programs where there Is no previous tradition 
of interdisciplinary cooperation. Dr. Schuh observed 
that we lack international institutions that can focus on 
interdisciplinary efforts. Until there are such institu
tions, we would do well to extend and strengthen link
ages between the institutional structures that we have, 
on the lines of a dryland network described by Dr. Brady.

Much of the work done in dryland areas has been 
very empirical, and a lot of it still is. In the future, modem 
methods of agricultural science which are increasingly 
analytical. synthetic. and predictive must be employed 
in the developing countries and particularly so In the 
dryland areas. This will require a larger commitment by 
policy makers in allocating research resources to dry
land areas. In the past, governments have consistently 
invested a smaller proportion of resources for agricul
tural research in the less favored environments. These 
policies require reexamination. 
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282 Conference Findings-What do They Mean? 

A. R. Bertrand
 
Affiliation Consultant, St. Petersburg, Virginia
 

This final session of the International Dryland Farm- 
ing Conference was designed by the conference organiz-
ers to provide an opportunity for conference participants 
to: 

1. 	 Receive a summary of the reports of the rap-
porteurs from the various technical sessions dur-
ing the conference. 

2. 	 Hear a senior scientist's view of the significant 
findings of the conference and indicate what should 
be done to act on needs that were identified. 

3. 	 Give conference participants an open forum to 
express concerns and make recommendations that 
had not been discussed earlier in the conference. 

The paper by Jensen summarizing the various rap-
porteurs' reports succinctly presents the highlights of 
the various sessions. This paper clearly states the main 
points and further statements are not justified here. 

The paper by Goldsworthy states the conference 
findings and presents them in a global context. Only 
three points made are highlighted here: 

1. 	 The point is clearly made that although much tech-
nical progress has been made, the potential for 

dryland farming is under-realized and more em-
phasis should be given to development of systems 
of sustainable productivity and conservation of 
dryland farming resources, 

2. 	 Realization of the potential of dryland agriculture 
will require greater effort to collect and evaluate 
basic data required for predicting productivity and 

for development of management systems, essen-
tial rural infrastructure, and policies that will be 
favorable to dryland farming. 

3. 	 This paper also identifies a need for a global effort, 
spearheaded by an international organization, to 
focus and direct attention of policy makers, re-
searchers, and the general public to the potentials 

and needs of dryland farming. 
During the discussion portion of the session, the 

following recommendations were made by various indi-
viduals: 

1. 	 Historical weather records for dryland farming 
areas need to be preserved and analyzed. Some are 
in danger of being lost. 

2. 	 A global network for standard weather record 
keeping, processing, and analysis is needed. A 
minimtim data set should be identified and used. 
Data collected should be checked frequently to be 
sure that data are of satisfactory quality, 

3. 	 More and better economic data are needed for 
interpretation of significance of weather events in 
dryland farming. 

4. 	 Support should be given to the efforts of the CGIAR 
which is trying to establish a data base exchange 
system arid to develop standard methods of collec
tion and reporting. Their efforts will involve other 
organizations such as FAO. WMO. and IBSNAT. 

5. 	 Future conferences should examine the limita
tions to the systems of dryland farming and iden
tify critical needs. 

6. 	 Additional studies of the effects of drought on the 
society as a whole should be fostered. 

7. 	 Efforts should be made to ensure that policy makers 
and government officials do not expect "quick 
fixes" in dryland farming. Time horizons for prog
ress are longer than for irrigated agriculture. 

8. 	 Future actions aimed at improving productivity 
and conservation of dryland agriculture should be 
linked with existing allied organizations with simi
lar interests. 

9. 	 Models used in dryland farming should be devel
oped on a modular basis and all models used in 
dryland farming require more and better verifica
tion. 

10. 	 Dryland farming should give more attentiun to the 
economic environment, rural infrastructure re
quired, food processing and preservation, horticul
tural crops, crop-livestock systems, and water 
harvesting and use. 

11. 	 Centers of excellence in dryland farming should be 
identified, perpetuated. and lilcd into networks. 

12. 	 More efforts in dryland farming research should be 
directed at learn-ing what are the highest priority 
needs of the dryland farmers in order to increase 
and sustain productivity. 

13. 	 Future planning should keep in mind that dryland 
agriculture development is essential to meet popu
lation requirements of the future. The potential of 

dryland farming must be articulated to policy 
makers who must allocate more resources to devel
opment and dissemination of dryland manage
ment technologies. 

14. 	A continuing organization (committee) should be 
established by the World Bank to develop follow-up 
actions which should, in addition to the topics 
addressed at this conference, give emphasis to 
identification of data needs related to animal agri
culture, range land, demographics, land tenure, 
rural infrastructure, and definition of terms used 
in dryland agriculture. Activities should be in 
various locations. 
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