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Foreword
 
The green revolution has failed to fulfill expectations in most areas of the world. 
Yields and production levels are only a fraction of those predioted when the 
new high yielding cereal varieties were first released in the 1960s. There is a 
growing recognition thlt envirnminenal factors are largely responsible for this 
failure of' e,,crp varieties to live Up to cxpe2 tatiOjis. 

Soil-related lb ctors are am ong the most sionificant environmental constraints 
on crop productioi in the developing countries. Through practic;l experience 
farmers have tavored areas with naturally highly productive soils and have 
shunned those with the less productive soils. Ignorance 	of improved technology 
and lack of inputs have constrained them from improving crop perforniance in 
areas with poor soils. 

Attempts to identify soil constraints and to develop or adopt technologies to 
remove them are largely location specilic. But other tactors such as rese:ircl 
melhodologiCes and the need fr communication and cooperation amonrg soil and 
crop scientists from the difterent locations suggest the wisdom of a well-organized 
international approach to the identification and removal 	of soil constraints. 

To review knowledge of soil constraints in developing countries and to explore 
ways scientists can use to ielp remnove these constraints, aim international symi
posium was convened. Cosponsored by Cornell University and tle International 
Rice Research Institute (tRRI). lie symposium was held at IRRI headquarters 
in the Philippines. 4 -8 June 1979. It was also supported by univer-ities and 
research agencies from both the developing and rore developed countries and 
by the agricultural research centers funded I-y the Consultative Group on Inter
national Agricultural Research. Direct finarc;ai support was provided by the 
Federal Ministry for Econ omic Cooperation of the Federal Republic of Germany 
and the U.S. Agency for Internat;onal Development. 

The papers in this volume summarize what is knmown about major soil con
straints on both geographic and subject matter bases. Also presented are ap
proaclies that might be used to increase the efficiency and effectiveness of 
research -.ii soils and their management. Special attention is given to international 
cooperation and to mechanisms to encourage such cooperation. 

Thanks are extended to the cochairmen of the Symposium Planning Coin
mit tee. Armand Van Wambeke of Cornell and Hubert Zandstra of IRRI, and to 
Matthew Drosdoff, Hubert Zandstra, and W. G. Rockwood who edited the 
papers published in this volume. Likewise, appreciation is expressed to the 
authors who prepared and presented these papers. 

J. !. Metz 	 N. C. Brady 
Cornel. 	University The International Rice 

Research Institute 



'Welcome address
 
N. C. BRADY 

IT IS WITH GREAT PLEASURE that I join the representatives cf the cosponsor of 
this conference, Cornell University, in welcoming you to the International Rice 
Research Institute and to this conference on the priorities fr alleviating soil
related constraints to food production in the tropics. 

A series of cooperative efforts has made this conference possible. The two 
cosponsoring organizations, IRRI and Cornel! University, eacL are associated 
with groups of comparable institutions concerned with soil constraints to crop 
production. Scientists at Cornell have served as part of a consortium of U.S. 
universities concerned with tropilal soils. The group includes North Carolina 
State University and Prairie View University and the Universities of Hawaii and 
of Puerto Rico. The latter two also pl.nned and are implementing a Benchmark 
Soils Project in cooperation with scientists in Africa, Latin America, and Asia, 
and with FAO and USDA. 

IRRI, in turn, is associated with a number of similar international agricultural 
rsuarch centers with special concern for soil constraints. Sponsored by the Con
sultative Group on International Agricultural Research, these centers include the 
International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) in 
India, the International Institute of Tropical Agriculture (IITA) in Nigera, the 
International Centre for Agricultural Research in inthe Dry Areas (ICARDA) 
the Middle East, and Centro Internacional ,%; la Papa (CIP) in Peru. The centers 
have sponsored or cosponsored soils conferences of international interest and 
provide travel and living expenses for their staff who participate in these con
ferences. 

In addtion to these organizations, other institutions have a keen interest in 
soil constraints to crop production. Many of you are from universities or research 
centers in the developing countries where not only you and your colleagues but 
national food production experts have a deep interest in soils. Those of you from 
universities and research centcrs in Europe, Japan, Canada, and Australia have 
demonstrated your keen interest in soil constraints, especially in the tropics. 
Likewise, scientists in the Food and Agriculture Organization of the United 
Nations (FAO), the United States Department of Agriculture (USDA), Office 
de ]a Rechcrchc Scintij-e et Technique Outre-Mer (ORSTOM), and Institut 
de Recherches Agronomiques Tropicales et des Cultures Vivdrres (IRAT) have 
taken the leadership in identifying and removing soil constraints. 

We are very pleased that two donors have very generously provided support 
to partially cover the expenses of this conference. They are the USAID Devel-

Director general, International Rice Research Institute, P.O. Box 933, Manila, Philippines. 
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opment Support Bureau and the Federal Ministry for Economic Cooperation of 
the Federal Republic of Germany. We express appreciation for their inputs into 

this conference. 
In the international research effort to help people produce more food, the 

first breakthrough has been tihe develop ment of new wheat, rice, and corn varie

tics. Great expectations rose with the early findings - expectations based on 

the concept that plants with good genetic potential would automatically greatly 

increase the world's food production. We now know that this is not true. The 
genetic potential of new varieties is necessary, but by itself does not automa

tically guarantee additional food. We now recognize that the environment in 

which plants grow and with which the farmer works determines whether the 
genetic potential is to be realized. While we recognize the importance of the 

sociopolitical environments that determine whether a farmer will adopt new 

technology, our primary interest in this conference is with the physical environ

ment and, specifically, with the soil environment. 
Most scientists recognize the seriousness of soil-related constraints to crop 

production. But there is no well-coordinated research program to systematically 
delineate major soil constraints to crop production in developing countries, and 
to find practical means o! removing these constraints. The major purpose of this 

confereice is to take the first step toward planning and implementing such co
ordinated research. 

At the 1978 meetings of the International Soil Science Society held in Ed

monton, Canada. a number of soil scientists met with Dr. A. Van Wambeke of 

Cornell and Dr. H. G. Zandstra of IRRI to advise on the specific objectives of the 
symposium and on ways to make it most effective. The general outline developed 
by )rs. Van Wambeke and Zandstra was later circulated among those who had 
contributed to the Edmonton discussions and provided the general focus for the 

conference program that was finally developed. 
Assembled here today are soil scientists from the developing and more devel

oped countries. Some are scientists whose work is to characterize and classify 
soils. Likewise, among us are scientists who ascertain soil performance and who 

want to relate that performance to soil characterization and classification. We 

hope we will have the wisdom to identify what should be done and how we can 
best organize ourselves to get the job done. 

To help us achieve our task, the organizers of this conference have given us 

two major assignments. First, we are to summarize what we consider are the 

major soil constraints in the different ecological regions of the world. And then 
we are to develop mechanisms and approaches for further identifying these con

straints, and technologies to remove them. After listening to a,series of papers 

on these topics, we will have group discussions about thu constraints as they 
occur in different ecological situations in the world. Then, we are to identify 

who might best perform the research and how it could best be coordinated. 
Specific attention must be given to the inputs from national research institutes 
and universities in both the developing and more developed countries, and from 
international organizations. 

Those are our assignments. The week ahead is of tremendous importance. I 
wish you success. 
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Toward an internationally

coordinated program for
 
research on soil factors 
constraining food production
in the tropics 
L. D. SWINDALE 

Soil-related constraints to food production in the tropics must be 
overcome mainly by national research. International efforts needed 
include strengthening national institutions; creating government aware
ness of needs for research; developing methods and more systematic 
experimental designs; gap-filling research, particularly in soil physics, 
biology, mineralogy, and soil-survey interpretation; multidisciplinary 
research; research on problems that supersede national boundaries; 
and creating conditions for international communications and the 
transfer of agrotechnology among countries. 

An international, scientifically based coordinated program will 
assure that resources are obtained and are used efficiently and that 
soils are used wisely in meeting the demands for increased food pro
duction. Its elements include an international coordinating center, an 
international benchmark soils network, and national and international 
cooperating centers. The international agricultural research centers 
(IARC) can provide much of the international effort within their 
crop-improvement and farming-systems mandates, but at least one 
specialist international soils research institute may be needed to in
vestigate problems that supersede national boundaries or lie outside 
the mandates of the IARC. 

"Possibly as many as 450 million to a billion people intileworld do 
not receive enough food. Most of the hungry people live in the poor 
countries ...If the developing countries are to increase per capita 

International Crops Research Institute for the Semi-Arid Tropics, Patanchern P.O., 
Andhra Pradesh, India 502 324. 
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food availability by at least 1%per year, they need to expand their 
food production over the next 25 years by ain average rate of about 
3-4;t per year ... increases in yield need to average about 2.57(, per 
year." 

This quotation, taken from the Report of the World Food and Nutrition 
study published in 1977 by the United States National Research Council. serves 
as an appropriate introduction to this paper. 

There is no fundamental reason for people to go hungry, or for the targets 
not to be met. The workt can feed its people and many more. A recent, and 
optimistic, estimate of the carrying capacity of the world is 40 billion people 
(Revelle 1976). Un fortunately tileperforinance so far has been less than reassur
ing. Dudal (1978) gives figures to show that in the 20-year period 1957--1977, 
the area of arable land in the world increased by 135 million hectares, which is 
about 10"; or less of the land still available to be brought into cultivation and an 
increase of only about 9'/ of land already in agricultural use. The world's 
population increased by 40',; during the same period. 

Food production from the increased arable land is enough to feed only one
third of the increased population. The food required to feed the other two
thirds has come from more intensive use of existing lands. Most of the increase 
occurred in the developed world and not in tIme countries where most of the 
additional people live. According to Dudal (1978), the additional production 
resulting from extension of cultivated lands in developing countries is lagging 
far behind that required by the increase in population. 

In addition to the concern about food needs, there has been in recent years 
an increasing awareness of the need to be concerned about who produces it. 
The so-called Green Revolution has been criticized because, tie critics claim, 
the rich farmers became richer and the poor farmers poorer. The revolution's 
staunch defenders refute this criticism. The truth lies somewhere between - that 
is. the small farmers are benefiting from the gains in wheat and rice, but the 
benefits are distributed unevenly, with more accruing to the better endowed 
producers. 

Neither party to the debate on the Green Revohtion disputes the claim of 
the small farmer to share in the production and its benefits. Equity, as much as 
efficiency, is now part of the equation. Indeed it is the declared policy of 
governments sponsoring this conference that their aid programs will be directed 
towards the small and resource-poor farmer. For this to happen, the staple foods 
needed to relieve hunger and malnutrition must be produced by the rural people 
where they live, and not on empty lands somewhere else. 

The need to produce more food from existing or new lands means more 
efficient use of soils. Roads, dams, canals, fertilizer plants, distribution centers, 
and market towns must also be built, and all of these put demands on the soil. 
Soils can be destroyed if not wisely used. A conference of soil scientists con
sidering how research can relieve the soil-related constraints to food production 
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must also consider constraints to the wise use, management, and conservation
 
of soils.
 

SOIL-RELATED CONSTRAINTS TO DEVELOPMENT 

"The soil is a living body." Norman H. Taylor, late director of the New Zealand 
Soil Bureau, would make this statenient soemnmly at the beginning of virtually 
every ctaeatrence or workshop held by soil scientists in New Zealand. IHis intent 
was to remind scientists of the biological and dynanliic nature of soil, and tile 
likelihood of its inisuse if treated only as an inorganic mixture of sand, silt, and 
clay. The recent United Nations Conference on Desertification gave many 
examples of soil misuse and stressed the need to consider the long-term effects 
of development upon soil. II this sense, all soil characteristics are potential 
constraints in that intensified use of soil may lead eventually to deterioration 
in soil quality. 

The purpose of this con ference is to determine the main soil-related con
straints to food production in the tropics. It is necessary, for purposes of this 
paper, to anticipate the results of the conference. Fortunately there are some 
impressive guides iII the soils literature. Sanchez (1976) recently summarized and 
codified current knowledge of soils in the tropics. Greenland (1(;78) has made 
inup-to-date analysis of research needs illsoil science. Much o[ his analysis 
applies to the tropics. lie cites the need for better understanding of the chemistry 
of humic materials, soil nitrogen balance sheets, and the ecologies of soil organ
isms, and the failure of soil physicists to provide solutions to field problems. lie 
lists among future challenges the need to increase soil productivity in developing 
countries. to develop new lands for agriculture, to prevent soil degradation, and 
to stop the alienation of prime agricultural lands. 

The Technical Advisory Committee (TAC) to the Consultative Group on 
International Agricultural Research (CGIAR) recently suggested (TAC 1979) 
that several aspects of soil science warrant international support: 

0 soil and water management research within tileprograms of the international 
agricultural research centers (IARC) as relevant to the centers' programs in crop 
improvement and farming systems: 

* correlation of national soil inventories to overcome the site-specificity 
problems of soils research; 

* use of bcnchmark soil sites and the need for soil, plant, and water studies 
on them; 

* improving and maintaining, with low inputs, the potential of infertile tro
pical soils: 

* principles and methods of soil conservation, particularly in semiarid and 
arid zones; 

* soils research closely related to improved water management, partictilarly 
for major irrigation schemes or for irrigating problem soils; and 

* in Africa south of the Sahara and in mu,ch of Latin America where irrigated 
areas are relatively small, concentration also within the context of farming 
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systems research olnrainfed farming illsemiarid and semihumid savanna ,reas, 
where seasonal water deficit and seasonal waterlogging are both problems. 

Obvious constraints 
Soilft'rtilit' and/)lant nutrition. Intensification of food production in the tro
pics will need large inputs and more efficient use of nitrogen. phosphorus, and 
potassium fertilizers. Much research is needed, but inost of' it should be done 
throuldi national efforts. Methodologies are well understood. governments are 
aware of the need. and the fertilizer producers are able and willing to help. Sub
stantial work at the international level is already under way or planned by the 
Food and Agriculture Organization of th,"United Nations, the Interiational 
Fertilizers Development ('enter. and te iIARC. 

Strenglthenin, national programs, training scientists, and improving research 
qualiiy and methods are the best uses for bilateral and multilateral assistance. 
Still needed are methods to investigate e;'ficletit use of nitrogen in flooded soils 
and the dynamics of lLtrient movement in the semiarid tropics. There is scope 
for intrliationally coordinated trials and need for more research on the relation
ships between fertilizer response and soil variability. 

Although the cu relt research effort on tnicronutrients is small, it is probably 
in ba..nce with the current need in relation to soil use. Exceptions may be for 
research oin microehemenlts that are widely deficient in tropical soils or that 
signif'icantly influence biological nitrogen fixation. Micronutrient research should 
also be throtth n-tional programs.
 

Soil s:trv.' Iiad classification. Survey and classification is the essential basis 
for the wise use and nalaceinent of' soils. About one-fifth of the world's soils 
have been survey .1,with the highest percentage in Europe and the lowest in 
Africa (Dudal 19 ;).There is a substantial need for more large-scale surveys, 
particularly of" first and second order, and for greater use of remote-sensing 
techniques for higher ordcr, small'r-scale surveys where the-0 do not already 
exist. 

Much of' this work can. indeed must, be done th;,augh national efforts. 
Methods are well known and essentially standardized throughout the developing 
world through effective assistance by FAO.Governments are generally aware 
of the needs, and somenprovide sufficient and substantial resources for the work. 
Development agencies usually require soil or land surveys as part of area develop
ment projects. and ;,rewilling to pay for them. International assistance is mainly 
needed to strengthcn national efforts, to train staff, and to assist in tileimprove
ment of' staff intality. 

An adequate international soi! classil'ication, Soil Ta.'onom., (USDA 1975), 
now exists as a result of an impressive 20-year effort by the United States Soil 
Conservation Service and cooperators throughout the world. Improvements il 
soil correlation to ensure accuracy in soil survey and classification require inter
nationai effort and funding. Research is needed to improve the usefulness and 
accuracy of Soil Taxonomi' with respect to tropical soils. The research is best 
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done in the tropical countries where the problems exist, but it will need inter
national support. Changes in Soil Taxonomy will require international efort and 
agreemen t. International soil-data banks are required to store information on 
correlated and classified soils. 

Soil amenhnents. Much research is needed on the use of lime. farmyard 
manure, and silicates as soil amendments in tihe tropics. The World Food and 
Nutrition Study (U.S. National Research Council 1977) states that 70'1; cf the 
unused arable land has acidic soils. Application of' lime to correct soil acidity in 
the tropics according to procedures used in temperate zones has often ended in 
failure (Kamprath 1972). Newer knowledge of' the importance of exchangeable 
aluninum in soils has been ielpful. but substantial itnplovement is needed in 
methods to estimate lime requirements ad the incorporation of' lime at depth 
in the soil. 

Phosphorus plays a double role as nutrient and amendment. It is an essential 
nutrient deficient in most tropical soils, but is needed in such vast quantities 
to overcome hi h fixation in a few of them, particularly Dystrandepts and 
Hydrandepts and some Udults and Oxisols. that it must be classed and financed 
as a soil amendment. 

The work must be done largely through nation.: efforts, but international 
support is probably needed to improve methodology aml the exploration of the 
principles involved. Much research, including long-term availability studies, should 
be done to iirove the efficiency of phosphorus use in high phosphorus fixing 
soils. 

Soil erosion and conseri'ation. The tendencies for soils to erode and the need 
for their conservation are obvious constraints to all-out food production. There 
has been in recent years substantial emphasis on the seriousness of soil erosion 
in the tropics, but not miIch sound and useful research has been done (Green
land and Lal 1977) and the work is expensive, complex, and mdtllidisciplinary 
in nature. A significant international aid internationally funded research effort 
is required to supplement the effort that nations can make for themselves. 
Furthermnore. there are often international implications to soil erosion, i.e. the 
effects of' soil erosion or conservation in one country may have direct effects 
upon soil productivity in another. 

Soil managemeLnt. The term soil management is used to cover many types of 
activities aimed at improving soil prodtictivity or increasing crop production on 

specific soils. It includes the management of special types of soils, such as soils 
for rice or soils with special problems such as waterlogging or salinity. 

A substantial research effort is being made by national institutes, often with 
bilateral or nultilateral assistance. International effort is needed to devise more 
efficient multidisciplinary methodologies, to train national research workers, and 
to devise techniques to reduce the site specificity of' the research. 

Dudal (1978) concludes that the lack of' knowledge of' soil requirements for 
specific crops is seriously limiting interpretation of soil surveys. Not enough is 
being done to relate crop performance to permanent soil characteristics. Sonic 
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of the IARC are pioneering in soil management research within larger farming 
systems frameworks. Tile work is attracting national interest and is currently 
being subjected to intensive review and study. 

Less obvious constraints 
Soil physical conditions. Several authors, from Aubert (1962) to Greenland 
(1978), have stresseJ the importance of soil physical constraints to the use of 
tropical soils. There has been little response by scientists. A major international 
effort is needed to close the gap between what is known and what needs to be 
known, and to create national programs of research. 

Water in the soil, either too much or too little for adequate plant growth, is 
often a major limiting factor. But there are few soil physicists in the tropics 
doing field work on dynamic water balances or hydrological profiles. Let me 
give a simple illustration by quoting a statement by Antoine (1977) at the Soil 
Resources Inventory Workshop at Cornell University in 1977. He said, "The 
USDA's Soil Taxonom*, offers some serious disadvantages. As in most countries 
of Africa, Asia, and South America, available soil moisture data are very scarce 
in Northern and Western Africa." And yet these measurements are not difficult 
to make. 

Other soil physical constraints such as surface and subsurface impedance, 
tilth, and structural conditions are either difficult to measure accurately (and 
therefore to study effectively) or expensive to overcome. Much r,search is 
needed because they are likely to be major economic soil constraints in the 
tropics. 

Soil-survey interpretations and land classification. Although an adequate 
national input is being. or can be, made into soil survey and classification, this 
is not so for soil survey interpretation and land classification. An understanding 
of soil potentials and limitations is essential to good land use planning for food 
production and ec,-nomic development and for the wise use of soils. Soil-survey 
interpretation and land classification, like soil management, are approaches to
ward a holistic understanding of soils. 

The requirements for effective soil survey interpretation for agricultural 
development are known (Swindale 1977), but there is virtually little research in 
the tropics on the methodology and validity of soil survey interpretation and 
government awareness of its importance is insufficient. The soil fertility capa
bility classification by Buol et al (1975) and the interpretations for rubber in 
peninsular Malaysia by Chan (1978) are noteworthy exceptions. A major inter
national effort is needed and is possible. The Benchmark Soils Projects of tile 
University of Hawaii and the University of Puerto Rico are pioneering efforts 
that demonstrate what needs to be done. 

Soil biologj' and reactions of organic compounds. Concern about the cests 
and deleterious effects of nitrogen fertilizers has led in recent years to greater 
interest in, and research on, biological nitrogen fixation. The work in the tropics 
has been mainly done at international levels by the IARC, with a few major 
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exceptions (see, for example, Dobereiner and Day 1975). A somewhat similar 
situation exists with respect to research on the influence of mycorrhiza on phos
phorus utilization. 'he efficiency of nitrogen fertilization is closely related to 
the reactivity and nature of soil organlic matter. 

Pesticide use is increasing ilr the tropics. Research on retention and fate of 
these chenicals in the soil will be needed. 

Soil scientists study soil microflora primarily because of an intcrest in organ
isms that improve the supply of nutrients and oxygen to plants. but many plant 
diseases are caused by soil-borne organisms. Root and stem rots are prevalent in 
the tropics and pose serious constraints to food production. The study of tile 
ecology of these organisins is a soil research need. 

Soil m;neralor and surfwc chemistrr. The significance of soil mineralogy in 
the tropics has long been recognited. Lateriles. soil hardening, and the low per
manent charge characteristics of many tropical soils are well described in the 
literature. The importalce of soil mineralogy to food production and economic 
development has not been given the same degree of study. We are beginning to 
uindersiad ie significauce of variable charge and siirface pheiomena to fer-

It is possible, it' 
fundamental research on the surface reactions of soil minerals may lead to 
important improvements in the productivity of soils in the tropics. The effort, 
at least initially, must be at international levels. 

tilizer use and efficiency. rather speculative, to believe that more 

THE NEED FOR COORDINATED RESEARCH 

This analysis of soil-related constraints has identified much need for national 
research in soil science atld the following needs for international efforts: 

* strengthening of national programs, including training and improving research 
quality;
 

" creating government awareness;
 
* more accurate identification of constraints; 
* developing new methods and more systematic research; 
* conducting international trials; 
* storing data: 
* filling major gaps in neglected areas; 
* multidisciplinary, holistic research; 
* rescarch on problems that supersede national boundaries;
 
" creating conditions for the transfer of technology among countries; and
 
* developing communications networks. 

Coordination is needed a) because agricultural research is costly and the 
creation of a sufficiently large national effort is often beyond the resources of 
developing countries; b) so that knowledge building can proceed at widely dif
ferent locations; and c) to help harness the substantial reservoir of talents and 
facilities for soils research that exists in the developed countries (Kelley 1974). 
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Coordination in international soils research will also focus attention on the 
need to use and manage soils wisely in meeting demands for increased food 
production. 

If there are advantages to coordination there are alsc disadvantages. Coor
dinated international research may frustrate the efforts of national scientists and 
interfere with their ability to perceive what is most needed in lhei own coup
tries. It can rcduce funds and jobs available to national sci-n tists-, iI .L reduce 
their influence and importance in their home countries It c;,- reduce the value 
of individual initiative and exploitation of chance observations in research. 
Coordinated multilocational trials may divert scarce resources of time and funds 
of nationdl scientists, and their institutions, away from miore important national 
concerns. It is important in developing an internationally coordinated system of 
soils research to be aware of these potential problems. It is not necessary, 
possible, or even wise to coordinate all soils research in the tropics. 

A RATIONAL SCIENTIFIC BASIS FOR COORDINATION 

A soil is part of the landscape; unlike the seed of a plant it cannot be moved 
physically from place to place. Soils are variable, and soils of the tropics are 
moic variable than soils in temperate regions (Moormiann 1972). An international 
center ini a single location cannot conduct all the international level soil research 
required; even a network of cooperating institutions cannot cover the needs 
adzquately unless there is some rational scientific basis to their efforts. 

An agreement to utilize common nieltW;ologies would provide a first basis 
for coordination. It would also lead to comparative studies of methods and 
eventual improvement in their accuracy. A valuable side benefit would be the 
training in methodology provided to staffs of cooperating centers and other 
researchers. 

An emphasis on process-oriented rather than practice-oriented research would 
provide another basis for coordination. That is easier said than done. Research 
to elucidate principles and cause and effect relationships requires good under
standing of theory, careful design of experiments, and the use of the scientific 

niethod. It may also require greater emphasis on basic research than most donors 
or governments may be able to understand or willing to accept. 

The Benchmark Soils concept provides a third basis for coordination. A 
benchmark soil is one occupying a key interpretative position in a soil classifi
cation framework, or covering a large area of a region or ,iation or both. Research 
undcriaken on benchmark soils call be used to estimate probable results for soils 
not otherwise investigated. The Benchmark Soils concept, combined with Soil 
Taxonomy and established methods of soil interpietation will provide, in fact, 
the elements of a systematic methodology for agrotechnology transfer in the 
world and is potentially the most effective basis for a coordinated network for 
research on soil-related constraints to food production. 



13 Internationally coordinated program for research on soil factors 

COORDINATING MODELS 
Several modcls have been proposed for coordinating international soils research. 

The Brady model 
One of the earliest was proposed by Brady (1912). fie envisaged a "decentralized" 
center with a director, a small administrative staff, and a basic soil characteriza
tion laboiatory at one ieadquarters location. Its scientists would work at atellite
sites -- in international or national research centers - carefully selected to pro
vide a range of soil conditions chaiacteristic of the tropics. A schematic illus
tration of the concept is presented in Figure I. Soil scientists would work for
the soils center and the crop-oriented center or field station at which they were
located. The staff would work closely with staff from other disciplines in the
crop-oriented center but would, 'it '.Ie same time, implement research l1 anned 
and coordinated within programs from the soils center. 

Brady saw the tropic;l soils center as serving several purposes. F*rst, it would
provide an int'ernational focus on soils of the tropics and their management.
Second, it would provide a mechanisin for coordination, planning, and annual 

International 
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Characterization laboratory 

Soils "Cell" 
International 

Soils "Cell" 
International 

Soils "Cell" 
International 
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Center A CenterB Center C CenterD 
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in 
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in 
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I. The concept of 'decentralized" International Center for Research on Tropical Soils. 
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reporting. Anntal workshops, proposed as part of tile ceer'S work. would be 

held in difl'erCnt places aid wotld be coordinated with eioal eearch con

would provide managed funding for badly necdedterencc,. rhirdly. the centcr 

research on "ropical soils. It was hoped that tite developmnti of such an insti-

It the cleaioll of aditional sourCces olSllportlitio.lal I'llllleok wold lead 
'ol tropical soils re,,earch. 

The traininge of scieltists a:nd edlcaltors colncelled with tropical soils work 

would be an illiportaI obljcCtie of tile center. hlieuse ol postdoctoral trainees 

was StreSed aS a trMa0s of providing experience il working in tile tropical 

countries for scientits Irom dtevClopCing coun1tries who had gained their academic 

(lialitcarios o\CreCas. 

The Kelley model 

A 110re ela0borate strucLture for a coordillalting netwOrk for tropical soil science 

was proposed by Kelley in I )72, and Cenlarged in a sunbseqlient paper (Kelley 

1074). The model Fig. 2) paralleled as nearly as possible tile commodity tnct

work of the exkrtiii international ar'icttllural rc+;earch centers. baird ( 978) 

sulp)ported the geIeral idea of"tle Kelley nlodel. 

:toplta.,is ill the Kellc model is on duveloping a netorl, to a,:hieve critical 

,,naUssin,' of retmiCe, rcquir'a to gain breaklhrotghs ott irtrportaltt soi!-related 

cotstraints. Kelley stressed the inltortatrce o1 1tocusitt tile Otttplts (of tle let

worK )tt' larrriets itt tIne develop'ing contrtries, anditire treed folr elective interltal 

linkages beteen national research institutions and the ieiarters.alSo stressed 
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the ilupotailce of cooldinaliOll and m theCt)llllllliCatiollMid Mentiotted ieed for 
ii iirc ctier ito car oul and laIchilitate many ol die "Unctionis currently heing 
handled hv cotninodity-related lAR'. The Kell'y nlodel. however. did nt0 pro
vide o'orSuch a nerve center. coOdiliatin at international levels presumably 
would De developed at a later sta.e and be dependeit on tie IARC soil science 
preranS and tie Al-,spported o('.)i lllltt ol lrt)pical Soils and U.S. uni
versitie,. 

The Swindale-Uehara model 
Swiitdale (l)78 ) and Uelara ( 1978 ) proposed a model hasad on tile Benchlmiark 
Soils plroects of the tniversities of llawaii and Puerto Rico. Their niIodel stresses 
scienliti,. .oldinlationi through tie benclhmark soils concept and particularly 
threhl the soil family ofsoi/Taxvnonw. 

The soil ,amlily is the filTh0 level of sudivision in the taxononly. To quote 
I'll the ,t llitiont ill tie taxono lly. 

the intent has been to grtoup hinmi soil faMily) the soils within 
tile tLnbhgrop hlvilng simila , and chenmical thatphys'ical properties 
affect their tespolnse, to iniagenenit and manipulation for use. The 
responses of cotmpar',thle plases of all soils in a family are "'eally 
enoui tile same to meet Most oh our needs for )ractical itolrpre
tatiolls oh such lespomtses." 

Bencmark soil fauimilies, there'ore. provide in principle the hasis for agrotech
nlology transfer. 

Swindale and Uelara proposed expanding the Benchlmark Soils proiect into a 
global network of' henclitnark soil families. Ixistine agricuiltural research sta
tions would be incorporated into tile network by determining which soil families 
were represented to a sigl'.i'Cilnt extent aMong themn. Tey consideredl that the 
soils -esCaelch network would: 

0 ituprove colmnllnication between researclers and planners in different 
cOtlntries wot-kin- under sitmilar soil and envirotnmental conditions: 

* increase time valie el' published data. reports. and regional develptment 
plans: 

* provide tIe basis for cooperative research oil soil and water management 
id crop respotnses to tlanuiltactured inptis: 

* he useIl inl designing experimlents to ascertain crop responses to the 
variables that constitute soil family criteria: 

* provide il-cotintry type locations for soil classification; and 
aaid in refining soil-fInmily criteria for the tropics and in testing the general 

usefulness of tile soil-fan ily concept for land-use plannlilg and developmnent. 
The University of Ilawaii-University of Puerto Rico Benchmark Soils projects 

would provide coordination by assisting in: 
* cla-+sifying soils at tile family level:
 

" )nblishing and distributing compilations of soil-family data;
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0 storing the data in soil data banks and making the information available to 
all contributors; 

* establishing contacts between countries with similar soils; 
* making arrangements to incorporate published reports of research available 

in the data banks and making them available through bibliographic retrieval 
services; and 

* providing training and organizing seminars and workshops for coordinating 
and planning purposes. 

The IBPGR model 
Baird (1978) referred to the International Board for Plant Geneti," Resources 
OBPGR) as a possible model for the coordinating center of a Soils Research 
Network. IBPG R has been in existence since 1974 and is a member of the CGIAR 
system. The objectives of the Board are to: 

nCIld• identif needs priorities for exploration, collection, and evaluation and 
conservation of plant genetic resources, and to make the collections available 
for crop improve ent 

* establish standard methods and procedures; 

* arange for regional activities; 

* promote technical meetings and training: 
* develop a worldwide network of institutions, organizations, and programs 

able and willing to contribute to the above objectives; 
* promote articulation of onigoing programs to avoid ,innecessary duplication; 
* strengthen national programs: 

* pronmote the dissemination of information and material among centers and 
institutions; 

* develop computerized information storage and retrieval s/stems; and 
* estimate the annual financial requirements of those parts of the program 

not otherwise adequately covered. 
IBPGR cooperates closely with the IARC. several of which have agreed to 

coordinate the genetic resources activities of the crops in their mandates. 
The Board is small, works mainly through committees of experts, and has 

few operational responsibilities. The Executive Secretary and staff' of the Board 
are provided by and partially financed by FAO. where the Board has its head

quarters. The Board has been effective in creating international and national 
awareness of the need to collect genetic resources, and has catalyzed and sti
niulated much activity in this field. 

The International Soil Science Research Institute (ISSRI) 
Bentley (1978), in his presidential address at the I Ith Congress of the Inter
national Soil Science Society. proposed the establishment of an international 
soil science research institute, to be a member of the IARC funded by the 
CGIAR. Although his proposals contain few details, it is clear that ISSRI would 
be expected to concentrate on the problems of f,,od production on tropical soils. 
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He envisaged a single center of excellence with resources, recognition, and re
wards second to none. Bentley proposed a single institute as essential to ensure 
for soils research the type of support and prestige that havc accrued to the present 
IARC or, better still, to the centers for excellence in medical research around 
the world. According to Bentley, some of the site-specific problems of a single 
institute could )e overcome by the use of more modern methodology, e.g. the 
use of remote sensilg techniques for lid resource inventories. 

TAC took note of the ISSRI proposal at its twenty-first meetiro in February 
1979, but did not accord soil science research a high priority from the point of 
view of'CGIAR support. 

The International Benchmark Soils Network (IBSN) 
An International Benchmark Soils Network, closely related to the earlier 
Swiridale-Uchara proposal, was recommended by the AID-sponsored workshop, 
The 1mplications of Agrotechnology Transfer Research, at the International 
Crops Research Institute for Seni-Arid Tropics in October 1978. It was proposed 
that the Network be based on existing national and international agricultural 
research centers. 

The ,c twork would be responsible for establishing: 
* a global network of benchmark soils; 

a program of coordinated standardized agronormic research to obtain essen
tial production information for important tropical crops: 

• a coordinated program to develop relatiorships between soil characteristics, 
climatic pararueters, and crop performance; 

• data banks containing files on soi! distribution, soil clharacteristics, soil 
classificaltion, and soil use: 

0 a cornmuriicatiorIs network involving national agricultural research centers, 
international agricul tural research centers, and international governmental agen
cies: and 

* a central unit with a governing board to serve as a cl'-aringhouse, coor
dinating forui. and training center. 

The workshop proposed certain ancillary international activities to interna
tionalize Soil Taxonoln'V, establish a system for international soil correlations, 
and develop standards for research to collect crop-performance data. The work
shop also outlined pi ocedures for establishing national benchmark soils networks 
and coordillaling them with the international system. A logical framework 
(Fig. 3) was developed to show the Network, its division into crop and soil 
studies and their recombination into interpretations for increased food produc
tion. better land use planning, and accelerated economic development. 

CONCLUSIONS 

None of the models described in the previous section can serve all requirements 
for international coooeration and action in soils research that derive from a 
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consideration of the constraints. A new model, compilsing some combination 
of previous models and new ideas, must be developed by this Cc,.ference. Tile 
model needs a coordinating center, national and internatioaai coperating 
centers, and a rationale for coordination based, in my view, on the Benchmark 
Soils concept. 

An international coordinating center 
The responsibilities of the coordinating center would be similar to those de
scribed for IBPGR and the Brady model. They would be: 

* to develop a worldwide network of institutions, organizations, and pro
grams; 

* identify needs and priorities for international cooperation in soils research; 
* create international and national awareness of needs and prior ties; 
" obtain funds for soils research and particularly for strengthening national 

programs; 
0 promote national and regional activities and their articulation as necessary 

and appropriate; and 
0 develop or assist in the development of soil data banks and other clearing

house activities and communications functions, including the promotion of tech
nical meetings and training. 

The center would be most appropriately governed by a Board of Trustees 
selected to represent constituencies of national programs, donors, contributing 
centers, and the professional fraternity of soil science. 

An international benchmark soils network 
The Benchmark Soils concept should be used to provide the rational, scientific 
basis for cooperation. The soils of all field research stations of cooperating insti
tutions should be considered, at least initially, as benchmark soils, and charac
terized and classified in terms of Soil Taxonomy). 

A Benchmark Soils Network would be responsible for scientific activities 
related to its own establishment, that is. soil characteiization (including the 
standardization of methods), international soil correlation, soil classification, 
assisting to internationalize Soil Taxonomy, and establishing related data banks 
and communications activities. In addition, the network would promote condi
tions for agrotechnology transfer by assisting in the establishment of national 
benchmark soils networks, promoting or engaging in research on soil survey 
interpretation and land classification, and developing a coordinated program of 
research on the relationships between soil characteristics, climatic parameters, 
and crop performance (see Fig. 3). The network could be developed de noro or 
be the responsibility of an existing institution. 

National cooperating centers 
Most of the research to relieve soil-related constraints to food production and to 
ensure wise use of soils in the tropics must be done by national institutions. 



Internationally coordinated program for research on soil factors 19 

Internationat
Bench,arork 
Soils Network (IBSN) 

FfsoarcffitoI ar to R 
predict crop perform. r 

ane from soil collection program on
aric frotl oles tenchmark sodts 

mental systematic$ cofcsllion and
 
and desin e d
 

ao nd cla ify benchmark 
performance s n national

.okc l eatIntern, a " 

nlesearchstations 

ion a l he lin cEstabiht crop product 
gs tnlec i and Soilfunct ions on makSil .e ; n l data on eirs

ben r, f 

o k '.~~~hchmarkm1,s(,. 

ct crop Data f olesa r t i ernaior l or k
shopseandcoordinatioafc

dAbility to pre
vi s.ne perom nLirsiandI taxa ,]maejof henlchrnarkSoils ~ ~11late 1so,IvLoperties 

Sy t a. . th . q N a tiona l c a,,pl, ity to I" . . a 
in'Jal re co le", classify, andi 

for a rof ihnoloaqy ' ' tranfer nterpret soil sLarve'yanda~~~Soil-"'!rtirald 

and fertility, s~~oial edmtsa, and suveonplasfcain he ol 
production entddcision makin 1 

3. Logical framework fo3r the International Benchmark Soils Network. 

They are often well-equipped to do )articularly in the fields of soil chemistry 
and fertility, soil amendments, and ,: survey and classification. They would 
benefit from infusions of funds to supplement dheir own resources. They could 
undertake some of the priority research needed at international levels through 
specifi ;research contracts or regional research activities. 

National centers often benefit f"rom international help in convincing govern
nents of the importance of their work, in strengthening their programs, and in 

training. They usually need outside funds for participation in international work
shops and coordination activities. 
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International agricultural research centers 
Several of the IARC undertake soils research within their mandates in crop 
improvement and thirniing systems. The work is necessarily of an international 
character. The Centers could enlarge their activities to undertake gap-filling 
research related to their mandates, develop new methods, conduct coordinated 
international trials, provide training facilities and opportunitics, and act as 
regional coordinating centers for international soils research. Particularly within 
their farming or crolpping systems programs, they can take leadership in develop

ing m.tidisciplinary methods for research ol soil management and soil ermsion 
and conservation. It is unlikely, however, that the Centers will be able to provide 
for all the international needs in soils research, and because of their strong 
commodity orientation, they are not the b,:st institutions to focus international 
attention on the wise use of'soils. 

Specialized international soils research institutes 
Some research to fill gaps in such fields as soil physics, soil biology, and soil 
mineralogy, and some multidisciplinary research may need to be undertaken by 
a specialized institute or institutes established on an international basis for the 
purpose. Such institutes could also undertake responsibilities for research on 
problems that supersede national boundaries and for activities similar to those 
described for the IARC. 

Existing institutions in developed or developir, countries could undertake all 
or part of these research activities and some of the other backup basic and 
methodology research required, with t'unds providcd by donor governments or 
agencies. However, the existence of a specialized international soils research 
institute would help ensure international attention to soils, something which 
existing national institutes will not be able to do so well. For this reason, it may 
be wise to ensure that at least one such institute is included in the overall net
work. 

Initiating the system 
There are many organizations, institutes, ant, ,enters in the world willing to be 
involved and capable of contributing. Their current activities may form the basis 
for their contributions, but for the most part they would require additional funds 
from outside dcnors to be able to undertake the work required. United Nations 
organizations (particularly FAO. UNESCO, and UNDP), the IARC, the Inter
national Soil Museum, and some centrally funded activities of USAID should, 
because they are already international in character, be able to contribute directly 
to the needs. 

Furthermore, FAO and particularly the IARC may be able to enlarge their 
activities using existing funding sources. To this extent, an internationally co
ordinated network in the immediate future would probably be best initiated 
through them. FAO might undertake to be the initial headquarters for the 
coordinating Center. If it is unable or unwilling to do so, one of the IARC might 
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assume the role. My choice, in that case, would be IRRI, led as it is by a dis
tinguished soil scientist who suggeste, one of the earliest models for an interna
tionally coordinated program for research on soil factors constraining food 
production in the tropics. 
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Soil-related constraints 
to agricultural development
in the tropics 
R. DUDAL 

Tropical regions are reputed to have vast potential for increasing 
agricultural production. This potential is usually attributed to tem
peratures that favor plant growth throughout the year, and to the 
availability of large areas of noncultivated land in the tropics. It is 
recognized, however, that the intensification of agriculture in the 

tropics presents a number of problems. Soil-related constraints are 
often listed among those that are most difficult to overcome. 

Estimates of the agricultural potential of the tropics have been 
made in general terms. A more precise evaluation is now needed. 
Constraints related to soils of the tropics - frequently equated with 
problem soils - require qualification and the concept of tropics itself 
needs to be more clearly defined and to be stratified in terms that 
have interpretation value. 

THE TROPICAL ENVIRONMENT 

The most common definition of the tropics is the astronomical one, which refers 
to tile region of the earth situated between 23.50 north and south of the equator. 
The area concerned is easy to delimit and quantify: 4.96 billionIha; 38% of the 
world's landmass spread over Africa (43/), South America (28/(), Asia (20%), 
Australasia (59 ), and Central and North America (4'/). 

Tropics can also be defined as areas having mean temperatures - adjusted to 
sea level -- greater than I8°C in all months. Using these limits, the boundary 
between tropics and subtropics is shown in Figure 1 (FAO 1979). 

Another definition is based on the concept of soil iso-tenperature - meaning 
areas where the difference between winter and summer soil temperatures at 
50 cii depth is less than 50 C (USDA 1975). Co-varying properties are the 
absence of seasonal soil freezing, the absence of concentrated seasonal leaf fall 
on moist soil, crop growth depending primarily on actual rainfall, and absence 

Director, Land and Water Development Division, FAO, Rome. 
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ott growth restrictions due to pleriodic-ally low temperatures. The isolitnc of 70C 

ditference between tue;. summer and winter air teitiperatlies (Fig. I ). which is 

estimated to correspond the 50C soil iso-temiiperatnire Iundar , coinsiderablyto oo 
reduces the trolical area. The senllirid MilI Mrid aS oi'sotutherll Bolivia, iolthern 

Chile. aiid nliolrthern . the 'rost-pr oe areas ofl southern lBratil, the 

llortherl part o tile Salehliami belt, norther id central Illdia, Sotmillrn China. 

and the arid and seiarid ai1ca of AnstrIlia loct:ieL hC\'Cwil the Tlopics o1' 

Canilcelr IIILCapricoi lie otside the iso-telliperatue tone. 

]'le IlUe tioil aiCS. howver, whether air te11ptinprauire LoeCs t1o hivC iotre 

interpretative valule than il teimperature ill the tropics. Soil temperature is iot 

a limiting fIactor to crop growth while air teitpe rauir goveris photosynlietic 

elfficielncy. IIi the tropics this Cficielicy is lowe isaaresuilt of coiiinuilg plant 

respilatllt durimig warMll nighls...\ oudAiy lCeermiiedl b'1aI air iso-tetCupera ire 

illay e Ilbloe a poplitae. 
To separate aris o widely varvin ltlioisture Cminditions within the tropics, a 

subdivisioti ISinuaC i:ccor'lilitg to dil'ferII lengths of'growing period. ly growigil 

period is llalit the nmber of days dllillg a Ve~ar wheIl precipilltitll Ceeeds 

hailf" tihe potential evapot -mit"iratiotl, plus the littie required to evaporate all 
leliod'lSStllineCL 100 im11o1 soil mo10istlic reserve. The calculatiot of, the growig 

is based oil asimple watler balanuce node, Comparing precipitatiloit wi Ill potential 
of' growing period aie delineated.ollilhsevapotranspiratiotn. Zones with similar 

bY coilstructint isolics at1illervails o1' 30 drlS (e.g. ()O 11t) dLi's. 120 14) 

days. 150 17) tlav). cic.). An) additional isoline I'or agrowing period ol 75 days 

is iltcluded to cover posiblC illtipelations fIor pearlMMillet ill drier areas (I AO 

1)78b1. 
The projecti olillthe growing periodson atsoil resource base itmakes it possible 

to differentiIt nlaor agiroecoltogical /Olles lentle to a1coilmpa:ItivethI iCInsClves 

stLuds' ' lan111d ptttIIi:ils. Five imijor tonleS havuSe been sCparated: hlIllid, suib

htlid, selli:arid, arid, 1td wetlatid (Fig. 2). This subdivision correlates broadly 

with itrleirt ',oil paittelri aiLd diltlremit types of natllural vegCaltion, is showi 

itt Table I. These /tes coriespolnd wilh tile hiocittiilatic regiolls recognited in 

Af'iica by lhillips (I95-))attd with the moisture regimues used lit the I.ISDA Soil 

Taxonoout' (USDA It75). A fuirther subdivision of the ust ic moistuire regime 

was nmLdC inito uli-ustic an11dirid-ustic, in line witlh current proposals ill this 

respect (Tave rnier amid Vail Waimbeke It)78). Table 2 sItows the extension of 

growing tpeliods ill Af'rica and S0otih Aicrica. Althotlugh Africa covers over 40/, 

of" ite tropical world. it is actually South America thai has the largest extent of 

hUmlid trlopics. 

SOILS OF Till: TROPICS 

Soil conditionts listed ini Table I rellect general tremnds only. The actual soils 
pattC'il is deiCriuiiled by difcrces in age, parent material. physiography, present 

and past climuatic coilditioins. which even in time tropics show considerable varia

tion (Vail Wamilbeke and I)udal 1978). 
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2. Major agroecological zones in tropical Africa (TableI. 

Table 3 shows the distributionl 0 Major soils in the forest and the wooded 
savannah zones of Af'rica. The table lists soil associations natmed after the 
dominat soils. Tile extension of these soils obviously varies from fie extent of' 
tie associations -- which also include other soils -- but rFable 3 merely aims at 
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Table 1. Major agroecological zones in the tropics. 

Zone Growing 
(moisture regime) period(days) 

Very humid to >270 
humid forest 
(perudic to udic) 

Subhumid 150-269 
wooded 

savannah 
(udi-ustic) 

Semiarid 75-149 
savannah 
(arid-ustic) 

Arid savannah <75 
into desert 

(aridic) 

Rainfall 

High to excessive; 
reliable 

Moderate to high; 
reliable to fairly 
reliable 

Slight to moderate; 
unreliable 

Very slight to nil; 
very unreliable 

Saturation 
deficit duringdry season 

Negligible 
to slight 

Moderate to 
high 

High 

Vety high to 
excessive 

Wetlands (aquic) occurring as inclusions in above zones 

Dominant soil 
conditions 

Soils with oxic or 
deep argillic B 
horizon, low cation 
exchange capacity 
(CEC), low base 
saturation 

Soils with argillic or 
oxic B horizon, low 
CEC, medium to 
high base saturation; 
locally, soils with 
high CEC and 
expanding clays 

Soils with argillic or 
cambic B horizon, 
high CEC, high base 
saturation; frequent 
occurrence of rnils 
with expanding 
clays 

Weakly differentiated 
soils, or with cambic 
or argillic B horizcn; 
often saline, sodic, 
calcic, or gypsic 
properties 

Soils with gleyic and 
histic horizons 

Table 2. Major agroecological zones in tropicala Africa and South America. 
South Americac 

Length of growing Africab 

period (days) Area Area % 

(million ha) (million ha) 

>270 446 21.0 819 65.9 
150--269 716 33.6 265 21.3 

75-149 262 12.3 66 5.3 
<75 705 33.1 93 7.5 

Total 2129 100.0 1243 100.0 
aThe term tropical refers to areas with mean monthly temperature of more than 18'C

adjusted to sea level - in all months of the year. bTotal area in Africa is 3,011 million ha; 
%tropical is 70.90. CTotal area in South America is 1,766 million ha; %, tropical is 70.38. 

illstrating the soi distributton that is characteristic of' these two major zones. 
Ferralsols, Nitosols, in(, Acrisols, which are soils withitlow clay activity and 

low base satilration, occup. a large part of the humid tropical Zoie, but are by 
nio means dominant throughout. Vast areas are occupied by weakly differentiated 
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Table 3. Estimated distribution of major soils in the humid forest and subhumid wooded 
savannah zones of Africa (FAO 1976). 

Forest zone (growing period Wooded savannah zone 
Soil association )270 days) (growing period 150-269 days)

Areadominated bya Area-,--

(million ha) (million ha) 

Ferralsols 180 40.4 136 19.0 
Nitosols 46 10.3 44 6.2 
Acrisols 32 7.2 47 6.6 
Luvisols 10 2.2 152 21.2 
Vertisols 3 0.7 43 6.0 
Planosols - - 2 0.3 
Arenosols 53 11.9 59 8.2 
Regosols 12 2.7 37 5.2 
Cambisols 20 4.5 32 4.5 
Andosols 1 0.2 1 0.1 
Podzols 1 0.2 2 0.3 
FluvisL:s 9 2.0 28 3.9 
Gleysols 55 12.3 48 6.7 
Histosols 2 0.5 3 0.4 
Solonchaks 
 - - 1 0.1 
Lithosols 13 2.9 71 9.9 
Other soils 9 2.0 10 1.4 

Total 446 100.0 716 100.0 

aTerminology used in the Legend of the Soil Map of the World (FAD 1974). Correlation 
with the USDA Soil Taxonomy is given in the section "Soil-related constraints." 

coarse-lexturcd soils Are.losols and Ret'osols: lydrolorpltic soils .(leysols. 
[h1visols ntul Ilistosols artL impOrlant elements oCf0ile Itdscape. Lttvisols and 
Verlisols occur locally on ba c palrent t,:tcrials. Podtlols. which occur frequently 
as inclusions inArenosol ass, cialtions, extend heyold the I'w where theyareas 
ire inapped as dominant. 

It the stilhtnilid wooded savannal zoll:, luvisols, nlostly o( low clay activity, 
are more extensive. Ferralsols - inainl" orthic alnd rhodic occtpyIrotips_0A 

t1' the arei, while aCriC ,Id xullthic erotups ite imorc characteristic of the htimid 
zone. Vertisols and Planosols are more cxtensive. Arenosols and Rcgosols occuLpy 
Vast stretches. 

II the semiiarid savannall zoie. Ltivisols. with high clay aictivity, and Canihisols 
atid Vertisols Ire ploilineilt. Planosols becoiIIe iinpoi lntll. Saline alld sodic soils 
are locally domninantl. Areitosols and Regosol coer lar'e areas and erosols 

appear. 
The aridic savannah and lesert areas atc dominated by Xerosols. Yermnosols, 

Solonchiks. Regosols, and Litlhosols. hut areas with anI aridic moisture reginme 
are very liimited illthe tropics. 

The trend tetlcted 1y the soils pa,1ttern in tropical Alrica is similar to that in 
the otier contineilts, although the p)roportion between najor groups may differ. 
Andosols are iore proiniileit in Central America, South Aierica, and Southeast 
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Asia. A recent review (Sombroek 1979) realized that PollZOIls are very extensive 
as tiurt,as 20',( of the landscape - in tie northwestern part ot the An ',/on 
basin. In Southeast Asia Acrisols are more extensive tihan Ferralsols: Ilistosols 
and Hiu'isols occupy vast stretches in coastal et al I970). Ilitile plains (I)udal 
tilesemiarid Vertisols are particularly tile suibconz.oile. protllilent in hitdali 

tinent, much llore so thIan in norltheastern Biazil. IIardened or contretionary 

,err'iintius lavers occur locally illthe Itilid lone hil tM m widCspre:dre1v iore 

illtilesIibhumiid voOtded savaMtmlah alssociated with lhivisols. Nitosols. amid Acri

sols rather than withtFerralsols. 

SOIL-RE LATEIDCONSTRAINTS 

tile
Soil-related conIstraiits h:ive tad a itmajOtr ithltiemice oiltime eCOlOly illd 

list riuitijoil ot pIoilaliol in the trop'ics. It is striking that all counmtries in the 
t;'opical belt belmIGg tile world and have probleimS o1 food producto developing 
t.on1 aLd loW incomles illtilerulral sector. li the hunlid tropics, populatitns are 

concentrated on river and coZStal illuvial IlaiIs and in 'olcaIki, areas, even 

tlougi vast of land or Wet are still aIvaiiable. It tilesubhl midstretches :Lcid 

Wooded savanllah . pe1 ara is denser aMtLd dispersed.o populalioll Ullit m11ore 


iltCOttiiC itliomtS arc alson tilemore fertile soils.
 

Reports on pro/b em soi/s illtll tiopics rcl'er
mnostly to ibf'rih' red soils 

Ferralols and Acrisols of mediumito heaIv tcxture. lhoIll these soils are' 

inldeed prominmentt. especially iii tilehImid tropics. a Imunber of other soils are 

equAlly impotllailt tettiles otie tropical el\'ir illllt. Coistraillts are. Ihere

fore, brielly enumerated. by iajoir soil group, to make it possible to assess their 

illportalce mill occurrence in teris f geogrphical distlriblitioil aid ar'i covCr

ace. otais and ialiilaoelnicill practices have reIelyllV beel coiprehensively 

reviCwed in IClatioil 1 tlhe plOpertics of soils in tiletiopics ISancht.ez 197(I. 

Ferralsols (Oxisols)' 
I:erralsols flroillConstraints xWith result a low level of plant iiutrients. low cation 

exchange c.ipacity aid weak retention of bases applied as fertilizers or anend

mie!ts. and strollc fixatiol an1d deficientcy o' pIhospltatos on fine-eCxltlied soils. 
Also inclled are sulfuir eiciccs'; ititogenlohsses throegh leaching in the high

railfall arcas uiless :acolitinuous plaint cover ensures ripid recycling: acidity: 

exclhait'able alillinuill. sattiraionl becoimes toxic pllils: aidwhich it liglh to 

very low calcitun content restittJi in limited rooliil volume and increased 

hazard of' moisture stress. Trace elemuent deiciencies are t'requent. Microelelnent 

ioxicities ui ocr.', especially insoils Itinied frionil lra-basic recks. 

The decree of the coilstraiits va'ries considerably between the dii'icrcitI kinds 

of' Ferralsols. Acric Ferralsols show aihigher illitllinuilit Ihan orihictoxicity time 

otnes, which illturn have higher ahluilimii contents than the rhodic groups (Van 

Tquivaltenis inUSI)A Soil Taxonomi aire given in parenitheses. 

http:ISancht.ez
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Wambeke 1974). Within the humid zone, Ferralsols under semideciduous forest 
have a considerably higher content of plant nutrients in tL surface layer than 
those under evergreen forest (Sys 1976). Coarse-textured Ferralsols are less prCne 
to phosphate fixation, but they are less resistant to erosion than the better 
structured clayey ones. 

Acrisols (Ultisols, pp.)2
 

Acrisols have constraints of low nutrient levels, 
 presence of exchangeable alu
minum, nitrogen losses through leaching under high rainfall, and trace element 
deficiencies, e.g. boron and magnesium. Nutrient reserves are concentrated in ihe 
surface horizon and their maintenance depends on a continuous recycling
through vegetation unless fertilizeis are added. An additional constraint is sensi
tivity to erosion because of less favorable structure in the surface laye s and the 
decrease of permeability in the argillic B holizon. Short-term surface waterlog
ging may occur during heavy rains. Acrisols are easily damaged by compaction
and loss of surface soils when Iieavy equipient is used for deforestation or 
tillage operations. Wilh adequate management, the presence of the argillic B 
horizon is an assel for moisture retention. 

Nitosols ( Paleudults. PaleustLtIs. Palcudal fs. Paleustal fs. pp.) 
Nilosols have a nutrient deficiency stalus similar to that of Ferralsols but less 
acute. A subdivision is made in dystric and ettric Nitosols, the latter having
medium to high base saturation and hence no constraints of exchangeable alu
minum . Moderate phosphate fixation occurs. Manganese toxicity may arise in 
the more acid Nitosols. The deeply stretched argillic B horizon and the progres
sive textural change favor moisture retention and reduce the hazard of erosion
 
to which Acrisols are subjected.
 

Luvisols (Alfisols, pp.)
 
By definition Luvisols have a moderate to high base status and do not have major

constraints related to acidity, calcium deficiency, or phosphate fixation. Ltivisols 
straddle the subhumid and the semiarid zones. In the former, they often occur 
on strongly weathered parent materials, the clay fraction of which is of low 
activity (Mooriann et al 1975). lencc tihe total amount of plant nutrients is 
still low and major elements are deficient. In the semiarid zone. Luvisols develop 
from a variety of parent materials -- generally less strongly weathered - which 
determine their chemical composition. lire saturation complex is dominated 
mostly by calcium, as a result of which microelenient deficiencies e.g. zinc -
may occur. Moisture stress and sensitivity to erosion, particularly when there is 
inadequate crop cover, are mainr constraints (Krantz et al 1978). Low aggregate
stability and surface sealing by rains, resulting in increased runoff and impeded 
plant germination, are common in Luvisols. In tire subhumid wooded savannah, 

2pp. = pro parte, i.e. the two terms correspond only in part. 
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subsurface layers of plinthite, ferruginous concretions, or hardpans are present
 

over relatively large areas. Erosion is then particularly damaging, because layers
 

unfit tor production are surfacing irreversibly.
 

Vertisols (Vertisols)
 
Constraints with Vertisols are related to their physical properties and moisture
 

regime. Their heavy texture and the presence of expanding-type clay minerals
 

result in a very narrow range between moisture stress and water excess. Tillage
 

is hampered by stickiness when wet and hardness when dry. Base saturation is
 

high. with calcium and magnesitim prevailing in the sorptive complex. Plios

ph orus availability is generally low. Erosion during fallow and seasenal water

logging are serious hazards to crop production. They can be overcome through
 

appropriate management practices (Krantz et al 1978).
 

Planosols (Albaqutl ts, Albaqctal fs)
 

The occurrence of' Pianosols in hit cr depressed topography and the slow per

meability of the subsurtace horizons result in very slow external and internal
 

drainage. Waterlogging in the wet season and actte water stress in the dry season
 

are major constraints to crop prodtuction. Strong leaching and low cation
 

exchange capacity in the surface horizons entail nutrient deficiencies. Aluminum
 

toxicity may occur in strongly developed PHanosols. When Planosols are uscd as
 

rangeland copper and cobalt deficiencies often have to he remedied (i)udal 1973).
 

Arenosols (Psammnentts. pp.)
 
The low productivity status of the Arenosols is linked with a general pa.uLty of
 

nutrients in coarse-textured quartzy materials, low water retention, low cation
 

exchange capacity, and a deficiency in miinor elements normally bonded to the
 

clay or organic matter (zinc, manganese, copper, iron). The efficiency of applied
 

nutrients. especially nitrogen, is impeded by strong leaching. Stilfur and potas

siuim deficiencies are common in the Arenosols. Weak structure leads to coni

paction and favors water and wind erosion. These characteristics equally apply
 

to large areas of coarse-textured Regosols.
 

Andosols (Andepts)
 
The presence of amorphous hydrated oxides in Andosols induces a very high
 

phosphate. borate, and iolybdate fixing capacity. In basic volcanic ashes,
 

nutrient imbalances may occur in the presence of a high proportion of ferro

nagnesium minerals, which by weathering provide a dominance of magnesium
 

over calcium in the exchange complex. Aluminum toxicity is frequent in the
 

more acid Andosols. Manganese delficiencies occur.
 

Podzols (Spodosols) 
Nutrient deficiencies in Podzols are acute and related to coarse-textured quartzy 

materials, excessive leaching, and the formation of complex organic matter
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metallic compounds. There is :i general lack of nitrogen and potash, and phos
pliate availability is reduced by the presence of exchangeable aluminun. Improve
ment of the Podzols is hampered by an extremely low retention capacity and 
rapid losses of applied nutrients. Copper and zinc deficiencies are common. Most 
of the Podzols in the tropics are of the groundwater type and have waterlogging 
during the wet scason and water stress during drier weather. Shifting cultivation 
on these soils is hazardous because of very slow regeneration of the natural 
vegetation. 

Cambisols (Tropepts)
 
Constraints on the various types of Cambisols (vertic, ferralic. calcic, dystric,

gleyic) are similar, but normally less strongly pronounced than those of the more
 
developed soils with which they are associated: Vertisols, Ferralsols, Luvisols,
 
Acrisols, Gleysols.
 

Xerosols (Aridisols, pp.)
 
Moisture stress is the most serious limiting factor on
to plant growth Xerosols. 
When water is available, fertility problems may result from high calcium car
bonate content, reduced availability of phosphorus, salinity and alkalinity 
hazards, and deficiencies of iron and zinc. Xerosols with high gypsum contents 
may cause serious engineering problems foi irrigation construction. 

Yermosols (Aridisols. pp.)
 
Drought is a permanent feature with Yermosols. When irrigation is applied,

fertility problems and salinization hazards are similar to those described for
 
Xerosols.
 

Solonchaks (Salorthids and saline phases, pp.)

As a result of' the high concentration of salt in the soil solution, moisture stress
 
and hiodrance to normal ion uptake by plants are major constraints in Solon
chaks. Depending oil the nature of the salt present, different elements may be
 
in excess. The economic implications of reclaiming saline soils are a major con
straint 1o increased production.
 

Fluvisols (Fouven ts)
 
The great variability of the Fluvisols does not permit a characterization of the
 
nutrient status for 
 the group as a whole. The fertility of Fluvisols is directly
related to the materials from which they are derived, which are not necessarily 
those adjacent to their location. Flood hazard is a common constraint on Flu
visols, especially in areas with seasonal rainfall patterns. Special mention should 
be made of thionic Fluvisols, which are widespread in the tropics. Waterlogging 
under natural conditions, and extreme acidity upon drainage leave a very narrow 
margin for the management of these soils. The very low ptl is accompanied by 
toxicities of altminum, manganese, and iron. 
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Gleysols (Aquepts, Aquents) 
Water excess is a major Ibature of Gleysols. Their base status is usually related 
to the nutrient content of the surrounding upland soils. The effectiveness of 
nitrogen application is hampered by denitrification tinder wet conditions. Profile 
developient varies considerably and determines the response to management 
teclmniques. In the humid and subhunid zones. Gleysols often show plinthite or 
concretionary layers in depth. Drainage designs should take account of these 
phenomena so as to avoid hardening or pan lormation. 

Histosols ( list osols) 
Waterlogging. low bearing capacity, weak foothold for plants, subsidence upon 
drainage, frequent microelemen t deficiencies -- e.g. copper -- and irreversible 
shrinking of the organic material upon drying are major constraints to agricul
tural prodtiction on Ilistosols (Soepraptohardjo and l)riessen 1976). Acid peats 
are very low in major nutrients. Soils that contain 60/; or more organic matter 
on a dry weight basis show silica deficiency in plants that require this element 
for tissue strength. Poor accessibility and lack of infrastructture hinder reclaia
tion of the Ilistosols. 

It is obvious that the relationships that have been discussed are of a general 
nature aid that constraints need to be specifically determined through a more 
precise characterization of soils, climates, and types of land use. Different crops, 
even their difterent varieties, may react very differently to certain soil properties. 
Tea is known to thrive in soils with relatively high exchangeable aluminum, but 
soybean yields decrease with increasing aluminum saturation. Cassava is more 
phosphate-etficient than maize. Waterlogging is damaging to yams but may not 
be a major constraint for rice. Furthermore. not all cha, cteristics important to 
plant growth are reflected by taxonomic units. Stoniness. slope. texture of the 
surface layer. flood hazard, crusting or slaking, and erodibility are all properties 
that strongly inluence crop growth. They may constitute constraints that are 
even more important than those related to the diagnostic criteria used in soil 
classification (Dtdal 1978). 

In general. most importance siem1s to be attached to nutrient deficiencies. 
But additional attention should be given to physical soil characteristics with 
special re;'crence to erodibility, workability, and water storage capacity. Hazards 
of soil erosion, compaction, waterlogging, and moisture stress are often recog
nized ooiy when the damage has been done. 

OTHER OBSTACLES TO INCREASED PRODUCTION 

The problems arising with the management of soils in the tropics can be serious 
obstacles to the intensification of' agriculture and to ensuring sustained produc
tion from new lands in these regions. Since major constraints are known and the 
means to overcome them have been proposed, one would assume that the 
potential of soils of the tropics can now be fully developed. In reality, progress 
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has been slow and agricultural production is falling short of needs. The African 
situation is a case in point. 

The total extent of African land variously suited to the production ol one or 
more food crops is estimated at 625 million ha. which is about 20'/,of the con
tinent's landmass. It is estimated that 196 million ha are presently cultivated, 
out of which - taking into account requirements for fallow - 108 million ha 
are harvested yearly. Averige yields are between a third and a fourth of those 
that could be obtained with a high level of inputs. 

The availability of land resources on the African continent stands out sharply 
against the CU'relt l'ool situation in this region. During the period 1964--74 the 
food sel',-su fficncncy of Africa declined from 98 to 90',(;. During the 1970s the 
per capuit production of food crops declined by 1.4'( /year. Tie average annual 
growth of population during the last 10 years has been 2.6',/,, greatly exceeding 
an average annual 1.3'; increase of food production. File salne contrast exists 
between the land resources available on a worldwide basis and tine increase in 
the umuber of' people who are undernourished. 

An overall Ilueprint for restoring lfood selff-sufTiciency in Africa by 1990 was 
recently prepared (FAG I )78a). The f-ood Plan foresees how a production in
cr.-a..ec for line region as a whole could be derived - 53'; f;'om area expansion 
and 47!( from yield increases. An additional 31 million ha would need to be 
taken into cultivation by 1990. of' wlti,:h 3 million ha would he irrigated (1.5 
million hta south of the Sahara). The use of agricultural inpuls would need to 
treble. Eradication of t rypanosonMasis, tundertaken progressively, would open ip 
a potential of 700 million hia for cattle raising. It is estinnated that USS 27 billion 
(at 1975 prices) would be required to achieve this goal. An additional USS 6.5 
billion worth of' inputs would he relquired annually by 1990. 

La:nds for the expansiot ofl food crops are available ind f'rom in agroecolo
gical point of view the targets of tle Food Plan can be attained. Ilowever, there 
are innube r of prereqtuisi tes. 

* Economnic motivation of, tine smuall farmer is essential if' lie is to use agri
cultural inputs and implement technical recommendations for land improvement 
and soil conservation. 

• Suitable areas are unevenly distributed, which means that inter-African 
trade will need to be intensified. 

* In countries where foreign exclnange is obtained from agricultural exports, 
COmpe tition for laud between cash crops and food crops will need to be resolved. 

* Expansion of arable land will req(uire selective mechanization because tsetse 
fly infestation impedes a more extensive use of animal power. 

* The small size of fkarunsteads may call for a community approach to land 
reclamation measures, such as irrigation, soil conservation, and salinity control. 

0 Full use will need to be made of' results of' research in order to make effec
tive use of labor and financial resources. 

* Additional research will need to be guided by constraints identified by the 
farmers themselves. Involven it of the farmer community in establishing priori
ties is urgently needed. 
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Although these constraints are not directly soil-related, it is important that 
they be fully recognized, so as to place soil research in a perspective of overall 
development. 

A GLOBAL LAND EVALUATION 

To meet food requirements for the populations of the future, it is estimated that 
agricultural production must increase by 60' by lhc year 2000. The grcatest 
share of this increase is expected to come from intensification of agriculture, 
especially in developing countries, while the remaining part will need to be 
produced on new arable land - as much as 200 million ha, mainly in the tropics. 

low will these lands respond to intensification; which are the lands to be opened 
ip for cultivation? 

Being increasingly concerned with development, the evaluation of land needs 
to be dynamic and to reflect the response of the natural environment to changes 
ill input and prodUction objectives (Smyth 1979). Planning of iriproved and 
future land use requires art appraisal of' available land resources bascd on the 
following principles (FAO 1977): 

* Land suitability is only meaningful in relation to a specific Use. e.g. land 
suited to the cultivation of cassava is not necessarily suited to ti. , cultivation of 
pearl millet. 

* The evaluation of production potential needs to be made in re:'pect of 
specified input levels, e.g. whether fertilizers are being applied, if pest control is 
effected, if machinery or hrd tools are being used. 

* Suitability must refer to use on sustained basis; that is. thre envisaged use 
of land must not result in its depletion, e.g. through erosion. 

• Evalultion involves cormip:1' ison of more than one alterrmtive type of land 
use, e.g. suitability for millet or sorghurnm or corn, and not just for a single crop. 

* Different kinds of land use are compared at least on a simple economic 
basis: that is. suitability for each use is assessed by comparing the value of the 
produce to tile cost of production. 

0 A Multidisciplinary approach is adopted with the evaluation based on inputs 
from crop ecologists, agronomists, climatologists. ard economists, iii addition to 
those from soil scientists. 

At first sight, the principles proposed do not seem unprecedented, but in 
practice they call for a considerable change in traditional resource interpretation. 
First of all, the concept of l;and eval tation is wider than the appraisal of soil 
qualities or constraints, to which suitability classi ficatiois are sometimes limited. 
Land is defined geographically as a specific area, the attributes o, which relate 
to soils, geology, hydrology, plant and animal population, climatic coiditions, 
and the results of past aid presert hurar activities to the extent that ttiese 
attributes exert a significant influericc on present and future uses. The physical 
resource hase 1Ieeds to be matched with prevailing social, economic, and health 
conrditions, which nlay considerably alter prodUctiori perspectives. Fertile valleys 
in Africa remain unproductive as a result of river blindness. Expansion of :gii
culture is irnpe-.Jed by trypanosomiasis affecting draft animals. Weed infestation 
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is it major obstacle to tile growth of' food crops in the tropics. lRadiation is 4U,, 
higher ill the SaVamiial zone ihan in the forest zone (Kassami and Kowal 1973). 
File fundamental concept is that land evaluation is wider than tile appraisal of 
soil qu~llities or constraints and that it is ineanlingllf only in relation to a clearly 
detCbied use neLr cOnlditionIs prevailing at a s.ci!".cdate. 

In this respect additional research is required to establish the relationship 
between soil and climatic paralmlelers and tile requirements of' different crops. 
Furthermore, because soil, among emiviroIllmlntal v;aribles, is responsive t) con
trolled chlleC, tile study of this capacity for chamlle and for response may be 
Itl less imporlallt than the survey of pllemlllerlt characteristics that are currntily 
used Is criteria ill soil classificationl. An understanding of the changes that take 
place in tile surface horizons, ill which oiganic matter and plant nutrients are 
conIcentrated. ,eems crucial to tile choice of' inputls and to tile design of tnallnage
ment systems that will maintain or impurove productivity in tile tropics (Smyth 
1N79). 

lhe Iocus il this pape til soil-related COtSraimutS sholId tiot detract from 
the colnsiderable poten tial that the tropics offIer for iiicreased agricultural pro
ductioi . Ilowe''er. ty)es of land use will need to be carefully selected and 
aidapted to tile physical resource base and to the socioeco!nomic conditions which 
prevail in the different counlries of the tropical belt. 
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Discussion summary 

Session L 
J. F. Metz, Jr., chairman; G. Alcasid, Jr., reporter. 

7Toward an internationall' coordinated program for research on soil factors con
straining Jood production in the tropics, by L. D.Swindale 

Comments and questions focused on problems of establishing a coordinating 
mechanisnl, the use of the soil benchmark concept versus other approaches, the 
need for developing strong national research programs, and the need for linking 
an international soils center or coordination program with crop research and 
socioeconomic studies. 

The suitability of the benchmark soils concept as a basis for coordinating
international soils research was questioned. Dr. Swindale responded that the 
benchmark approach provides the logical basis for coordination of research, not 
the institutional framework. Benchmark sites must be part of a logical taxonomic 
framework to he used for predictive purposes. Benchmark sites in different parts 
of the world will be on different soils. 

A coniment was that the benchmark soils network does not provide for geo
graphical extrapolation of information. It was suggested that it be reinforced by 
a land sristem approach such as that developed at CIAT for describing agricul
tural iaind resources. This is basically compatible with the benchmark project 
philosophy and could enllance its effectiveness. 

Some participants suggested use of benchmark farming systems, rather than 
a straight benchimark soils program, as a framework for research. Several cited 
tileimportance of climatic and socioeconomic factors in accounting for varia
bility in production systems, and felt that those should be taken into account. 

A comment was that soil mapping is as important as soil classification because 
it accounts for soil variability. Mapping should include other aspects of land, 
including climatC, vegetation, hydrology, etc., and then be combined and tran
slated into systematic land evaluation geared to different farming systems. 

The group expressed Loncern about the effect of international research net
.rks on resources for national programs. There is ample evidence of networks' 

positive effects oil national programs, including greater focus on country prob
lems, improved quality of research in the countries, more resources from national 
sources and outside donors, and improved training of national research staff. 

Several participants noted the need for strengthening national research cap
ability as a first step. There is a need for outside funds with which to construct 
and edluip suitable laboratories to do soils research. Limited resources of (level
oping countries and limited foreign exchange are constraints to getting the job
done. It was asked whether the International Service for National Agricultural 
Research (ISNAR) could participate in strengthening national soil research 
centers. The response was that ISNAR could assist national governments in 
obtaining funds and strengthening soils research programs. 

A question was raised about existing obstacles to the establishment of an 
international network or center, which was first proposed 8 years ago. Swindale 
and Brady commented that the gestation period for such an idea is long and it 
must be recognized that not all people share the view that such a coordinating 
effort is needed or desired. 
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In response to a question about possibilities for furding an international co
operative effort, Dr. Swindale replied that he questioned whether funds will be 
available for some time. lowever, an informal start could be made with the 
cooperation of scientists and especially among national and international research 
centers. 

A comment was that any international soils center or coordinating body must 
have a strong link with crop research scientists and those involved with socio
economic studies. There is some concern that donors would see a soils center as 
focusing on specialized narrow problems and lose sight of the role of soils research 
in increasing food production. 

Soil-related constraints to agriculturaldevclopment in the tropics, by R. Dudal 

The statement that measurements of radiation could be as important as those of 
moisture and temperature in determining potential for food production in 
different parts of the tropics was followed by the comment that CIAT separates 
the major vegelation patterns in tropical South America on the basis of total 
wet-season evapotranspiration (TWITF) and temperat tire regimes. "File TWPE 
concept Will have practical application in the transfer of germ plasm of perennial 
crops a;id anniial crops. 

l11Th soil temperatures were mentioned as a liuniting factor to crop production 
in miny regions of thie tropics. larly-season soil temperatures exceeding 40 0C 
at 5-in depth for a period of 4 to 6 hours a day are not uncommon in many 
upland soils Crops such as maize aid soybean may have 20--50"' yield de
pressions sole'v due to high soil lemperature. Improved research methodology 
for soil temperat tire in relation to crop growth is needed. 

Soil depthIt was listed as a soil characteristic but not as a soil-related constraint 
to crop production, Experience shows it is one of the most important factors in 
agricultural productivity hecause it affects root penetration. The effect varies 
by crop and is more important for maize and cotton than for pigeonpea or 
millet. Soil deliIth should be considered as a major constraint. 

Several questions were directed to Dr. Dudal. What would be the quantitative 
criterion for separation stLSiC ie saidor subdivision of an soil moisture regime? 
that tileFAO agroecological zone sq'udy made a break at the 150-day growing 
period, distingiuishing an idic-ustic reginie (150--269 days) and the arid-ustic 
regime (75--149 dayS). 

Another (li.estion concerned the influence of the top 10 cmrrof soil on the 
benchmark soil concept based oil soil families. Dr. DtiAdal replied that tie bench
mark concept does not have to be limited to the soil family. It could be broad
cned to include data on the surface layers. 

There was a clear call for more research and by the conference participants. 
Additional research should establish the relationships between edaphic and 
climatic parameters and the requirements of important food crops. It was also 
suggested that further rcsearcl define agroecological zones. It should go beyond 
measuring the difference between rainfall and potential evapotranspiration, and 
should determine the start and cessation of rains and the possibility of drought 
during growth periods. Additional attention intist be given to characteristics of 
soil surface layers, including the changes that take place after land development. 
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An international committee to study soil moisture and temperature regimes
is being organized and is scheduled to meet next year. 

In his paper l)r. Dudal called the attention of soil scientists to constraints 
to increased agricultural productivity that are not soil-related. lHe restated this 
after the presentation. Biological and physical scientists must be prepared to do 
interdisciplinary research including research that considers the socioeconomic 
constraints -- and to work with economists, sociologists, and anthropologists as 
members of the team. Special consideration should be given to the problems of 
the operators of small farms. 

It was noted that Dr. Dudal's paper made no reference to soils of tropical
highlands such as in East Africa and South America where most of the poten
tially productive soils are found. Dr. l)udal replied that there is a further division 
of soils into lowiands and highlands, but definitions of these divisions were not 
within the scope of his paper. 

The suggestion was to refer to Soil tuxonomY, and the French classification 
system in addition to the FAO/UNESCO terminology. The author indicated that 
the final draft of' his paper would include a correlation of Soil map of the world 
with Soil taxonomy'. 

Other issues were identified by the speaker: additional work is required to 
complete the survey of soils in the tropics because many areas are still n Lwell 
known: there is great variability in soils of the tropics. therefore, constraints have 
to be quantified and expressed in terms of specific land utilization types. 



OCCURRENCE 
OF MAJOR SOILS 
CONSTRAINTS 



Soil.-related constraints,
soil properties, and soil 
taxonomy: a terminology
for exchange of scientific 
information 
W.M.JOHNSON 

Soil taxonomy (USDA 1975) is a multicategoric system of soil classi
fication based on concepts of real bodies of soils but influenced by 
modern theories of soil genesis. The diagnostic horizons and features 
used as differentiae are defined as quantitatively as present knowledge 
permits. The system is unique in employing soil temperature and soil 
moisture criteria at several levels. Tho nomenclature is uniform, sys
tematic, and connotative. Thus, Soil taxonomy is particularly effec
tive among soil classification schemes as a communications medium 
for scientific knowledge. It furnishes much of the soil information 
required to estimate potential production levels of specific crops on 
a given kind of soil. Special interpretive groupings of soils are helpful 
in conveying information on soil constraints and potentials to both 
scientists and laymen who are not familiar with details of Soil taxon
omy. 

Soil taxonoimy (USDA 1975) is a multicatcgoric system of classification that 
attempts to in,:lude all known kinds of soils. It was designed to consider current 
theories of soil genesis, but the differentiating criteria are characteristics of the 
soils thcmselves. expresced as objectively and quantitatively as possible, so as to 
maximize uniformity in classification performed by scientists all over the world. 
The system was created to support soil surveys and the interpretations of soil 
surveys that are required by both developing agriculture and advanced farming 
methods. The system is flexible. It consists of classes that can be grouped or 

Soil Conservation Service, U.S. Department of Agriculture, P.O. Box 2890, Washington, 
1).C. 20013. 
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subdivided most effective 
sponses to so'l treatments and management systems. Tiie taAonoil.)' is opcn
ended, pernitni-:g addition of new 

an I regrouped for tile kinds of interpretations of re

classes as they are identified and defined. 
Unlike many classilt cation systems used indifTerent times and places, Soil ha.
onomi* is based on concepts of real bodies of soil;, not on abstract theories of 
soil genesis or soil geography. 

STRUCTURE OF SOIL TAXONOMY 

There are six categories in Soil taxonol,. In order of decreasing rank and in
creasing number of classes they arc: order, suborder, great group. sub,,roup, 
f'amily, and series. F'igure 1 illustrates the hierarchical relationship and indicates 
the number of classes in each category. The number of soil series -- about 
11,000 represents the present state of knowledge of the United Stales alone. 
Soil series are not recognized in many countries, and the total number theore
ticallv occuOiring il tile world can only be giessed at. 

NOMIENCLATURE 

A new noinenclature was created along with Soil ta.vonom'i,.The importance 
and impact of soil names can scarcely be exaggerated. During the developmental 
yeais between 1951 and 1965. the various approximations to the final system 
eililoyCd decimal numbers rather than names, because disputes over the inter
pretation of soil namnes were seen to interCre with understanding and evaluation 
of the new principles being tested. The nommencla ture was improvised from 
appropriate Greek and Latin rools to make the new class names as connotative 
as possible. The inomenclature was designed so that class naimes also are indicative 
of tile category in the system. Because of' the classical roots, tli e new termino
logy requires little translation in many langutages. The name of each soil order, 
suborder, great group, subgroup, and family iidicates the clasS ill all categories 
of which it is a member. Soil series names are taken froimi local geographic
 
lealtres. and so indicate only the series --
 they do not convey any information 
about the order. suborder. or other hMih catecory. 

Time naines of' all orders end in1sol. -ach order name contains a formative 
element !hat ideLiliies that order in the names of suborders and lower cateigories. 
The formative element in tie order Ultisol is lilt. the order Oxisol itIn is ox. 
The formative elements make the endings of names of suborders, great groups, 
and subgroups. Thus, all class names ending in lit are of soils in tie order of 
Ultisols. Names ending in ox are names of taxa that belong to the order Oxisols. 

Suborder names consist of exactly tvo syllables. The first indicates the diag
nostic properties of tile soils, the second is the tormative element taken from 
tile order name. The suborder of Ultisols that has an aquic moisture regime 
throughout is called Aqtuilts (L. aqula, water, plus lit from Ultisol ).Oxisols that 
have a torric moisture regime are in the suborder Torrox. 
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Order 10 

Suborder 47 

Great group 200 

Subgroup 1,000 

11,000Series 
\(in US) 

I. The categories of Soil taxonoin' and approximate number of units ineach category. 

Great group names have three or four syllables. They include the name of the 
suborder and one or two additional formative elements that suggest important 
diagnostic properties. Aquults that have a fragipan are called Fragiaquults. 

Names of subgroups are created by modifying the great group names with 
one or more adjectives. The adjective ty'pic is applied to the subgroup thought 
to be typical of the great group. lntergrade subgroups are those that belong to a 
given group, but also have some property or properties of another order, sub
order, or great group. For example, Humoxic Tropolhtittults are lhumus-rich 
Ultisols, usually dark-colored, with an isomesic or warmer iso-temperature 
regime, and their clay fraction has low activity. Extragrade subgroups belong to 
a given great group, but also have important chtaracteristics that do not indicate 
a transition to any other known kind of soil. For example, Plinthic Fragiaquul ts 
have plinthite in the fragipan making up from 5 to 50'; of the matrix. 

Soil family names are polynomial. Adjectival modifiers of the subgroup name 
indicate particle-size class, mineralogy class, temperature regime, and in a few 
families, soil depth, consistence, moisture equivalent, and other properties. An 
example is coarse-loamy (particle-size), siliceous (mineralogy class), thermic 
(soil temperature) Typic Fragiaquul ts. 
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Examples of' formative elements used il forming class names are in Tables I
 
and 2. Formative elements in order namcs suggest tile;oil charac te ristics only
 
in a very general sense, but many of tileelements used illsuborder and great
 
group names have clear connotations and call be interpreted in terms of pro
ductionI constraints and managemlont lequirements. Prominent exaniples are aqu
 
L. aqua, water), connoting an aquk ittoistlIre regimc. xer ((;r. xeros, dry), con

noting a xeric moisture regime, sal ( L. base of sal, salt), deioting the presence
 
of a salic (highly saline) liorit.on: and stilf (L.sulJitr, sulfur), denoting tilepres
ence of sulfides or their oxidation products.
 

Thus. from the class namies alone it is possilfe to interpret many of the iin
portait characteristics of the soils. For example. one relatively extensive kind 
of, soil illsome tropical regions sa tnetubCr of a clayey, oxidic, isohyperthermic 
family of Typic Acrortliox. This is believed to be the typical subgroup of Acror
tIox. The A:crorthox is tilemost stIronigly we't",Lcred o" the common Oxisols: tile 
clay fraction Consists of 20''.( or ii ore extractable iron oxide plus gibbsite; cation 
exchalle capacity and base saturation are very low: and plhosphate-fixing power 
is great. The lower part of the oxic horizon has a net posilive charge. Biologic 
activily is constrained by extremely low level of' calcium below tiletipper few 
celtiiteters. Productivity is so tlhu! little used for crops. Thelow these soils :ire 
micl anLial soil teiperature is 22 0 C or higher, and the diflerence between niean 
suLnmer and inean winter soil temperature is hO's than 5'C. 

"EMIEtRATURE AND MOISTURE REGIMES 

Soil taxonom' is the only mlaor soil classification scheme that directly uses soil 
moisture and soil temperature values as differentiae among classes. The climatic 
criteria are not all used at one categorical level. but in various levels above tile 
soil series. There were two important reasons for using climatic criteria; first, 
temperature and ntoisture of the soil significantly affect the direction and in
tensity of soil genesis. and, second. plant growth is strongly infiuenced by tem
perature and moisture. 

Climatic criteria are Ised as differentiae at higher categories because of their 
importance to soil genesis, and at lower categories where they affect principall: 
time growth of plants. 

Climatic differentiae may be part of a categorical definition, as in Histosols 
(wet) and Aridisols (dry). In all orders except Aridisols and Ilistosols, moisture 
regime is used to define at least some of the suborders. Temperature regimes are 
used to differentiate only a few suborders: Tropepts, Borolls, and Boralfs. Tem

perature and moisture criteria are also used to differentiate solne great groups 
and some subgroups. Finally, soil temperature regimes are prominent differentiae 
at the soil family level. 

There are five classes of'moisture regime, ranging from saturated (aquic) to 
dry (aridic or torric). These are all defined in terms of the proportion of time 
that the soil is moist during the growing season (USDA 1975). 

http:liorit.on
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Table 1. Formative elements in names of soil orders of Soil taxonomy (USDA 1%75). 

Formative 
Name of order element in 

name 

Alfisol 	 AIf 
Aridisol 	 Id 
Entisol 	 Ent 
Histosol 	 Ist 
Inceptisol Ept 
Mollisol Oil 
Oxisol Ox 
Spodosol Od 
Ultisol Ult 
Vertisol Ert 

Der;vation of Pronunciation 
formative of formative 
element element 

Meaningless syllable Pedalfer 
L. aridus, dry Arid 
Meaningless syllable Recent 
Gr. histos, tissue Histology 
L. inceptum, beginning Inception 
L. mol/is, soft Mollify 
F. oxide, oxide Oxide 
Gr. spodos, wood ash Odd 
L. ultimus, last Ultimate 
L. verto, turn Invert 

Table 2. Some formative elements in names of suborders and great groups of Soil taxonomy 
(USDA 1975). 

Formative Derivation 

element
 

Suborders 

Aqu L. aqua, water 
Bor Gr. boreas, northern 
Ferr L. ferrum, iron 
Hum L. humus, earth 
Psamm Gr. psammos, sand 
Torr L. torridus, hot and 

dry 
Xer Gr. xeros, dry 

Great groups 
AIb L. albus, white 
Calc L. calcis, lime 
Dur L. durus, hard 
Dystr, dys Gr. dys, ill, infertile 
Eutr, eu Gr. eu, good, fertile 
Hal Gr. ha/s, salt 
Pale Gr. paleos, old 
Plac Gr. plax, flat stone 
Sider Gr. sideros, iron 
Trop Gr. tropikos, of the 

solstice 
Vitr L. vitrum, glass 

Mnemonicon 

Aquarium 
Boreal 

Ferruginous 
Humus 
Psammite 
Torrid 

Xerophyte 

Albino 
Calcium 
Durable 
Dystrophic 
Eutrophic 
Halophyte 
Paleosol 

-

Siderite 
Tropical 

Vitreous 

Connotation 

Aquic moisture regime 
Cool 
Presence of iron 
Presence of organic matter 
Sand texture 
Torric moisture regime 

Xeric moisture regime 

An albic horizon 
A calcic horizon 
A duripan 
Low base saturation 
High base saturation 
Salty 
Excessive development 
Presence of a thin pan 
Presence of free iron oxides 
Humid and continually 

warm 
Presence of glass 

Ten soil temperature regimes differentiate classes at various categoric levels 
in 	the system. They are: 

Pergelic - Mean annual temperature lower than 0°C. 
Cryic - Mean annual temperature between 00 C and 8°C. 
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Frigid - Mean annual temperature is lower than 80C, but tilesoil soil in sum;
mer is warmer than one in the cryic regime: the difference between mean winter 
and Mean sulmler soil temperature is more than 50C. 

Afesic - Mean annual soil temperature is between 80C and I 50 C, and the 
difTerence between mean summer and mean winter soil temperature is more than 
50C. 

Thermic - Mean alnual soil temperalure is between 150C and 22 0 C, and the 
difference between mean suimmer and mean winter tempera ttire is more than 5oC. 

Irlurthermic- The mean annual soil temperature is 22"C or higher, and tile 
difference between mean summer and mean winter soil temperature is more than 
50C. 
If the name of a soil temperature regime begins with iso, the difference between 
nleall summer soil temperature and mean winter soil temperattire is less than 50 C. 

lsofrigii - Mean anmual soil temperature is lower than 80C. 
Isomesic - Mean annual soil temperature is between 8)C and 150C. 
Isothemicr -- Mean annual soil temperature is between I 50C and 22 0 C. 
IsohYperthenmic --Meall alnlal soil temperature is 22 0 C or higher. 

RELATION OF SOIL TAXONOMIC UNITS TO CLIMATIC REGIONS 

As explained earlier. Soil taxonoin)-' embodies a considerable degree of climatic 
infl uence. It mtust be remembered, however, that the moisture and temperature 
regimes used to differentiate an;ong soils are classes of soil temperatureand soil 
moisture. There is,nevertheless, a good deal of correspondence between broad 
climatic zones and broad soil areas. One does not look for Spodosols in the 
Sahel or the Kalahari Desert. nor does one expect to find Aridisols on Luzon. 
Unless they are relicts of' earlier environmental conditions, Oxisols and 'Ultisols 
are expected inI humid tropics and subtropics. 

Members of some soil orders, such as Entisols and Inceptisols, are not suffi
ciently developed to reflect much of the regional climatic regime, so we may 
Find them widely scattered over the globe and associated with a variety of more 
prominently developed soils - - Alfisols, Mollisols, Ultisols, and Oxisols. 

Of course, tilemloisture and teumperatmre regimes used to differentiate among 
suborders. great groups, subgroups, and families are generally not refined enough 
to satisfy all the requirements of tIe agronomist who is seeking optimum growing 
conditions for specific crops, or who needs a precise estimate of the potential 
for production of certain food crops in a given locality. For such purposes mor
refined climatic data, relating both to atmospheric and pedologic conditions, are 
required. 

RELATION OF SOIL TAXONOMIC UNITS TO LANDSCAPE FEATURES 

Soil taxonomic units are intimately related to features of the natural landscape. 
Physiographic position, slope gradient, slope orientation, slope length, and eleva
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tion are reflected in soil temperat tire and moisture and crodibility and, there
fore, in degree of wealthering of minerals and strength of development of soil 
horizons and other diagInostic features. Landscape f'eatures also reflect previous 
geomorphic history, including development of soils in previous environtile 

ments. portions or all of which may lie preserved at or ncar the present land
scape surfice. These, in turn, influence the genesis and characteristics of the 
contemporary soil mantle. It is difficult to generalize about these relationships 
across continents at categorical levels above tile series. To somesoil be sure, 
landscape relationships are clear and obviotus: Entisols are to be foun1d where 
soil parent materials are so youthful that little differentiation of horizons has 
occurred - on floodplains, in marshes and deltas, and onl recent sandy and silty 
aeolian deposits: or where erosion is so vigorous that the parent material isworn 
away more rapidly than the process of soil genesis can cause differentiation of' 
horizons, as in steeply sloping moon tails, valley walls, and eroding coastlines. 
Aqtuents. the wet Entisols. are associated with tidal marshes, deltas, lake margins, 
land floodtflains of streams. Cryaqueits are characteristic of wet areas of high 
motuntains or tundra. Orthents are Entisols of recent erosional surfaces. Several 
kinds of Ortlients are iecognized. depending on temperature and moisture 
regimes. but most occur on recently exposed regolith or on slightly consolidated 
rocks. Psamnents are mntisols in well-sorted sands in sand dutnes, cover sands, 
or other sandy parent materials. 

Histosols, too, are gelnerally associated with dislinctive landscal)e features 
such as swanips, bogs. and marshes. Andepts occur mostly on volcanic slopes or 
nearby upland areas. Aclepts are in relatively recent deposits in depressions, 
very Ilat plains, or I'loodplains. 

Other great groups and subgroups are not limited in occurrelce to specific 
kinds of' landscapes, but may be found on gentle to sfeel) upland slopes, pene
plains, plateaus, alluvial fans, or stream terraces. Most soil series, however, 
occupy rather specific positions in landscapes, and commonly such positions are 
important in identitfying and mapping tilesoils. With a soil survey area of 
200,000 to 300.000 ha. the soil strveyor carefully works ott these soil-landscape 
relationships and uses them to accelerate mapping and improve quality control 
of the survey. The user of the soil survey will find that learning the soil-landscape 
associations helps in understanding the pattern of' soil occurrence itswell as the 
similarities and differences in response of' the soils to management inputs. 

RELATION OF DIAGNOSTIC HORIZONS AND FEATURES
 
TO SOIL PROPERTIES
 

Chapters 3 and 4 of Soil taxonom' (USDA 1975) describe and define the 
horizons and other features that are diagnostic for the higher categories of' 
mineral and organic soils. Space does not permit even a partial review of' the 
properties in this paper. A few examples will perhaps illustrate the interpretive 
values of diagnostic horizons and properties. 
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The interpretations that can be made of many kinds of horizons are rather 
obvious and also rather general. An ochric epipedon suggests either youthfulness 
or environmental conditions that do not favor accumulation of organic matter. 
Depending on the other soil characteristics, it may mean low or moderate fer
tility. low infiltration rate. poor tilth. and erosiveness. A iollic epipledon, in 
contrast. reflects conditions that favor organic matter accumulation. High base 
saturation and granular strFc ture favor growth of cereals and many legumes. The 
soils are resistant to erosion, have favorable infiltration rates, and usually have 
reasonable reserves of i,:dcilli. ilagilesiul., and potassillll. 

The sulfuric horizon is chara.,cteristic of artificially drained and oxidized 
sulfide-rich mineral or organic materials. It has both a pll- less than 3.5 and 
bright yellow jarosite (iron sulfate) mottles. Sucil a horizon is inhospitable to 
plants and even large applications of' lime are usually ineffective in reclaiming 
the material for crop production. 

t"Amorphous materi:1 dominant in the exchange complex" is a property used 
in defining Andepts and Aidaquepts. As used in Soi taxonomir, amorphous 
material is colloidal material that includes, but is not limited to, allophane and 
has all or w'ost of tileproperties of allopliane. Such material has a pronounced 
effect on tile properties and qualities of the soil. I'xchange capacity of the clay 
at 1)11 8.2 is more than 150 meq/100 g measured clay and commonly is more 
than 500 meq/100 g. It has enormLous su rface area and retains much water 
against 15-bar tension ---as much as l00', or more. The material ias high anion 
exchange capacity. It Ias the capacity to fix in essentially unavailable form large 
amounts of phosphate and to fix it very rapidly. 

Clearly the practitioner who would use placement of soils in this classification 
scheme as a clue to production restraints must be thoroughly familiar with the 
diagnostic features and horizons and with their definitions in the text. Because 
many of' the reasons for specific definitive criteria are not spelled out, and are 
not always self-evident, it is helpful to explore the implications of the various 
features with a skilled soil taxonomist. Published soil surveys identify and des
cribe the crop prodic lion constraints and management requirements associated 
with the soils in the survey area, and they include tables of predicted crop yields 
under different levels of management. as well as tables of' potentials for many 

nonf'arm uses. These yield tables and potential table,, however, do not relate soil 
performance directly to diagnostic horizons and features, but rather to the whole 
interplay of soil characteristics. 

PREDICTION OF SOIL CONSTRAINTS TO PRODUCTION 

It is instructive to try to predict soil constraints to crop production simply by 
interpreting soil family names taken from Soil ta-yonomny,. The examples that 
follow are of known kinds of soils. The predictions were verified by reference 
to published soil surveys. Note that Eswaran (1977) has tabulated the probable 
direct or inferred limitations derived from the names of classes in all categories 
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above the soil fimily in six orders: Oxisols, Uitisols, Vertisols. All'isols, lncepti
sols, and ln tisols. By including the soil family designation the estimation of 
constraints ito production can be conlsideralbly refined. 

0 The l'm ily of 'ilc-loally. iixed. isohypertherinic Fhtventic Eutropcpts is 
not extensive, h)t[ is iun11portaill because of its high value for crop production. 
These are dCep. wCll -Li lited. mCdiuill-ac d, moderately permeable soi's occurring
ill a warm. humid clillatc with slight variability in temperature from month to 
imlloith. Base satulatiol is above 50'" the oroanic carbon content decreases 
irregularly Wilh depLh. aIsthe modifieril lhurentic sitn-ests. Primary minerl, 're 
oly,, slightly weatbcred or tie soils receive bases troill higher-lyin soils or rocks. 
These soils. ill lact, pose lio important colstraitts to production of' the clima
tica'ly adaptcd crop)s. ;alld are hiilV valulIed for sugarcane. suibsistence crops, hay, 
and ]asttire. 

* The f:amily oft claey. oxidic, hyperthermic Typic Palcudlts contrasts in 
many waJys with the p~recedillg example. The Paletdul ts are generally well
drained, hmmuns-poor Ultisols iii humid climates with well-distributed rainfall 
they have develIped o)l "sci%' tod, stable land SUr'aces. gerierallV oil nearly level 
or getletC slople,. Weatherable minerals aie sparse or absent and clay activity is 
low. Thev are stroiilv to ext reiuily acid. They respond weil to applications of 
limlC and fertili/cr. IotI ot thel are erosive, so erosion-control management is 
ret.iired if IOW CrO)S are erow'ln. 

• The f'aimily ot clave oxidic, hyperthermic Fragic Palendults has many of 
the qualities ot tlhe toregoilg tailily of' Typic Paleudi.hts, hur presents more 
problems ill clop prtodlc ioll. Because the fragip ,t iestricts root penetration, the
growiu cr1ps titter dilicllliCs ill Iloisture supply and nutrition. The fragipan

also restrict, ilvdra ullic coiidtctivity- so water tends to pond above the pan

during raiin pcri lds. 
 1eca Usc of tihe difficulty of' correctin-, the limitations, these 
solils are zenc:allv coisidered Unsuitable for cultivated ( rops and are used for 
past lire, watershed, alld wildli ce. 

SFile falily ot itle. liixd. tionacid. isohypertherlic Tropic Fluvaquents
colsists of weakly developed wet soils formed in fie-textured sediments of 
mixed mineralogy in lowland areas oft he tropics where there is an iso-temperature
regime. The fine textLtire makes for till,.ge problems. The principal constraint to 
productiott, however, is ie reducing conditions caused by excessive wetness and
slow hydraulic conductivity. In the natural condition the soils may be used for 
pasture. If'properly drained. they are productive For food crops, especially sugar
calle. 

* The family of fie, mon imorilloni tic, hypeertherm ic Typic Pelluderts com
prises cracking clay soils of warm huimid climales. They usually have gilgai micro
relief and are dark giay or black. Tillage is difficult because of tile vertic charac
teristics. Moisture-holding capacity is high, but the soils are subject to water
logging. Hydraulic conductivity is slow. Under careful and skillful management
the soils may be used for production of sugarcane and other crops, as well as 
for pasture. 

http:till,.ge
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0 The family of mixed, isohyperthermic Typic Tropopsamutents are weakly 
developed soils in well-sorted ;-,ds (commonly dunes) in wanm, humid tropics. 
They have some weatlherab. minerals, are excessively drained and rapidly per
meable. and are deep to water table. Constraints to crop production are dryness, 
low available water-htolding cap.,city. and low fertility. They are little used for 
crop production. 

The foregoing few examples illustrate the interpretations that can be made 
by one who either knows Soil ta.votomtr well. including the background of many 

of tile differentiating criteria, or takes time to study the text and data fully. It is 
apparent that a great deal of the infortaion needed for agricultural develop

ument c::n he _mained from tile soil classification at the family level. More of the 
critical information can be derived from classification at the series level, if that 
is available. But at time series level, not all needed knowledge can be derived froin 

the classification. Local clit:matic conditions, slope gradients, soil depth, and 
previous use and maaemnenit of cultivated fields cause significant variations in 
productive potential and m1Mt. th,refore. he accomunted for in soil phase classi
ficatiomi and by pprupriate additional investigation. The additional investigation 

lay include laboratory an t vsis to guide fertilizer application and liming. 

SIPECIAL-ITURPOSE SOIL GROUIINGS 

Many planners and investigators find the nomenclature and technical details of 
Soil taxonomy) burdensome to manipulate and remember. Many lay people seek 
simple groupings of soils that reflect suitability for specific crops or specific non
farm uses, or that indicate the limitations of soils, and management requirements, 
for specific uses. Modern published soil surveys always include some of these 
special-plrplose grouipings. 

One of the most widely used special groupings is called the Capability Classi
fication (USDA 1961 ). It is a general way of showing suitability of soils for the 
major adapted crops and the intensity of conservation management required to 
maintain soil qtuality and productivity. The Roman numerals I through Viii 
indicate progressively greater limitatons and narrower choices for practical use. 
Capability subclasses indicate tilekind of major constraint or limitation: e for 
erodibility, s tor soil limitation, c for climatic limitation, and w for wetness. 
The Capability Classification was developed for United States conditions but 
has been adapted for use in other countries. It is not quatitative or precise 
enough for evaluating production potentials over broad areas, but it is a useful 
device fbr communicating with planners and cultivators about soil management 
requirements. 

Woodland suitability groupings, range site classification, wildlife suitability 
groupings, windbreak site classificat'on, and pasture groupings are examples of' 
other general-purpose classification commonly found in United States soil sur
veys. Many are ad hoe classifications designed to be helpful in the particular 

county or soil survey area. 
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Soil managenent groupings of soils for specific crops a;e sometiles created 
to simplify the transfer of information to cullivators. Examples are the Sugar
cane Grouping and the Pineapple Grouping found in putblished soil surveys of 
Ilawaii (Foote et al 1972. Sato el al 1973 ). Dent (1978) reviewed several earlier 
at tempts to synthesize a suitabilily classification for wetland rice. lie suggested 
that a rice yield prediction equation might b formulatCd by multiple regression 
anallysis and that this, linked with soil classification at the family level, ofTers 
potential for a useful rice suitability Classilication. 

Buol et al (19)75) Iroposed a technical soil classification system "for group
ing soils with similar fertility limitations." The systetll's difTerCmtiac include three 
mineral surface soil textural groups and an organic class: the substrata textures 
are grouped into three classes also. plus a rock class. Condition modifiers for the 
plowed layer emphasile moisture con1ditions, cation exchange capacity, exchange
able aluminum. free iron oxides. amorphous materials, salinity and alkalinity, 
free sulfides. p)otassium defliciency. free -alciuml carbonlatc, and vertic soil pro
pertics. Trial groupings of soils in a worldwide sampling indicate that about 127 
fertility capability utsllit, nmight suffice to account for tie variability in response, 
which is obviously a considerable reduction f'rom1the total mlber of' kinds of' 
soils studied. A system like this does not replace Soil ta.'onom'r and soil surveys, 
but it can be tremendously usefutl in practical agriculturl development initia
fives. 

More complex schemes for soil and land evaluation have been devised in a 
nunber of other countries in an attempt to comprehend all of the physical, eco
noinic, and sociopolitical resources that influence significantly the opportunities 
for new or more intensive land develoliment . The Food and Agriculture Organiza-
Lionm of the United Nations (FAO) has had a large leadership role in attempting 
to systeumatiZe land evaluation worldwide. Like North Carolina's Soil Fertility 
Capability Classilication. the FAG proposal does not take the place of soil classi
ficationl and soil survey, bit builds on them. It involves the execution and inter
pretation of basic surveys of climate, soils, vegetation and other aspects of' land 
in terms of the requirements of alternative formis of land use (FAO 1976). Using 
an incremental procedure that starts with basic surveys and goes on through 
physicv! land classification and economic and social analyses, a quantitative land 
classification suilable for guiding planning decisions is reached. The procedure 
is completely flexible, and permits the development of such detailed groupings 
amscriteria and ratings for moisture availability for oil palm in Surinam, or degrees 
of limitation for mechanization in Brazil. The methodology is highly analytical 
and will require the use of computers for effective application to extensive areas. 
It is indicative of the direction of contemporary thinking in respect to in forma
tion requirements for development planning, especially in developing cottries 
where research and experience with modern agricultural technology are limited. 

Finally. FAO has proposed a methodology of agroecologica! inventory as a 
means of approximating the production potential of the world's land resources 
(FAO t078 ). The procedurc begins with a soil-climate inventory for the physical 
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basis ot" the assessment. Climatic and soil requirements of selected individual 

crops are compared with the soil and climatic conditions of tileagroecological 

/ones delineated as tilefinal step in the soil-climate inventory. This comparison. 

or matching procedure, provides anticipated. restraint-tree Crop yields by main 

climatic divisions. The restraints are evaluated next (moisture stress, excess 

moisture. diseases, endemic pests. weeds, etc.) and yield reductions due to the 

various constraints are estimltcd to get agroclimaticall,' attainable yields. The 

final land suitability assessment gives areas ot' lands lh;, 'e very suitable, suit

able. marginally suitable, and not suitable for production of each crop iteach 

of two levels of inputs. (olored maps in the published reports give a graphic 

display of land stlitability by crops. 

Special interpretive groupings of soils, like the soil fertility capability classifi

cation and the sugarcane and pineapple groupings are effective in communicating 

a lot of detailed soil management information to cultivators in condensed form. 

Such groulings Lo not require the user to be knowledgeable about the nonmen

clature aud definitions o0lSoil tWXonomyV, nor evel about the local soil series. 

Complex land Classiftcat ion (land suitability) schemes based in part on soil classi

ticatioll nay enlarge the evaluation of resource potentials and they, too, obviate 

tileneed to be familiar in detail with soil taxonomic criteria. They may require 

of the user an equally strenuous effort to become familiar with complicated 

interrelationships among other sorts of differentiating criteria. 
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Majorproduction systems

related to soil properties

in humid tropical Africa
 
F. R. MOORMANN AND D. J. GREENLAND 

Tropical humid Africa is defined as the part of Africa with a crop 
growing period in excess of 210 days and with an isothermic or 
warmer iso (soil) temperature regime. Rainfed traditions,1 and transi
tional food crop systems are dominant in Africa. They range from 
extensive to intensive natural fallow rotation systems (shifting cultiva
tion) and, locally, to continuous or semipermanent cultivation. The 
semipermanent systems are related both to demographic pressure and 
to the quality of the land for supporting such systems. 

Most traditional systems are closely related to the environment, 
and maintain productivity at a low level without serious soil deterio
ration. Major constrainis to increased production are low nutrient 
levels, and rapid erosion and increased acidity, if cultivation is pro
longed. Land resources are degraded when pressure on the land be
comes too high or when unsuitable land and crop management 
practices are introduced. Substantial improvement of crop production 
within the context of the existing traditional and transitional systems 
is possible, and preferable to attempts to introduce land management 
systems developed for other regions, which give insufficient attention 
to locale-specific land qualities and soil properties, as well as climate 
characteristics. 

Large-scale capital-intensive arable food crop farming based on 
systems developed on temperate regions has not been successful in 
the lowland humid tropical regions of Africa and has led to uonsider
able land deterioration. Tree crop production, both in plantations 
and by smallholders, has generally succeeded because such land use 
is ecologically adapted to the region and causes little or no damage 
to soil resources. 

University of Utrecht, P.O. Box 80. 003, 3508 TA, Utrecht; IRRI, P.O. Box 933, Manila, 
Philippines. 



56 Soil-realted constraints to food production in the tropics 

Zero-tillage cultivation systems in which crop and weed residues 
are used as a mulch, fertilizers are used, a soil cover is maintained, 
and full advantage is taken of water and radiation by intercropping 
are an adaptation of traditional practice, which can allow more in
tensive crop production without soil deterioration. Association of 
the system with recycling of basic cations by deep-rooted tree or 
other species may assist in controlling increase of soil acidity. 

The development of rice-based cropping systems is increasing pro
ductivity in the restricted areas of hydromorphic lands. Considerable 
potential in this respect exists in Africa. 

Till )ESCRIPTION and analysis of major production systems and their relation 
to qualities of the environment. with emphasis on soils, nust be a tentative 
endeavor if done on a con tinen tal scale. Although agricultUral production systems
in Africa are the subject of many stidies, they are extremely varied and are not 
well known in geographic detail. Since 1945 there have been many studies and 
surveys of African soils, but detailed knowledge of their geographical distribu
tion is. as yet. lacking. With tie completion of the FAO/Unesco soil ital)o'the 
worll (FAO 1973). the distrihution of' the major taxa of the African continent 
was established. Variability as well as nicrovariability of' soils in the humid and 
subhunid tropics is now known to be greater than in arid and cooler zones (van
Wanbeke and DUdal 1978, Moormann and Kang 1978). But, the diversity of 
agro-environmental conditions, as related to the axononlic characteristics of the
soils, is not well known. No concerted effort has been made to relate the nulti
tude of African farming systems, their viability, and their c onomic relevance 
to soil-related land qualities. At best. very locale-specific studies have been made,
and a few taxonomic soil properties have been given tentative interpretations tc 
link the growth and productivity of' agriculturally important crops (and, hence 
agricultural production systems) with those properties. 

This paper should, therefore, be seen in the light of our incomplete know
ledge. We hieblight the necessity of more. and more detailed, pedological
edaphological studies. 

CLIMATIC CHARACTERISTICS OF HUMID TROPICAL AFRICA 
Humid tropical Africa falls, roughly, in the tropical wet and tropical wet-and-dry
climate types (Finch et al 1957, Trewartha 1966). The tropical humid climate 
defined by those authors has a relatively abundant rainfall (rarely less than 
750 mam). and uniform temperature. 

In terms of Soil taxonomn, (USDA 1975), humid tropical Africa can be 
defined on the basis of the soil temperature and soil moisture regimes, the latter 
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being covered by udic and tilemoister portions of the ustic regimcs. Comparing 
the areas with an isotenperature regime according to Euverte (1967, van 
Wambeke and l)udal 1978) with the areas covered by tropical hunid climates 
(Trewartha 966) the latter almost completely have iso soil temperature re
gimes -- mostly isolhyperthermic and isothermic, but, at the higher altitudes, also 
isomesic and cooler. We exclude the highest altitudes, where conditions for crop 
production are atypical Ibr tropical Africa. 

An agroecological approach for assessing die potential agricultural use of the 
world's land resources was initiated by FAO in 1976, and the first report from 
the project (FAO 1978) gives results for Africa. The methodology developed by
FAO allows one to relate the agroclimatic requirements of individual crops to 
environmental characteristics, and hence provides a tentative indication of tie 
suitability of the land for farming systems involving a range of those crops.

For purposes of this paper. we letine humid tropical Africa as that region
with a crop growing period in excess of 210 days/year and in the zone with a 
warnm isoteimperature regime. Its extent isshown in Figure 1 (FAO 1978). 

TRADITIONAL AND TRANSITIONAL FARMING SYSTEMS IN HUMID
 
TROPICAL AFRICA
 

Farming systems in Africa are diverse (Allan I965, Jurion and Henry 1969.
 
Ruthenberg 1971, Okigbo 1979). A classification by Okigbo (1979) ;sshown in
 
Table 1.For humid tropical Africa, certain systems are not important in terms
 
oif total agricultural area or value of production. Nomadic herding is not, oi is 
orly very, loeally ,practiced: terraced farming and floodland agriculture, which 
are importani for Asia. are rare in Africa. Terraced farming of rainfeU crops

otlh,:r than rice is found in areas of steep land and high population density, e.g.

in Ruanda and Burundi, and in various small pockets such as the Lama Kara
 
region of Togo. Terraced farming of wetland rice is even more scarcL, except in
 
Madagascar, where Asian types of rice-based cropping systems 
are prevalent. A
 
modest start of the construction of terraced wetland rice fields is observable ih
 
Sierra Leone, Liberia, and Guinea.
 

Mixed farming and livestock ranching are not found to anv extent in humid 
tropical Africa. Cattle raising in that part of the world is seriously hampered by
trypanosomiasis. spread by tsetse flies (Glossinma sp.). Although land as pastures 
for cattle offers possibility, given the present state of our knowl,dge and level 
of development, it will be some years before it becomes an important system.

Intensive small livestock production, although as yet not important, is ex
panding. especially in areas serving large arban communities. 

Food crop production by large farms in irrigation projects is rare; some such 
farms are found in lowlands on the boundary between the subhumnid and semi
arid zones, but they are mainly in the drier agroclimatic zones. 

Specialized horticulture similar to the inode-n intensive livestock production 
farming system is increasing in areas clove to urban centers. 
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Traditional and transitional systems 

Most food crops inhumid tropical Africa are still produced innatural fallow 
rotation (shifting cultivation) systems. Okigbo (1979) indicates ithatn the 
course of d,:velopment of' African agriculture, slash-and-burn shifting cultivation 
(Phase I shifting cultivation of Table 2) has gradually given way to more sedenl
tary natural fallow rotation or btsh1 fallow systems. Tile intensity of' land use 
under these systenms depends on many factors. Most shifting cultivation systems 
in Afica belong to Ph:;ses 11,Ill or IV of Table 2, with a inarked tendency, since 
about the turn of this century, to the more intensive phases (van der Walle 
1972). Traditional farming systems in Africa are changing in response to the 
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Table 1. A classification of farming systems in humid tropical Africa? 

Traditional and transitional Modern farming systems and Frequency 
systemsb Frequency their local adaptations 

1 a. Nomadic herding Rare 1 Mixed farming Rare 

b. 	 Shifting cultivation Rare 2 Livestock ranching Rare 
(phase 1)with L>10 c 

2 	 Bush fallowing or land Common 3 Intensive livestock Rare 
rotation (shifting production (Poultry, 
cultivation, phase II) pigs, dairying) 
with L = 50-10 

3 Rudimentary seden-
tary agriculture 
(shifting cultivation, 
phase I11)1L - 2-4 

Common 4 Large-scale farms and 
plantations 
a. Large-scale food and 

arable crop farms 
Rare 

based on natural 
rainfall 

4 Compound farming 
and intensive sub-

Less 
common 

b. Irrigation projects 
involving crop 

Rare 

sistence agriculture 
(shifting cultivation, 
phase IV) L<2 

c. 
production 
Large-scale tree crop 
plantations 

Uncommon 

5 	 Terrace farming and Rare 5 Specialized horticulture 
floodland agriculture a. Market garaening Uncommon 

b. 	 Truck gardening and Rare 

fruit plantations 

c. 	 Commercial truit Rare 
and vegetable produc
tion for processing 

aAdapted 'rom Okigbo 191., bMany traditional and transitional systems involve the farm
ing of lana ,ccording to two or more of the systems mentioned here; but usually a major 

= C+F 
part of the landholding will be farmed ac:'crding to one of the systems indicated. CL 

C 
where C = cropping period, F = fallow, and L = land use factor (see Table 2). 

general increase in population density (Cleave 1974). Thus, in most regions 
African food crop farming is essentially transitional agriculture, with low or 
negligible purchased inputs, and high labor input. 

Okigbo (1979) distinguishes two major groups of traditional farming systems. 
One is a vegecultural complex, based primarily on root crops, characteristic of 
forest regions and hence of the moister climatic zones with mainly udic soil 
moisture regimes, but also covering parts of areas with ustic soil moisture 
regimes, transitional to udic. The other group is a seed agriculturalcomplex, 
characteristically developed in savannah zones with modal ustic to dry ustic 
moisture regimes, and based principally on grain crops such as millet, sorghum, 
and, in the moister areas, corn. Both are found in humid tropical Africa. 



Table 2. Phases of shifting cultivation (Greenland 1974) and tentative relationships with land categories (Allan 1965) and soil orders. 0 

Phase I Phase II Phase III Phase IV 

Land cultivation Simple shifting Recurrent cultivation Recurrent cultivation Continuous cultivation 
cultivation with continuously cultivated 

plots o 
Dwellings and May be complex, with Always complex, with May involve alternate 
cultivated area several field types several field types husbandry with planted
shift together and cultivated pastures or 

fallow crops 

Land categories 	 Shifting cultivation Recurrent cultivation land Permanent (L<2) and semi- 00 
land L>10a permanent land, L<2-3 

Long-term Medium-term Short-term pl 
recurrent recurrent recurrent 0 
cultivation cultivation cultivation 

= 
L 7-10 L = 5-7 L = 3-5 
0 

Principal soil Any Alfisols Alfisols Alfisols Tropohumults -

order with which Ultisols Deeper Ultisolsb Deeper Ultisolsb Rhodustalfs 
associated (very Oxisols Andepts Andepts 
tentative) 
a 	 C+F 0 
L= land use factor, defined as L - where C = length of cropping per.'r, in years, F = length of fallow period in years (Allan 1965). bNo discon- " 

tinuities to a depth of more than 180 cm. 
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Within these more or less clearly distinguishable complexes, many forms 
exist, varying ill virtually all aspects of agricultural endeavor. Not only do we 
find a rich mosaic of crops and crop combinations, as in multiple and mixed 
cropping (Okigbo and Greenland 1976): various intensities or phases of' shifting 
cultivation also exist side by side. An example is the mixed oil palm-root crop 
farning in eastern Nigeria (Lagemann 1977), where tile basic agricultural produc
tion is in compound farms (Phase IV of Table 2) and the land is in permanent 
use, and where the soils have been chemically enriched by household refuse. 
Away from the compound farm, the land use is less intensive with fallow rota
tion, corresponding to Phase Ill shifting cultivation in most cases, but to Phase II 
in the aeeas witl more sanIldy soils an1d inlerent poorer fertility (e.g. coarse 
loamy, siliceous, Typic Paleudults dominated by low activity clays). 

A combination of traditional systems, without purcliased inputs, witlh more 
advanced systems that produce cash crops is Con1on ill Africa. The purchased 
inputs are mainly fertilizers and insecticides. Production of cotton in the 
savannah /one, and of tree crops such as cocoa, coffee, oil palm, and rubber is 
frecluen tly combined with natuoral fallow systems of food crop production. 
Althougl tree crops are commonly produced in monoctUlture by sinallholders, 
they are frequently interplanted with annuals, especially in the younger stages 
of the tree crops. In southeastern Nigeria most food production occurs tnder 
widely spaced oil palms. 

Some connon characteristics of the systems currently used in humid tropical 
Africa are listed: 

* cultivated area per household is usually small, rarely exceeding 2 ha; 
* crops are normally grown in mixture; 
* farming systems usually involve, besides a wide range of crops, a varying 

number of small animals; 
* virtually all farm work is done with human labor and simple tools: 
* permanent cultivation occurs mainly on compound farms and homestead 

gardens, where the largest number and kinds of crops are found: 
• in the traditional systems in the forest zone, the soil is rarely exposed 

directly to sun and rain, but is protected by crops and redeveloping fallow 
vegetation: 

0 soil fertility maintenance relies heavily on natural or planted fallow and, 
as regards compound and garden plots, on household, kitchen, and animal re
fuse; and 

* the cultivation period is short, rarely exceeding 3 years, before the land 
reverts to natural fallow (Table 2). 

Relationship of traditional and transitional systems to the environment 
Soil physical properties. Where traditional agriculture is practiced, soil erosion 
is mostly slight; accelerated erosion may occur if demographic pressure on the 
land increases. Multiple and mixed cropping systems keep the soil partly or 
totally covered during the early rainy season, when the danger of erosion is 
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strongest. Soils remain uncovered for short periods only during the beginning 
of' the rains in areas with seasonal rainfall, but in udic and perudic soil moisture 
regimes, virtually no bare soil can be found at any time. These actors, coin
bined with the lower crodibility of the Ultisols and Oxisols, which zre dominant 
in those humid areas, result in Ii erosion being found. Land maagement and 
preparation of the seedbed by simple hand tools also limit erosion. Burning of 
the fallow vegetation is seldom complete; and tree crops and shrubs or their 
stumps are rarely completely removed. A sort of mulch, comprising half-burned 
branches and leaves plus remnnants of ground vegetation remains on the seedbed. 

After planting, the soil between the young plants is often purposely covered 
with leafy branches or crop residues from harvested components of the several 
crops planted. Weeds are not removed, but are slashed or hoed, and remain on 
the surface. Two indications of the lack of surface erosion in these areas dom
inated by traditional farming systems under udic and perndic moisture regimes 
should be mentioned. 

Firstly. creeks and rivers are virtually devoid of' a silt-charge throughout the 
year. In parts of eastern Nigeria. where population pressure reaches 500 per
sons/kin2 ( Lag:.-!n.,!n c, :!! !976). the water in creks and rivers is limpid, with 
a bluish-black tinge in some seasons, because of dissolved organic matter. 

Secondly, no signs of excessive stripping of the A1 horizon can be found. 
This is seen in many West African soil areas on basement complex rocks where 
the Alfisols and Ultisols possess gravelly subsurface horizons, covered with a 
gravel-free biogenetic horizon, formed mainly by the soil fauna (Nye 1954, 
Smyth and Montgomery 1962). This gravel-free horizon of' a remarkably con
stant thic....-;; (15--25 cm) is maintained in areas that have long been used for 
Phase 11or Phase Ill (Table 2) shifting cultivation. Where mechanized arable 
cultivation has been introduced, the gravel is frequently exposed. 

In traditional agriculture, planting on heaps of soil is common. Although 
heaping may in part be purely traditional (Lal and llahn 1973), it frequently 
serves a specific lurpose. as in the construction of' high heaps on hy dromorj'l ic 
soils, or in the cultivation of yam (Dioscorea sp.) on soils with gravel layers at 
shallow depth. There are also indications that in the traditional systems the 
construction and maintenance of' clean weeded heaps protect the crop at early 
growth stage against the influence of weeds, which compete for nutrients. water, 
and light (Moody 1975). Observations on eastern Nigeria indicate that. whatever 
the reason for heaping. little erosion results from this practice in traditional 
systems. Surf'ce erosion, if it takes place, transports soil from the top to the 
bottom of inc ividUal heap- but runoff and erosion are effectively stopped be
cause of the mulch co-_ normally present in the hollows between the heaps. 
This is so. even though in clean weeded lands, heaps have been shown to ac
celerate erosion in the exposed and connected hollows. The key factor is the 
application of' various mulches on the parts of the land exposed to rains. The 
mulches prevent direct impact of' raindrops on the soil, eliminate particle detach
ment. and thus reduce erosion to acceptably low levels (Lal 19 76a). 
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Soilfertility. A recent review of soil fertility in shifting cultivation is given 
by Sanchez (1976), who discusses much West African work. Te soil fertility 
aspects of traditional Ifarning systems are site dependent, varying with tile 
original soil type, the climate, the system itself, including the type of crop 
mixtures, the frequency of" cultivation, of tileand the nature fallow vegetation. 
Nevertheless. some generalizations regarding soil fertility relationships are pos
sible. 

The central concept of traditional systems is the dependence on forest or 
savannah fallow periods for restoring soil fertility, which diminishes during the 
cropping cycle. When land use is not intensive, and fallow periods are 6-15 
years, depending on the nature of ti soil, a nearly closed nutrient cycle exists, 
and production of food crops can be maintained at an acceptable, although low, 
level (Nye and Greenland 1960, Allan 1965). Increased intensity of land use for 
cropping leads almost inevitably to lower yields and overall loss of'fertility, but 
considerable differences exist according to the nature of soils. 

In the few areas with upland soils of high base status and with a clay mineral
ogy 1ot domina ted by low activity clays (mainly An depts and Rhodustalfs), 
rainfed agricLtlture can be permanent or semipermanent even use ofwithout tile 
fertilizers (Allan 1965). But often, fertility declines because of intensified crop
ping. Tile decline may be less for Alfisols, which are savannahdominant in tile 
areas and at the forest-savannah boundary (Nye and Greenland 1960, FAO 1973, 
Jones alnd Wild 1975), than for Ultisols and Oxisols, which dominate in the udic 
and perudic parts of Africa. As population density increases a breakdown of the 
traditional system, due to progressive :,l fertility depletion under intensified 
land use. becomes more common in tile extensive areas of Ultisols and Oxisols. 
The higher Iwels of adsorbed A13+ in the root zine of these soils, together with 
other flct ors lead to poorer growth of most crops. 

Besides .Lline of nutrient status, other factors contribute to diminished 
returns from ittensified traditional farming. Weed infestations may be as im
portan tas nut ri nt d -pletion. 

NMuch inforr.lati( n on 'nutrient and yield decline with continued cropping 
exists (Nye and Gicenland 1960, Sanchez 1976). It has been well established 
that appropriate fertilizer use can not only arrest the decline but also maintain 
yields at high levels (Kang et al 1977, Sanchez 1979). Economic restrictions 
may occur, however, particularly in the more acid soil areas where lime is often 
not readily available. 

Relationship of rainfed agriculture to land types and land qualities 
Low-intensity shifting cultivation systems (Phase I of Table 2) show little rela
tionship to kind of' soils. However, these systems do not commonly use very 
shallow and very steep phases or very wet soils. Within the confines of the agro
climatic zones. there is no evidence that production under low-intensity shifting 
cultivation varies according to kind of soil and related land qualities. Of mnore 
importance for the level ef production in such systems are rainfall pattern and 
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crop management, especially as regards weeding.
Increased intensity of land use under shifting cultivation in Phase II or Phase 

IIlis, on tilecontrary, dependent on types andland their qualities. As Allan 
(1965) further indicates, the great variability of land-use systems in African agri
culture is related to soil properties. At increasing population pressures, the in
tensity or categor;r of land use is directly related to soil properties. Physical soil 
properties determine whether intensified land use tinder traditional and transi
tional systems can be stable. Deep soils, with medium to fine textural profiles (fine
loamy and clayey families) and without interfering gravelly layers or horizons, 
are the ones mos t 'reCqLIen tly used for these intensified systems. In view of the
importance of root crops in irue areas, the voltume of soil available for free root
development is important. Examples of intensive and even permanent agricul
tural use can be found in clayey, kaolinitic families of' Palehuults and Paleu
dults developed from basic parent materials, such as basalts. 

land use in sucth soil areas in Rtlanda and Bturundi (van der k,alle 1972) and
in the western part of the Cameroons has been intensive. Very intensive land use
is also found inWest Africa where Paleustalfs and Palendtlts have developed on
deep sediments in slightly undulating terrains. lere too. the determining factor 
appears to be soil depth and the absence of' root-impeding factors in the profile 
(Babelola and Lal IQ77).

Only rarely are intensive (Phase IV) trarlitional and transitional systems found 
in areas dominated by soils with less favorable physical characteristics, e.g. most
soils in acid and intermnediate crystalline basement complex areas. Even in those 
areas, local patches or pockets of deeper soils, including examples where the
soils belong to salldy or coarse loamy Families, are preferred for intensified 
agriculture. 

Certain chemical soil properties may interfere in the intensification of"land 
use on physically favorable soils. Lind use remains extensive in deep, clayey
Acrorthox areas of Zaire (personal communication with C. Sys, University of
Client), because of extreme nutrient deficiency, and in spite of their favorable
 
physical characteristics. 
 In the various families of Paleudults, where base saturailon is very low -- practically from the surfaice - and where high Al3+ saturation 
i:found at shallow depth, intensified land use is rare. The restricted root devel
opment due to Al3 means that plants often suffer from drought during their
early development, and this appears to be an additional limiting factor for in
tensified cultivation of such soils. 

Thus intensified systems of traditional and transitional agriculture in Africa 
are related to soil properties and specific land qualities, with permanent or semi
permanent land use being found exclusivc~y where conditions are favorable. Not
all favorable soils are intensively cultivated, however. Demographic pressure is 
partly an independent variable (see section on demographic aspects). 

Use of wetlands in traditional agriculture
In humid tropical Africa, land that receives water additional to rainfall (ground
water, surface water) is underutilized compared with similar land that forms the 
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backbone of food crop production in South and Southeast Asia (Moormann and 
van Brccnen 1978). Geographers give nany reasons for the underutilization, 
the nmain ones being the prevalence of schistosomiasis and other water-borne 
diseases, and the late introduction of rice Oryza sativa. 

The use of wetlands is indeed limited in all areas where rice is not a major or 
even a minor food crop. Nevertheless, use of hydromorphic valley lands for 
crops other than rice is common, and most indigenous cultivation systems in
volved recognition of the need for each farm to include land of this type. 

Agricultural use of wetlands is less in the forest than in the savannah zone. 
In the areas of highest rainfall, traditionally little use is made of the wetlands, 
except for tile gathering of' forest products (e.g. bamboo) and the production 
of paln wine. In the drier zones, transitional to the udic and perudic regions, 
two specific land use systems occur. Firstly, marginal wetlands that only become 
water saturated well into the rainy season are frecluently used for yearly crop
ping of early corn and, to some extent, for yam (Dioscoreasp.), plantain (Musa 
sp.), and cocoyam (Xatthosoma sp. and Colocasia sp.). Secondly, giant heaps, 
sometimes as high as 150 cm with an estimated base surface of up to 30 in2 , are 
constructed in wetlands. Each individual heap is a tnicrocosmos, with a whole 
range of crops planted according to their relative susceptibility to high ground
water. Yams are usually planted on or near the top; cassava, corn, grain legumes, 
and melons lower oin the heap; and rice between the heaps (Okigbo and Green
land 1970). The system is an effIective, although labor-consuming, means of 
artificial soil drainage. It is well developed in parts of eastern Nigeria (e.g. in the 
Abakaliki area), where hydromorphic soil conditions abound (Ruthenberg 1971). 
It is also used in other West African valleys and small plains, which are not 
subject to deep l]oding. 

Rice cultivation is increasing rapidly in Africa (Buddenhagen and Persley 
1978). Although most rice is still produced as a dryland crop (upland or pluvial 
rice), a change toward wetland rice cultivation is taking place. An example is 
again the Abakaliki area in eastern Nigeria, where rice was not introduced untii 
the mid-1940s (von Blanckenburg 1962). Here, rice has become the main crop 
on the hydihomorphic lands. Originally grown in combination with the mixed 
crops on high hefaps, it is now grown more and more in monoculture. 

Although total rice production in West Africa is only of the order of 2 
million t/year, and the annual rate of increase inl production over the past 2 
decades was only 2.71/, this rate is greater than that for any other crop in West 
Africa (Winch and Kirunja 1978). 

Rice cultivation in Africa is in the process of becoming an integral part of 
traditional and transitional farming systems. Because rice is a cash crop, for most 
small farmers the use of purchased inputs, particularly fertilizers, is slowly in
creasing. Rice cultivation in Africa is still far from reaching the position it has 
in South and Southeast Asia. The relative surface of suitable wetlands inl humid 
tropical Africa is much less than that in Asia, and water control by leveling, 
bunding, and irrigation still has to be developed. The introduction of this type 
of water control is essential to successful development of rice cultivation in 
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Africa (Moormann and Veldkamp 1978). 

Demographic aspects of traditional and transitional agricultural systems
Few data on population density relevant to soils and land as a natural resource 
are available for tropical humid Africa. Total population data show that Africa
is relatively empty: however, crude national and subnational statistics of popula
tion density are not very useful (Hance 1972). High population densities and
concomitant pressure land alreadyon are critical in Africa in scattered rural 
pockets (Prothero 1972), even though overall population pressure may not be 
severe. 

Boserup (1965) suggests that increasing density of population will normally
bring about successful intensification of land use, irrespective of where it occurs.
Enough examples support this theory, but at samethe time, there is often a
correlation between such increased intensity of cultivation and the overall 
quality of the land (Allan 1965).

It is doubtful, however, if a valid generalization regarding the relationship
between land resources and demographic pressure can be derived. Firstly, relative
overpopulation occurs in many areas in Africa where production potential is low
because of soil and soil-related constraints. Such soil areas may be overused, 
even if they are only extensively used for Phase I or Phase 11 shifting cultivation. 
Secondly. not all areas suitable for intensified shifting cultivation are so used.
For example, in an IITA (International Institute of Tropical Agriculture
ibadan, Nigeria) study of a climosequence of loamy to clayey siliceous or

at 

kaolinitic, isohyperthermic Paleustalfs and Paleudults on coastal sediments 
Togo, Benin. and Nigeria, which had consistently favorable physical properties

in 

throughout the sequence, poptulation density and intensity of land use behaved 
as independent variables (Forbes 1975). Low-intensity land use predominates in
the portion of the sequence situated in Bendel State, Nigeria, where sociocco
nonics and land use policy appear to determine the density of land use. Other
limiting factors, such as the lack of potable water in parts of tht middle belt of
Nigeria, which have deep to very deep soils on (probably) old terrace formations, 
may also interfere with intensification of land use. 

Given the present rapid changes in communications, water availability, and
other factors, it is difficult to make a general st tement regarding the relation
ships between future population density and intensity of land use in humid
tropical Africa, and qualities of the land. Certain discernible trends point to
increasing overpopulation in many localities, but it is impossible to generalize
from the data obtained. Historical and other factors too frequently intervene 
(Prothero 1972). 

IMPROVED CROP PRODUCTION FROM TRADITIONAL AND
 
TRANSITIONAL FARMING SYSTEMS
 

The natural fallow rotation systems of the lowland humid tropics of Africa differ
substantially slash-and-burnfrom crude practices in which land is cultivated 
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damagingly for a brief period and becomes unsuited to further cultivation, even 
after lengthy periods in natural fallow. The destructive slash-and-burn common 
in many steeply mountainous areas of South America, where it is practiced 
mainly by new settlers (Watters 1971), is rare in Africa (Nye and Greenland 
1960, Allan 1965). The African natural fallow rotation system has evolved 
through centuries of man's adaptation to his environment. Except for wetland 
paddy rice and permanent tree crop production, it is the only demonstrahly 
stable farming system developed for the Alfisols, Ultisols, and Oxisols of the 
humid tropics. However, it is primarily suited to the maintenance of a subsist
ence economy where ample land is available; it still is not known whether, on 
a wide range of soils, it can be intensified to provide the higher returns required 
to establish a better standard of livin-, or to support "much higher population 
densities. 

The reasons for tile success of the traditional syster: are its close adaptation 
to soil properties and land qualities. Fallow periods are determined according to 
the ecoleoical succession, which reflects tile restoration of nutrients and the 
suppression of weed species. Different soil and land types are recognized in 
relation to their suitability for different crops, and are planted accordingly. 
Plantain and cassava, which occupy the soil for more than a year, are often 
planted together with mixtures of shorter duration crops, and ensure the main
tenance of' soil cover to protect the soil against erosion. If the system is to be 
intensified it is essential that the changes made preserve its main virtues, which 
overcome the environmental constraints of the region (Greenland 1975). 

The corridor sj'stem developed in Zaire (Jurion and Henry 1969) attempted 
to rationalize shifting cultivation by arranging the areas of cultivated and fallow 
land in straight lines in the landscape. Such arrangement obviated the system's 
adaptation to soil variation and destroyed its ecological sensitivity, and offered 
little by way of compensation. 

The taunga system (planted forest and crop rotation) is extensively used in 
the forest areas of Nigeria and other parts of Africa (King 1968). It allows the 
land to be used productively throughout the "rotation" and preserves the ad
vantages of the natural fallow rotation system. The relative advantages of land 
use for timber or for more frequent food crops depend on economic factors. 

Introduction of impro 'ed varieties and fertilizer into the natural fallow system 
is possible. The usual response to increased population pressure and consequent 
lower availability of land is reduction of the length of the fallow period. This 
can mean reduced restoration of nutrients, inadequate improvements in soil 
physical conditions, and incomplete suppression of weeds. Although fertilizers 
and improved crop varieties may more than sustain the ability of the soil to 
produce crops, the soil's physical condition call still impose a serious constraint. 
The results of Kang et al (1977; IITA 1974, 1975) show that on 2 Alfisols and 
I Entisol, high yields could be maintained for periods of at least 5 years (Fig. 2). 
The results are for small plot trials where erosion was not important.

Although fertilizers have produced positive yield responses in the humid 
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2. Effect of cultural factors on maize yield on three soils in 
southern Nigeria (from IITA 1974, 1975; K.ng et al 1977). 

tropical regions of Africa, their use has tended to develop only where cash crops 
are produced. Their use on food crops has been limited by the relatively low 
prices for food crops and inadequately developed marketing facilities. 

The many research results available clearly disprove the idea that in the 
African humid tropical regions high phosphate fixation limits responses to fer
tilizers. With suitable varieties and nonlimiting soil physical conditions, excellent 
phosphorus responses are obtained and high yields can be maintained. Severe 
phosphate fixation may be a problem in the extremely acid Oxisols and in some 
Utisols with high active aluminum present. Le Mare (1979) has shown that in 
many Ultisols and Alfisols in West Africa most added phosphate remains in 
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equilibrium with the soil solution for several months after addition, and is avail
able to crops. Pichot and Roche (1972) and Kang and Fox (1979) have reported 
substantial residual responses to phosphate on Alfisols and Ultisols in West 
Africa. 

When fertilizers are used during a cropping period of a few years before fallow 
regrowth, increased acidity does not become a problem, and the cations depleted 
by leaching and crop removal and nitrification of added nitlove; fertilizers 
should be restored by recycling of basic cations through the fallow vegetation. 
If the cropping period is prolonged, however, depletion of basic cations and 
acidity development can become serious (Greenland 1974). This is a greater 
problem in the wetter areas on Ultisols and Oxisols. Low rates of lime (<1 t/h1.) 
have given substantial responses in eastern Nigeria (Jun and Uzu 1977). But 
because lime is scarce and expensive in the area, the responses are not necessarily 
economical. Alternative liming materials must be sought. If trees are not grown 
in succession to food crops, they could be grown elsewhere, ashed, and the ash 
used as a soil aniendment (Greenland 1974). 

Zinc and copper are present in very low amounts in the Alfisols and Ultisols 
developed from basement complex rocks and sediments in West Africa (Cottenie 
et al l979))I deficiencies of those elements must be anticipated with continued 
cropping, or with injudicious use of liming materials. Early liming experiments 
using high rates failed, probably because of induced micronutrient deficiencies 
(Juo and Uzu 1977). 

The major problem associated with extended cultivation periods is maintain
ing the physical condition of the soil and avoiding erosion. The red earths of the 
tropics have, or had, the reputation of possessing excellent physical conditions. 
In fact, the Alfisols and Ultisols of West Africa have relatively weak aggregation. 
Their available water retention is often less than 10 g1100 g (Lal 1978) and on 
a volumetric basis is reduced further by the common presence of substantial 
quantities of gravel. They are easily erodible (Lal 1976b) and crops grown on 
them frequently suffer from drought despite high, if sometimes intermittent, 
rainfall. 

Many long-term experiments on tile Alfisols and Ultisols of the humid areas 
of West Africa have tested different planted fallows for their ability to restore 
soil physical conditions. Although many planted fallows are effective (Fig. 3), 
none are significantly superior to natural fallow, and are more demanding in 
terms of establishment. Animal disease problems limit the use of the fallows for 
animal piodtiction. 

On an Oxic Paleustalf at IITA a zero-tillage system, with crop and weed 
residues used as a mulch, was highly successful in maintaining physical conditions 
and preventing erosion (Lal 1979a). '[le system needs testing in a wider range 
of environments, but appears suitable for continuous production on most up
lands with an undulating to gently rolling topography in the humid tropics. The 
zero tillage is not the essential component; the use of residues as mulch is the 
all-important factor. 



70 Soil-related constraints to food production in the tropics 

Cumulative infiltration (cm) 
500 
480 	 OIIO Ponicum 

X-X Se/ar 
V- mchrxorio 

420-.. Me/,s4 - 0 l') CenfrosemY-	 Pueo7no 4f 

I-W 1ycine 100 
360 *--0 Stylosonthes 

J0-0 	 Control / . 

300 

240 -O 

180

0 30 60 90 120 150 180 

Time (min) 
3. Effect of planted fallows on infiltration into an Alfisol in southern 
Nigeria (Lal 1979b). Infiltration under adjacent secondary forest is close 
to the highest rate found in this experiment. 

MODERN FARMING SYSTEMS 
For humid tropical Africa, two subsystems in Okigbo's classification (Table 1) 
are important: large-scale food and arable crop farms using natural rainfall, and 
tree crop plantations. 

Large-scale food and arable crop farms 
The subsystem of large-scale food and arable crop farms includes all farming 
operations with high purchased capital and recurrent inputs. A common charac
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teristic is the high degree of mechanization of all or important portions of the 
farm operation, starting with initial clearing. 

Large-scale farms of this type, using standard Western technology, have gen
erally teen insuccessful in Africa. The well-publicized failure of the groundnut 
scheme in Tanzania, and of the less well-known, but equally disastrous large 
agricultural scheme at Sefa in southern Senegal, are only two examples of a mis
match of this type of imported technology with the qualities and constraints 
of the environment. Bolh schemes fall somewhat outside of the humid tropics 
as defined here, but the causes of failare are also found in the regions under 
discussion here. 

In the Tanzanian scheme, recurent low rainfall paired with the low available 
water-holding capacity of the soi.s was the main environmental constraint. In 
the Sefa scheme, unanticipated high rates of surface soil erosion after large-scale 
mechanical clearing rapidly led to crop loss ar.d failure (Charreau and Fauck 
1970). 

The two failures are not exceptional. Throughout humid and subhumid Africa, 
scores of large to medium-large farming schemes have been abandoned. Although 
the basic reason fbr failure is lack of understanding of the environmental con
straints, unfavorable socioeconomic conditions and management problems have 
often accelerated the process of abandonment of such schemes. Of tile many 
failures, the Ejura farms in Ghana should be mentioned. The project, organized 
by U.S. private enterprise and the Ghana governmi,t, is in the transition zone 
between forest and savannah on loamy and clayey families of Oxic Paleustults, 
with inclusion of arenic subgroups and of Plinthustults. Maize was the main 
crop, grown under high levels of Vestern management: complete mechanization 
of operations, improved varieties, fertilizers, control of pests and diseases, and 
posthlarvest storage to allow sale of the produce at the time of lowest (national) 
supply and highest market prices. Tile scheme failed because of an unplanned 
low benefit-cost ratio, which did not allow for amortization of the costly capital 
inputs for mechanization. Yields remained well below expectations, and costs 
were higher than planned, because of a number of land-related factors. The most 
important of those were: 

0 Soil degradation, including erosion, induced by the mechanized system 
adapted, which required clearing and regular exposure of large areas of soil. 
Despite buinding, the erosivity due to climate was greater than that for which 
the system was designed. 

0 Tile difficulty of getting a crop started at the beginning of the rainy season, 
when soils were depleted of available water and rains were irregular. 

* Tile effect of the dry spells during the growing season on soils with low 
available water-holding capacity. The effect was clearly aggravated after a few 
years of cultivation because of diminished organic matter in the surface soil. 

* Tile formation of plow pans upon mechanical cultivation. The pans were 
so dense that thty hampered root development, and made the water less avail
able to the crops. 

* The high incidence of weeds competing for water and nutrients. On the 
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Ejura farms, Rottboelia sp. was the most harmful; Imperata cVlindrica, which is 
common in areas of humid West Africa where large-scale farms operate, also 
occurred. 

The constraints observed in Ejura are found in most large-scale schemes in 
humid tropical West Africa, on Alfisols and Ultisols. Most of the constraints can 
be managed, as indicated by work on experimental farms and stations. The price 
for such management is, however, too high under prevailing socioeconomic con
ditions. Alternate land management sysiems are needed if large-scale arable 
farming on these soils is to be successful. Minimum tillage techniques that 
minimize or even avoid loss of structure (tilth), loss of organic matter, and the 
collateral increase of crodibility offer one such system (Lal 1979a). Although 
highly adapted to the Allfisol zone of\Vest Africa, the system has not been tested 
in other environments, notably on the Ultisols of the wetter regions. Thorough 
land evaluation and testing of such systems in pilot schemes are necessary. 

Tree crop plantations 
A review of plantation crops in Africa by Grigg (1974) indiates that most tree 
crops in humid tropical Africa are grown by smallholders in conjunction with 
traditional subsistence farming of food crops. This is true, for instance, of coffee 
and cocoa in West Africa. Rubber and oil palm are main large-scale plantation 
crops, but :ire also grown in smallholdings. As regards soil properties, the two 
systems of -rc crop plantations are substantially comparable and will be treated 
together. 

Ecologically, free crop plantations are much more related to the original and 
secondary forest vegetation than are systems of food crop farming. Thus the 
constraints imposed by soil physical conditions are diminished, especially as 
regards the maintenance of favorable physical conditions and the avoidance of 
erosion. Surface runoff and superficial erosion are rare in plantations. The only 
erosion occurs as gullies and is simply controlled. The gullies often form along 
access roads and plantation tracks. 

Maintenance of soil fertility with tree crops is much less of a problem than 
with cultivated food crops. The export of plant nutrients in the tree produce is 
small relative to total biomass production. with concurrent more efficient use 
of nutrients from the deeper soil horizons. Less nutrients are lost by leaching 
and by erosion than in tilled crop land, and plantations with low inputs of fertil
izers can succeed where low-input annual cropping systems fail. 

Weeds are a problem only in the early stages of the tree crop plantation. Once 
a relatively closed canopy has formed, weeds are easily controlled during normal 
operation and maintenance activities. 

Economic returns from the produce of most tree crops are in the first place 
determined by world market prices. Fluctuations in those prices influence this 
type of land use. Falling rubber prices, for instance, were instrumental in the 
abandonment by many smallholders of rubber gardens in the humid part of 
Nigeria. 
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Level of management is the second important factor in the degree of success 
of tree crop plantations. In smallholders' plantations, management level is rela
tively low and yields are consequently low. With an unfavorable price structure 
on the international market, therefore, the low management levels tend to go 
lower. In addition to and in conjunction with these economic parameters, land 
qualities play an important role. For a given commodity price and a given in
tensity of management, the returns are better on soil that has properties most 
suited to the particular tree crop. 

Some ecological requirements of the various important tree crops are known, 
usually in a pragmatic way, because of the failure of plantations under specific 
circumstances. An example is the commercial production of oil palm. One of 
the most importaHnt production-determining factors is the distribution of rain
fall. A long dry season causes the preferential development of male flowers and 
a high degree of abortion of' fruits. Although oil palm shows good vegetative 
growth in Zones with a moderately long dry season or even in much drier zones 
on hydromorphic soils, its productivity is much less than in water areas. Oil 
palm fruit is harvested from trees that form part of the secondary bush regrowth 
in drier areas, but productivity per tree is too low for plantation levels. Hence, 
the limit of useful climates for oil paln as a plantation crop is set by a growing 
period isoline (Fig. I) of roughly 300 days with an isothermic or warmer iso 
(soil) temperature regime. 

Much data on land qualities that favor diverse plantation crops are available 
fromn the literature, but because of' the commercial character of many of the 
plantations, many relevant data have never been published. Most plantation 
crops in humid tropical Africa are grown on suitable land, and a large reserve 
of soil for similar crops is still available. 

CONCLUSIONS 

There is no consistent relationship between the intensity of land use in humid 
tropical Africa and either soil and climate characteristics or population density. 
Rapidly increasing population density in several areas is accentuating the need 
to develop more productive and stable agricultural production systems for those 
areas. The principal soil constraints to the development of more productive 
farming systems on the Alfisols, Ultisols, and Oxisols, which dominate the land
scapes of the region, are summarized as follows: 

" All'isols 
- susceptibility to erosion; 

- low retention of available water; 
- low reserves of nitrogen, phosphorus, zinc, sulfur, and copper; and 
- development of acidity with continued cultivation. 

* Ultisols and Oxisols
 
-- low nutrien:t retention;
 

low reserves of nitrogen, phosphorus, potassium, calcium, magnesium, 
zinc. and possibly copper, and 
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- problems associated with soil acidity.
 
The major constraint on hydromorphic soils relates to water control.
 

Research priority must be given to the development and wide testing of 
farming systems that alleviate these constraints within tie socioeconomic para
meters that exist in the region. 

REFERENCES CITED 

ALLAN, W. 1965. The African husbandman. Oliver and Boyd. Edinburgh. 
BABELOLA, 0., and R. LAL. 1977. Subsoil gravel horizons and maize growth.

II. Effects of gravel size, inter-gravel texture and natural gravel horizon. Plant 
Soil 46:347-356. 

BOSERUP, E. 1965. The conditions of agricultural growth. Allen and Unwin, 
London.
 

BUDDENHAGEN, I. W., and G. J. PERSLEY. 1978. Rice in Africa. Academic 
Press, London. 

CHARREAU, E., and R. FAUCK. 1970. Mise au point sur rutilization agricole
des sols de ]a rdgion de S~fa. Agric. Trop. 25(2):251-291. 

CLEAVE, J.H. 1974. Labor use in the development of smallholders agriculture. 
In Africa farmers. Prager Pibl., New York. 

COTTENIE, A., B.T. KANG, . KIEKENS, and A. SAJJAPONGSE. 1979. Micro
nutrient status. In D.J. GREENLAND, ed. Characterisation of soils in relation 
to their classification and management: examples from some areas of the 
humid tropics. Oxford University Press, London. 

EUVERTE, G. 1967. Les climats et l'agriculture. Presse Universitaire de France, 
Paris. 

FAO (Food and Agriculture Organization). 1957. Shifting cultivation. Trop. 
Agric. (Trinidad) 34:159-164. 

FAO (Food and Agriculture Organization). 1973. FAO-UNESCO soil map of 
the world, Sheet VI, Africa. UNESCO, Paris. 

FAO (Food and Agriculture Organization). 1976. A framework for land evalua
tion. Soils Bull. 31, FAO, Rome. 

FAO (Food and Agriculture Organization). 197R Report on the agroecological 
zones projects, Vol. 1. Methodology and results for Africa. World Soil Resour. 
Rep. 48. FAO, Rome. 

FINCH, V.C., G.T. TREWARTHA, A.H. ROBINSON, and E. HAMMOND. 1957. 
Elements of geography, 4th ed. McGraw-Hill, New York. 

FORBES, T.R. 1975. A West African soil climosequenLe and some aspects of 
food crop potential. Unpublished M Sc thesis, Cornell University.

GREENLAND, D.J. 1974. Evolution and development of different types of shift
ing cultivation. FAO Soils Bull. 24. 

GREENLAND, D.J. 1975. Bringing the green revolution to the shifting cultivator. 
Science 190:841-844. 

GRIGG, D.B. 1974. The agricultural systems of the world. Cambridge University 
Press, London. 

HANCE, W.A. 1972. The crudeness of crude densities. Pages 36-40 in S.H. 
OMINDE and C.N. EJIOGU, ed. Population growth and economic development 
in Africa. Heinemann, London. 



Production systems and soil properties, humid tropical Africa 75 

IITA (International Institute of Tropical Agriculture). 1974. Annual report, 
International Institute of Tropical Agriculture. Ibadai, Nigeria. 

IITA (International Institute of Tropical Agriculture). 1975. Annual report 
1974. Ibadan, Nigeria. 199 p. 

JONES, M.J., and A. WILD. 1975. Soils of the West African savanna. Common
wealth Agricultural Bureaux, Farnham Royal. 

Juo, A.S.R., and F.O. Uzu. 1977. Liming and nutrient interactions on two 
Ultisols from southern Nigeria. Plant Soil 47:419-430. 

JURION, F., and J. HENRY. 1969. Can primitive farming be modernized? INEAC 
hors series, INEAC, Brussels. 

KANG, B.T., F. DONKOH, and K. MOODY. 1977. Soil fertility management in
vestigations on benchmark soils in tl e humid, low altitude tropics of West 
Africa. Agron. J. 69:651-657. 

KANG, B.T., and R.L. Fox. 1979. Management of !-.. &cils for continuous 
production: controlling the nutrient status. In D.J. GREENLAND, ed. Charac
terisation of soils in relation to their classification and management: examples 
from some areas of the humid tropics. Oxford University Press, London. 

KING, K.F.S. 1968. Agri-silviculture (the Taungya system). Bull. 1. Department 
of Forestry, University of Ibadan. 

LAGEMANN, J. 1977. Traditional African farming systems in eastern Nigeria. 
In Afrika Studien 98. Weltforum Verlag, Muchen. 

LAGEMANN, J., J.C. FLINN, and H. RUTHENBERG. 1976. Land use, soil fertility, 
and agricultural productivity as influenced by population density in eastern
 
Nigeria. Z. Auslandische Landwirtschaft 15(2):206-2 19.
 
Page 269 in Afrika Studien 98. Weltforum Verlag, Muchen.
 

LAL, R. 1976a. Soil erosion on Alfisols in western Nigeria. II. Effect of mulch 
rates. Geoderma 16:377-387. 

LAL, R. 1976b. Soil erosion investigations on an Alfisol in Southern Nigeria. 
IITA Monogr. I. 

LAL, R. 1978. Physical properties and moisture retention characteristics of 
some Nigerian soils. Geoderma 21:209-224. 

LAL, R. 1979a. Management of the soils for continuous production: controlling 
erosion and maintaining physical condition. In D.J. GREENLAND, ed. Charac
terisation of sui;, ii relation to their classification and management: examples 
from some areas of the humid tropics. Oxford University Press, London. 

LAL, R. 1979b. Physical characteristics of soils of the tropics; determination 
and management. In R. LAL and D.J. GREENLAND, ed. Soil physical proper
ties and crop production in the tropics. Wileys, Chichester. 

LAL, R., and S.K. HAHN. 1973. Methods of seedbed preparation, mulching and 
time of planting of yams (Dioscorea rotundata) in western Nigeria. Pages 
3-10 in Proceedings of the international symposium of tropical root crops, 
International Institute o:f Tropical Agriculture, Ibadan, Nigeria, December 
2-9, 1973. 

LE MARE, P.H. 1979. Phosphorus sorption and release. In D.J. GREENLAND 
ed. Characterisation of soils in relation to their classification and manage
ment: examples from some areas of the humid tropics. Oxford University 
Press, London. 

MOODY, K. 1975. Weeds and shifting cultivation. PANS 121:188-194. 
MOORMANN, F.R., and W. VELDKAMP. 1978. Land and rice in Africa: con

straints and potentials. Pages 29-43 in I.W. BUDDENHAGEN and G.J. PER-
SLEY, ed. Rice in Africa. Academic Press, London. 



76 Soil-related constraints to food production in the tropics 

MOORMANN, F.R., and B.T. KANG. 1978. Microvariability of soils in the tropics 
anjd is agronomic implications, with special reference to West Africa. Pages
29-44 in M. DRosDOFF et al, ed., Diversity of soils in the tropics. ASA 
Spec. Publ. 34. Madison, Wisconsin. 

MOORMANN,F.R.. and N. VAN BREEMEN. 1978. Rice: soil, water, land. Inter
national Rice Research Institute, Los Bafios, Philippines. 

MOORMANN, F.R., A. WAMBEKE. 1978. The of the lowlandand VAN soils 
rainy tropical climates: their inherent limitations for food production and 
related climatic restraints. Pages 272-291 in Proceedings, 1Ith Congress of 
the International Soil Science Society I. Edmonton, Canada. 

Nyi', P.H. 1954. Some soil-forming processes in the humid tropics. I. A field 
study of a catena in the west of Nigeria. J.Soil Sci. 5:7-2 1. 

Nyi.', P.H., and D.J. GREENLAND. 1960. The soil under the shifting cultivation, 
Tech. Comm. 51, Commonwcalth Bureau of Soils, Ilarpenden, England. 

OKIGiO, B. 1979. Farming systems and crops of the humid tropics in relation 
to soil utilization. InD.J. GRIE:NLAND, ed. Characterisation of soils in rela
tion to their classification and management: examples from some areas of the 
humid tropics. Oxford University Press, London. 

OKIGBo, B., and D.J. GREENLAND. 1976. lntercropping systems in tropical
Africa. In R.J. PAPENDICK, P.A. SANCH.Z, and G.B. TRIPLET, ed. Multiple
cropping. Am. Soc. Agric., Spe. Publ. 27, Madison, Wisconsin. 

PICHOT, J., and P. Roctii. 1972. Phosphore dans les sols tropicaux. Agron. 
Trop., Paris, 27:939-965. 

Pizoi1:tIot. R.M. 1972. People and land in Africa south of the Sahara. Oxford 
University Press, London.
 

Ru'rTIiNIIE.RG, H. 197 1. F,-rY,,ing systems of the tropics, 
2d ed. Oxfora Univer
sity Press, London. 

SANCHEZ, P.A. 1976. Pre-erties and management of soils in the tropics. John 
Wiley, New York. 

SANCHIEZ, P.A. 1979. Advances in the m"" gement of Oxisols and Ultisols in 
Tropical South America. In D.J. GREENLAND, ed. Characterisation of soils 
in relation to their classification and management: examples from some areas 
of the humid tropics. Oxford University Press, London. 

SMYTH, A.J., and R. MONTGOMIRY. 1962. Soils and land use in Central 
Western Nigeria. Gov. Printer, lbadan, Nigeria. 

TREWARTHA, G.T. 1966. The earth's problem climates. The University of Wis
consin Press, Madison, Wisconsin. 

USDA (United States Department of Agriculture) Soil Conservation Service, 
Soil Survey Staff. 1975. Soil taxonomy: a basic system of soil classification 
for making and interpreting soil surveys. USDA Agric. Handb. 436. U.S. 
Government Printing Office, Washington, D.C. 754 p. 

VAN DER WALLE, E. 1972. Implications of increases in rural densities. Pages
117-121 in S.-. OMINDE and C.N. |EJIOGU, ed. Population growth and 
economic development in Africa. Heinemann, London. 

VAN WAMBEKE, A., and R. DUDAL. 1978. Macrovariability of soils in the 
tropics. Pages 13-28 in M. Drosdoff et al, ed. Diversity of soils in the tropics. 
ASA Spec. Publ. 34, Madison, Wisconsin. 

http:Ru'rTIiNIIE.RG


77 Production systems and soil properties, humid tropical Africa 

VON BLANCKENBERG, P. 1962. Rice farming in the Abakaliki area; a study of 
the process of introduction of a new crop. NISAR Prelim. Rep., lbadan. 

WATTERS, R.F. 1971. Shifting cultivation in Latin America. FAO For. Dev. 
Pap. 17. FAO, Rome. 

WINCH, F.E., and C.D. KIRUNJA. 1978. Relative importance of rice in tropical 
Africa and the need to increase the farm level data base. Pages 75-100 in 
I.W. BUDDENHAGEN and G.J. PERSLEY, ed. Rice in Africa. Academic Press, 
London.
 



INTENTIONALLY
 
LEFT
 

BLANK
 



Malor production systems
andsoi -related constraints 
in Southeast Asia 
F. J. DENT 

A direct result of the fast expanding population of Southeast Asia 
is that more people are forced to eke out a living from the land, 
which is already a scarce factor of production under traditional agri
cultural bystems. 

Despite the technological breakthrough in cereal crop production 
the region has an overall calorie deficit. Consequently an increase in 
production is essential if the food and population problem is to be 
solved. 

To obtain a clearer picture of potentials for increased production, 
eight major production systems combined in three main groups are 
described and their broad crop requirements are reviewed. 

Eight soil-related constraints are identified. Their severity for each 
production systems group on each major soil and the level of inputs 
required for alleviating them are indicated. 

Future short- and long-term potentials for production are reviewed, 
putting soil-related constraints in the political, social, and economic 
context of the region. Finally, research pathways to the technological 
support necessary to realize full production potential are indicated. 

ASIA ACCOUNTS for over 25% of the total world population. The present 
growth rate of 2.3%/year is expected to continue for sonic time, although a 
reduction f fertility is considered likely within this century (Narain et al 1973). 
There is a downward trend in the ratio of agricuitural population to total popula
tion, but the rate of decline is not sharp enough to arrest the increasing trend 
in absolute numbers dependent on agriculture (Table 1). The result is that more 
people are forced to eke out a living from the land, which has Iready become a 
scarce factor of production. Although the introduction of improved technology 

FAO Project Manager, Land Resources Evaluation with Emphasis on Outer Islands Pro
ject, Soil Research Institute, Jalan Ir.H. Juanda 98, Bogor, Indonesia. 
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Table 1. Estimates of total and agricultural population and population economically active 
in agriculture for East and Southeast Asia? 

Category Estimates (million)
 
1950 1960 1970 
 1980
 

Total population 189.6 240.6 313.3 413.4

Agricultural population 142.0 
 171.7 208.0 246.0Population economically 60.8 70.7 80.1 90.6 

active in agriculture 
abased on FAO country classification for statistical purposes.
 
Source: Narain et al 1973.
 

has contributed to increased agricultural output, the great mass of the rural 
population has received little share in the benefits, and average dietary energy
intake per caput remains below minimum requirements. 

POPULATION AND FOOD SUPPLY 

In the 1950s food production in humid tropical Asia increased faster than
population growth, but more than half tie increase in the production of cereals 
came from expansion of the cropped area. 

In the I960s food production struggled to keep pace with population growth,
and imports of food grains rose steeply in the mid-1960s. The slower rate of 
production growth - partly due to bad weather - was indicative of the increas
ing scarcity of tillable Since 1960snew land. the late food production has 
steadily increased, largely because of the increasing adoption of modern varieties 
(MV) and associated new technology, and good weather. 

The technological breakthrough in cereal crop production changed the agri
cultural situation in humid tropical Asia and made possible higher yields per unit 
area. The greatest impact has been on rice, the basic staple in the diet. Relatively
little advance in technology has been achieved for most of the other food and 
nonfood crops, and the region has an overall deficit in cadories that the rapid 
population growth threatens to aggravate. 

Corparison of future projected rates of increase of food production and
population growth shows that the increase in cereal requirements is, in absolute 
terms, overwhelmingly larger than increases in all other items (Table 2). An 
additional 16 million t would be required for East and Southeast Asia' alone
 
within this decade. Although of the same order of magnitude, increases in other
 

'Definitions of the geographical coverage of humid tropical Asia vary. East and South
east Asia refers to a subregion of the FAO country classification for statistical purposes and 
includes the territories of Brunei, Burma, Hong Kong, Indonesia, Kampuchea, Republic ofKorea, Laos, Macau, Malaysia, Philippines, Ryukyu Islands, Singapore, Taiwan, Thailand,and Vietnam. Data quoted for Southeast Asia from the FAO/Unescosoil map ofthe worldrelate to the territories of Vietnam, Kampuchea, Laos, Thailand, Malaysia, Singapore, Indo
nesia, and the Philippines. 
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Table 2. Total demand for food in East and Southeast Asia? 17 

0 
Demand (million t) for food 0 

Total
Yeart ' Pulses Fruits eco- Annual rate 0
 

CrasStarchy Sugar and and Meat Eggs Fish nFic ofgrwt
Cereals 
nuts vege- Milk and nomic of growth

grain %)
tables oils equiva

lent01970 46.81 21.08 4.26 4.67 22.37 3.23 0.60 5.70 2.69 1.16 91.9. 
1980 N 63.34 28.53 5.77 6.32 30.27 4.37 0.80 7.72 3.65 1.57 127.86 3.4 -I 

1980 T 61.14 27.28 6.74 6.45 32.45 5.29 0.99 8.60 4.55 1.74 130.301980 H 61.39 27.24 7.36 3.66.61 33.94 5.83 1.12 9.14 5.04 1.90 135.62 4.0aBased on FADcountry classification for statistical purposes. Source: Narain et al 1973. b 198 0 N represents quantities needed to meet per caput require- W 

ments of calories; 1980Trepresents quantities needed to meet Trend, whichrepresents quantities needed 
ssumes income growth will follow past trends as interpreted by FAQ; 1980 H 9.to meet High assumptions based on targets for economic grovith established by the United Nations and its regional commis-

sions for the Second Development Decade. 
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foodstuffs are not big in absolute terms; but the lack of tillable or grazing land 
limits increase, particularly of livestock products. 

To avert the threat of aggravated calorie deficiency, food production must at 
least keep pace with population growth through either expansion of land under 
permanent cultivation or higher yields per uitit area, or both. 

PRODUCTION SYSTEMS 

In 1970 estimates of land use in East and Southeast Asia (Table 3) indicated 
that arable land accounted for about 16% of the total area, with rice as the 
dominant crop. Estimates of the proportion of rice areas in five major production 
categories (Table 4) indicate that rainfed rice occupies the major portion of the 
total rice area, with one rice crop being grown in most years. With the exception 
of West Malaysia, only a small proportion of the areas tinder irrigation receives 
year-round water Ior continuous rice cultivation. Stich wetland rice-based pro
duction systems support dense populations who have attained a highly structured 
and efficient society founded largely on many small, partly to semicommercial
ized ( Ruthenberg 1971 ) permanent farms with established field rotations. 

Other production systems of the region occur in dryland rainfed areas. The 
most widespread system is shifting cultivation, defined as an agricultural system 
in which temporary clearings are cropped for fewer years than they are allowed 
to remain in fallow (Buol and Sanchez 1978). Shifting cultivation is subsistence 
farming at best, the sole input being labor. While it attains near-stability of land 
(Chorley and Kennedy 1971) in areas of low population density, it cannot keep 
pace with an increase in population. 

Permanent cultivation of dryland short- and long-term annual crops is carried 
out where relatively fertile soils and incentives of transportation and market in
frastructure exist. Such areas are generally densely populated and have a highly 
structured and efficient society based on small, partly to highly commercialized 
farms with established field rotations. Although largely rainfed, they receive 
supplemental irrigation when feasible and necessary. 

Dryland perennial crop production systems are largely a result of past 
Lotropean intervention and are highly commercialized, whether based on planta-

Table 3. Land use in East and Southeast Asia in 19 70 .a 

Land use
Category 


Total (million ha) Per caput (ha) 

Arable land 71.0 0.2 
Permanent meadows and pastures 17.2 0.1 
Forested land 278.1 0.9 
Other land 79.3 0.2 

Land area 445.6 1.4 
aBased on FAO country classification for statistical purposes. 

Source: Narain et al 1973. 
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Table 4. Estimates of the proportion of rice area in 5 major categories in selected countries 
in humid tropical Asia, 1975. 

Total Proportion (%) in major categories
Country rice area a 

(thousand ha) Irrigated Rainfed Upland 
Deep-
water 

Second
crop 

Indonesia 8482 47 31 17 5 19 
Malaysia, West 771 77 20 3 0 50 
Philippines 3488 41 48 11 0 14 
Thailand 7037 11 80 2 7 2 
Vietnam 2713 15 60 5 20 5 
a 19 70 - 74 av (FAO data). 
Source: Barker et al. 

tions or on small holdings. In terms of area under permanent production, com
mercial perennial crops are second only to rice, the main crops being rubber, 
coconut, and oil palm. 

Permanent meadows and pastures account for a very small proportion of the 
total area of the region - most small holdings of livestock are raised on rough 
pasture or grass pasture between crops during fallow periods of an established 
field rotation, or in combination with perennial crops, especially coconut. 

A production system based on the temporary cultivation of dryland annual 
crops and the planting of commercial limber species covers a limited area along 
the edges of' primary forest. The system is not widespread and is largely an alter
native to shifting cultivation. A more common development is a mnixed garden 
type of land use, which is semipermanent and consists of tree, bush, and field 
crops each occupying their share of soil and space. This basically traditional 
production system is an alternative to reforestation or to intermittent or shifting
cultivation. 

iProduction systems that have developed spontaneously within humid tropical 
Asia or are the result of outside intervention and local adaptation to the prevail
ing physical, economic, and social context are summarized: 

1. Wetland production systems 
a. irrigated rice - permanent farming with an established ficld rotation, 
semicommercialized to highly commercialized morewith than 25% of the 
gross product sold. 
b. rainfed rice - permanent farming with an established field rotation, 
semic.mmercialized to partly commercialized with 25-75/%of the gross 
product sold. 
c. decpivater rice - permanent to semipermanent farming, generally with 
an established field rotation, partly commercialized with 25-50% of the 
gross product sold. 

2. Dryland production systems 
a. rainfed shijang cultivation - cropped less than 30 years/100 years,
long-term wild vegetation fallow, subsistence fanning with less than 25% 
of the product sold. 
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b. rainfed short- and long-term annual crops - permanent farming with an 
established field rotation, partly to highly commercialized with more than 

25% of the gross product sold. 
c. rainfed perennial crops - permanent farming, highly commercialized 

with more than 75% of the product sold. 
d. rainfed crop-pasture - permanent or stationary cultivation with fallow, 

grass pasture between crops, partly to semicommercialized with 25-75% 
of the product sold. 
e. rainfedcrop-timber - semipermanent cultivation, partly commercialized, 
25-50%of the product sold. 

SOIL-RELATED CONSTRAINTS TO INCREASED PRODUCTION 

On a global basis, the main soil-related constraints to the use of the world's soil 

resources are drought, mineral stress, shallow depth, water excess, and perma

frost (Table 5). Estimates for Southeast Asia indicate that only 14% of the total 
soil resources have no serious limitations for agriculture, while 59% suffer from 

mineral stress, 19% from excess water, 6% from shallow depth, and 2% from 
drought. 

To obtain a clearer picture of problems and potentials for increased produc

tion, the eight production systems identified were combined in three groups 

based on similarities in broad requirements. Shifting cultivation is excluded as 
it is unsuitable for increasing production. The groups are: 

1. wetland rice production systems incorporating irrigated, rainfed, and deep
water rice cultivation; 

2. dryland rainfed short- and long-term annual crop production systems in

corporating grass pasture between crops; and 

Table 5. World soil resources and their major limitations for agriculture.a 

Percent of total land area 

Region With limitation No serious 

Drought Miner I Shallow Water Perma- limitation 
stress- depth excess frost 

North America 20 22 10 10 16 22 

Central America 32 16 17 10 - 25 

South America 17 47 11 10 - 15 
Europe 8 33 12 8 3 36 

Africa 44 18 13 9 - 16 
South Asia 43 5 23 11 - 18 

North and Central Asia 17 9 38 13 13 10 

Southeast Asia 2 59 6 19 - 14 

Australia 55 6 8 16 - 15 
World 28 23 22 10 6 11 

aData compiled from FAO/Unesco soil map of the world. bNutritional deficiencies or 

toxicities related to chemical composition or mode of origin. 
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3. dryland rahifed perennial crop production systems incorporating grass 
pasture between crops and annual crop-timber associations. 

Basic crop requirements for each group are presented in Table 6, while Tables 
7, 8, and 9 identify main soil-related constraints for each group by major soils 
of Southeast Asia (FAO, in press). Eight constraints are identified. 

Water deficit - Water (precipitation and surface watcr) may be insufficient 
to meet growing season requirements because of rainfall distribution, poor water
holding capacity, high permeability and rapid runoff, or any combination of 
these. 

Water excess - Waterlogging and deep and prolonged flooding may be con
sidered constraints depending on crop tolerance. 

Texture - Coarse textures, surface stoniness and rockiness, or poor work
ability may mechanically impede land preparation and seeding. 

Shallow depth - Shallow soil layers mechanically impede root distribution. 
Fertility - Soil fertility relates to availability of nitrogen, potassium, and 

phosphorus; biological nitrogen fixation; sulfur deficiency; and micronutrients. 
Soil reaction - The constraints result from acidity in dryland and wetland 

soils. 
Soil salinity - The constraint is mainly evident in coastal soils. 
Soil erodibility - The constraint is due to a combination of factors including 

high rainfall, the slope of the land, vegetation cover, nature of the soils, and 
cultivation practices. 

Table 6. Basic requirements of production system groups of Southeast Asia. 
Requirements of production system groups 

Basic crop 
requirement Wetland rice 

production 

Dryland rainfed 
short- and long-term
annual crop
production 

Dryland rainfed 
perennial crop
production 

Soil 
Texture Loams to clays, 

coarse textures only 
Sandy loam to clay, 
loams optimal, 

Sandy loam to clay, 
loam to clay loam 

suited when flooded surface stoniness 
rockiness limit 

optimal 

tillage 

Depth Shallow rooting but Moderate and Moderate and deep 
depth >40 cm 
optimal 

shallow rooting 
depth >50 cm 

rooting depth 
>50 cm optimal 

optimal 

Permeability Moderate to slow, Moderate Moderate 
permeable soils 
require high water 
table or puddling 

continued on next page 
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Table 6 continued 

Basic crop 

requirement 


Drainage 

Fertility 

Soil reaction 

Climate 
Temperature range 
during growing 
period 

Water 

Humidity 

Topography 

Elevation 

Growing period 

Requirements of production system groups 

Wetland rice 

production 


Well to very poorly 
drained, short 
periods of deep 
flooding tolerated 

Low to high, 
excessive salinity 
and toxicity 
limiting 

Range pH 4.0-7.0, 
optimum 5.0-6.0, 
>8.0 and <4.0 
limiting 

Range 15-400 C, 
optimum 20-300 C 

>250 mm/mo or 
equivalent during 
growing period, only 
short dry period 
(topsoil) tolerated 

Moderate to very 

high
 

Flat relief, sloping 
or irregular land 
must be leveled or 
terraced 

0 to 2000 m 

120 to 180 days 
inclusive of nursery 
stage and dependent 
on variety and 
altitude 

Dryland rainfed 
short- and long-term 
annual crop 

production 

Somewhat poorly to 
well-drained, short 
periods of water-
logging tolerated 

Low to high, 

medium to high 

optimal, excessive 
salinity and toxicity 
limiting 

Range pH 4.0-7.0, 
optimum 5.0-6.0. 
>8.0 and <4.0 
limiting 

Range 15-40'C, 
optimum 15-35oC 

100-250 mm/mo 

will tolerate short 

dry periods (up to 

3 wk) which are 

beneficial before
 
harvest
 

Moderate to high 

Nearly level to 
moderately steep, 
erosion control 
needed on steeper 
areas 

Less than 2000 m, 
some crops less than 
1000 m 

Variable, 90 to 180 
days short term, 
6-18 mo long term, 
depending on crop, 
variety, and altitude 

Dryland rainfed 
prel rop
 
perennial crop
 
production
 

Moderately well to 
well, short periods 
of waterlogging 
tolerated 

Low to high,
 
medium to high
 
optimal, excessive 
salinity and toxicity 
limiting 

Range pH 4.0-7.0, 
optimum 5.0-6.0, 
>8.0 and <4.0 
limiting 

Range 14-400C, 
optimum 24-30°C 
(optimum 160C for 
China tea) 

140-300 mm/mo 
will tolerate dry 
periods of 1 to 2 mo 
duration 

Moderate to high 

Nearly level to
 
moderately steep,
 
but can be grown
 
on steeper areas 

Vat iable - arabica 
coffee 1000 to 
1700 m, other crops 
less than 1000 m 

Continuous cropping 
after reaching 
maturity -8 mo 
banana, 2 to 5 years 
other crops 



Table 7. Soil-related constraints to wetland rice production systems in the major soils of Southeast Asia. 

Soil units
a USDA Soil taxonomyequivalent Water

deficit Water 
excess 

RequirpmeotP for alleviating the constraint
Texture Shallow Fertilit Soil

depth reaction 
Soil 

saliniy 
Soil 

erodibilily 

Acrisols Ultisols 

Ferric 
Gleyic 
Humic 

Orthic 
Plinthic 

Cambisols 

Udults/Ustults (oxic) 
Aquults 
Humults 

Udults/Ustults 
Udults/Ustults (plinthic) 
Tropepts 

EC 
Ni-Hi 
EC 

EC 
EC 

Ni Ni Ni Mi Li Ni-Mi Ni-Mi 

CL 

g 
o 

Dystric Dystropepts Hi Ni Ni Ni Mi Li Ni Mi-Hi 

Eutric 
Ferralic 

Gleyic 

Humic 
Vertic 

Eutropepts 
Oxic Tropepts 

Aquic Tropepts 

Humitropepts 
Vertic Tropepts 

Hi 
EC 

Ni-Mi 

EC 
Mi 

Ni 

Li 

Ni 

Ni 

Ni 

Li 

Ni 

Ni 

Ni 

Li 

Li 

Li 

Ni 

Ni 

Ni 

Ni 

Ni 

Ni 

Mi-Hi 

Li 

I i 

M 
0 

Rendzinas 

Ferralsols 

Rendolls 

Oxisols 

EC 
0 

Acric 
Humic 
Orthic 

Rhodic 

Xanthic 

Acrox 
Humox 
Ortl'ox/Ustox 

Orthox/Ustox 
Orthox 

EC 
EC 
EC 

EC 
EC 

rA 

0 

Gleysols > 

Dystric Aquents/Aquepts Ni-Mi Li Ni Ni Mi Li Ni-Mi Ni 

continued on next page 00 
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Table 7 continued 

Soil unitsa 

Eutric 
Humic 

Lithosols 

Fluvisols 

USDA Soil taxonomy 
equivalent 

Aquents/Aquepts 
Histic Aquepts 

Lithic subgroups 

Water 

deficit 

Ni-Mi 
Ni-Mi 

EC 

Water 
exces 

Li 
Li 

Requirementsb for alleviating the :onstraint 

Texture Shallow Fertility Soil 
depth reaction 

Ni Ni Li Ni 
Ni Ni Mi Mi 

Soil 
salinity 

Ni-Hi 
Ni 

Soil 
erodibility 

Ni 
Ni 

00 

t= 

-
CD 

0 

0 

DystricEutric FluventsFluvents Ni-MiNi-Mi LiLi NiNi NiNi MiLi NiNi NiNi-Hi NiNi W 

Thionic 

Luvisols 

Sulfaquents/Sulfaquepts 

Alfisols 

EC 0 

Chromic 

Ferric 

Gleyic 
Calcic 

Orthic 

Vertic 

Udalfs/Ustalfs (rhodic) 

Udalfs/Ustalfs (oxic) 

Aqualfs 
Haplustalfs 

Tropudalfs 

Udalfs/Ustalfs (vertic) 

Hi 

EC 

Ni-Hi 
EC 

Hi 

Hi 

Ni 

Ni 

Ni 

Ni 

Ni-Mi 

Ni 

Ni 

Li 

Ni-Mi 

Ni 

Ni 

Ni 

Li 

Li 

Li 

Li 

Ni 

Ni 

Ni 

Ni 

Ni 

Ni 

Ni 

N i 

Hi 

Ni-Mi 

Hi 

Hi 

0. 
* 

0 

0 

Nitosols Ultisols 5. 

DystricEutric Udults/UstultsUdults/Ustults HiHi NiNi NiNi NiNi MiLi LiNi Ni
Ni Hi

Hi 

Humic Humults Hi Ni Ni Ni Mi Li Ni Hi 

Histosols Histosols 

Dystric 
Eutric 

Hernists 
Fibrists/Saprists 

EC 
EC 

Podzols Spodosols 

continued on opposite page 



Table 7 continued 

Soil unitsa 
USDA Soil taxonomyequivalent 

Gleyic Aquods

Humic Ilu-nods 


Orthic Orthods 


Arenosols Psamments 


Albic Psamments 

Cambic Psamments 

Ferralic Psamments 


Regosols 

Calcaric Psamments 
Dystric Psamments 

Eutric Psamments/Orthents 

Andosols Anderts 

Humic Dystrandepts

Mollic Eutrandepts 

Ochric Dystrandepts 

Vitric Vitrandepts 
Vertisols Vertisols 

Chromic Uderts/Usterts (chromic) 

Pellic Uderts/Usterts (pellic) 

Requirementsbfor alleviating the constraintWater Water Texture Shallow Fertility Soil Soil Soildeficit excess depth reaction salinity erodibility 

ECEC 
0EC r, 

0 

EC
 
EC 
 CD 
EC 

EC 
EC 

CD
EC 

'o 
CD0

" 

EC 0ot 
Hi Ni Ni Ni Li Ni Ni HiHi Ni Ni Ni Mi Li Ni Hi 
EC 

0Mi-Hi Ni Mi Ni Li Ni Ni Li tC 
Mi-Hi Ni Mi Ni Li NiNi LiaFAO-Unesco soil mp of the world. Vol. 9, Southeast Asia. bEC = excluding condition, i.e., cannot be corrected at currently acceptable cost; Ni = no=input, i.e., no constraint; Hi high input; Mi = moderate input; Li = low input. 

00 
140 



Soil unite USDA Soil taxonomy
equivalent Waier 

deficit 
WEter 
excess 

Requirements
b for alleviating the constraint 

Texture Shallow Fertility Soil 
depth reaction 

Soil 
salinity 

Soil 
erodibility 

C) 

Acrisols Ultisols 

Ferric 

Gleyic 
Humic 

Orthic 
Plinthic 

Udults/Ustults (oxic) 

Aquults 
Humults 

Udults/Ustults 
Udults/Ustults (plinthic) 

Ni 

Li 

EC 
Ni 

Ni 

Ni 

Ni 

EC 

Ni-Hi 

Ni-Hi 
EC 

Mi 

Mi 

Mi 

Mi 

Ni 

Ni 

Hi 

Li-Mi 

o0 
0 

Cambisols Tropepts 

Dystric 
Eutric 

Ferralic 

Gleyic 
Humic 
Ver*i: 

Dystropepts 
Eutropepts 

Oxic Tropepts 

Aquic Tropepts 
Humitropepts 
Vertic Tropepts 

Ni 
Ni 

Ni 

Ni 
Ni 
Mi 

Ni 
Ni 

Ni 

Mi 
Ni 
Ni 

Ni 
Ni 

Ni 

Ni 
Ni 
Li 

Ni 
Ni 

ri 
Ni 
Ni 
Ni 

Mi 
Li 

Mi 

Li 
Mi 
Li 

Li 

Ni 

Li 

Ni 
Li 
Ni 

Ni 

Ni 

Ni 

Ni 
Ni 
Ni 

Li-Hi 

IW-rli 

Mi-Hi 

Li 
Hi 
Li 

0
0 
C

0 

Rendzinas Rendolls Mi Ni Ni Mi-Hi Li Ni Ni Li-Hi 

Ferralsols Oxisols 

Acric 
Humic 
Orthic 

Rhodic 

Xanthic 

Acrox 
Humox 
Orthox/Ustox 

Orthox/Ustox 

Orthox 

Mi 

Li 

Ni 

Ni 

Ni 
Ni 

Ni 

Li 

Ni 

Ni 

EC 
Ni 

Ni-Mi 

EC 

Mi 

Mi 
Mi 

Li 

Li 

Li 

Ni 

Ni 
Ni 

Li-Mi 

Li-Mi 

Li-Hi 

0 

" 

Gleysols 

Dystric 

Eutric 
Humic 

Aquents/Aquepts 

Aquents/Aquepts 
Histic Aquepts 

EC 
EC 
EC 

continued on opposite page 



Table 8 continued 

Soil unitq USDA Soil taxonomy
equivalent Water 

deficit 
Water 
excess 

Requirementsb for alleviating the constraint 

Texture Shallow Fertility Soil 
depth reaction 

Soil 
salinity 

Soil 
erodibility 

Lithosols 

Fluvisols 

Dystric 
Eutric 
Thionic 

Lithic subgroups 

Fluvents 
Fiuvents 
Sulfaquents/Sulfaquepts 

EC 
EC 
EC 

EC0 
0
z 

0 

Luvisols Alfisols 

Chromic 
Ferric 
Gleyic 
Calcic 
Orthic 
Verric 

Nitosols 

Udalfs/Ustalfs (rhodic) 
Udalfs/Ustalfs (oxic) 
Aqualfs 
Haplustalfs 
Tropudalfs 
Udalfs/Ustalfs (vertic) 

Ultisols 

Li-Mi 

Li 
Li 

Li-Mi 
Li-Mi 

Ni 

Li 
Ni 
Ni 
Ni 

Ni 

Ni 

Ni 
Ni 
Li 

Ni 
EC 
Ni 

Li 
Ni 
Ni 

Li 

Li 
Li 
Li 
Li 

Ni 

Ni 

Ni 
Ni 
Ni 

Ni 

Ni 

Ni 
Ni 
Ni 

Mi-Hi 

Li-Mi 

Li 
Mi-Hi 
Mi-Hi 

0

0 
t4 

o 
0 

Dystric 
Eutric 
Humic 

Udults/Ustults 
Udults/Ustults 
Humults 

Ni 
Ni 
Ni 

N; 
Ni 
Ni 

Ni 
Ni 
Ni 

Ni 
Ni 
Ni 

Mi 
Li 
Mi 

Li 
Ni 
Li 

NJi 
Ni 
Ni 

Li-Ii 
Mi-Hi 
Li-Mi 

" 
U" 

0 
Histosols 

Dystric 
Eutric 

Histosols 

Hemists 
Fibrists/Saprists 

EC 
EC 

R 

Podzols Spodosols 

Gleyic Aquods EC 

continued on next page 



Table 8 continued 
ID 

Soil unite USDA Soil taxonomy Requirementsb for alleviating the constraintequivalent Water Water Shallow Soil Soil Soil E
deiit eces Texture Salw FertilityQdeficit excess depth reaction salinity erodibility
 

Humic Hmods 
 EC 
Orthic Orthods EC 

Arenosols Psamments 

Albic Psamments zzEC 
Cambic Psamments EC 
Ferralic Psamments EC 

Regosols 

Calcaric Psamments Hi Ni Hi S0.Ni Li Ni Ni Li "a
Dystric Psamments EC
 
Eutric Psamments/Orthents 
 Ni-Hi Ni Ni-Hi Ni Mi Ni Ni Ni-Hi
 

Andosols Andepts
 

Humic Dystrandepts Ni Ni Ni Ni Mi Li Ni Mi-HiMollic Eutrandepts Li Ni Ni Ni Li 
 Ni
Ochric Dystrandepts Ni Ni Ni Ni Mi 
Ni Li-Hi
 

Li 
 Ni Li-HiVitric Vitrandepts EC 

Vertisols Vertisols 

Chromic Uderts/Usterts (chromic) Mi Ni Mi Ni Li Ni Ni LiPellic Uderts/Usterts (pellic) Mi Ni Mi Ni Li 
 Ni Ni
aFAO-Unesco soil map of the world. Vo'. 9. Li
Southeast Asia. bEC = excluding condition, i.e., cannot be corrected at currently acceptable cost; Ni = no

input, i.e., no constraint; Hi = high input; Mi = moderate input; Li = low input. 

0 



Table 9. Soil-related constraints to dryland rainfed perennial crop production system in the major soils in Southeast Asia. 

Soil unitsa 
USDA Soil taxonomy Requirementsb for alleviating the constraint 

equivalent Water 
deficit 

Water 
excess 

Texture Shallow 
depth 

Fertility Soil 
reaction 

Soil 
salinity 

Soil 
erodibility 

Acrisols Ultisols 

Ferric 

Gleyic 
Humic 

Orthic 
Plinthic 

Cambisols 
Dystric 

Udults/Ustults (oxic) 

Aquults 
Humults 
Udults/Ustults 
Udults/Ustults (plinthic) 

Tropepts 
Dystropepts 

Ni 

Ni 
Ni 

Ni 

Ni 

EC 
Ni 
Ni 

Ni 

Ni 

Ni 
Ni 

Ni 

Li-Mi 

Ni-Hi 
Ni-Hi 

EC 

Ni 

Mi 

Mi 
Mi 

Mi 

Li 

Li 
Li 

Ni 

Ni 

Ni 
i'ji 

Ni 

Li-Mi 

Mi-Hi 
Li 

Li-Mi 

0 
C" 

0 

0 

a 

Eutric 
Ferralic 

Gleyic 
Humic 
Vertic 

Eutropepts 
Oxic Tropepts 

Aquic Tropepts 
Humitropepts 
Vertic Tropepts 

Ni 
Ni 

Ni 
Mi 

Ni 
Ni 

EC 
Ni 
Ni 

Ni 
Ni 

Ni 
Li 

Ni 
Ni 

Ni 
Ni 

Li 
Mi 

Mi 
Li 

Ni 
Ni 

Ni 
Ni 

Ni 
Ni 

Ni 
Ni 

Mi 
Mi 

Mi-Hi 
Li 

CL 

Rend-inas Rendolls Li Ni Ni Mi-Hi Li Ni Ni Li-Mi 0 

Ferralsols Oxisols 

Acric 

Humic 
Orthic 
Rhodic 

Xanthic 

Acrox 

Humox 
Orthox/Ustox 
Orthox/Ustox 

Orthox 

Li 

Li 

Ni 

Ni 

Ni 

Ni 

Ni 

Ni 

Ni 

Ni 

EC 
Ni 

Ni-Mi 

EC 

Mi 

Mi 

Mi 

Li 

Ni 

Ni 

Ni 

Ni 

Ni 

Li 

Li0 

Mi 

Gleysols > 

Dystric 
Eutric 

Aquents/Aquepts 

Aquents/Aquepts 

EC 

EC 

continued on next page 



Table 9 continued 

Soil unit? USDA Soil taxonomy
equivalent Water 

deficit 

Water 

excess 

Requirementsb for alleviating the constraint 

Texture Shallow Soil 
depth Fertility reaction 

Soil 
salinity 

Soil 
erodibility 

P. 

o 

Humic Histic/Aquepts EC 
Lithosols Lithic subgroups EC 

Fluvisols 0o 

Dystric Fluvents EC 4u 

Eutric 
Thionic 

Luvisols 

Fluvents 
Sulfaquents/Sulfaquepts 
Alfisols 

EC 
EC 

0 
0 
0 

Chromic 
Ferric 

Udalfs/Ustalfs (rhodic) 
Udalfs/Ustalfs (oxic) 

Li-Mi Ni Ni Ni 
EC 

Li Ni Ni Mi-Hi 

Gleyic 
C4cic 
Orthic 
Vertic 

Aqualfs 
Haplustalfs 
Tropudalfs 
Udalfs/Ustalfs (vertic) 

Ni 
Li-Mi 
Li-Mi 

EC 
Ni 
Ni 
Ni 

Ni 
Ni 
Ni 

Li 
Ni 
Ni 

Li 
Li 
Li 

Ni 

Ni 
Ni 

Ni 

Ni 
Ni 

Li 
Mi 
Mi 

0.z 
0 

Nitosols Ultisols 

Dystric
Eutric 

Udlults/UtultsUdults/Ustults NiNi NiNi NiNi NiNi I iLi NiNi NiNi Li-MiLi-Hi 0 

Humic Humults Ni Ni Ni Ni Li Ni Ni Li 
Histosols Histosols 

Dystric 
Eutric 

Hemists 
Fibrists/Saprists Ni 

EC 
Hi Mi Ni Mi Ni Ni-Hi Li 

Podzols Spodosols 

continued on opposite page 



Table 9 continued 

Requirementsb for alleviating the constraint 
USDA Soil taxonomySoil unit? 

equivalent Water Water Texture Shallow Fertility Soil Soil Soil 
deficit excess depth reaction salinity erodibility 

Gleyic Aquods EC 0.
 
Humic Humods Mi Ni Mi Ni Mi-Li Li Ni Li z
 

0 
Orthic Orthods Mi Ni Mi Ni Mi-Hi Li Ni Li 0 

Arenosols Psamments 

Alb*.. Psamments Li-Mi Ni Ni-Li Ni Mi Li Ni Li
 

Cambic Psamments Li-Mi Ni Li Ni Mi Li Ni Li-Mi
 

Ferralic Psamments Li-Mi Ni Li Ni Mi Li Ni Mi
 

Regosols 0. 
Calcaric Psamments NioLi Ni Mi Ni Li Ni Ni Li ct0 
Dystric Psamments Ni-Li Ni Mi Ni Mi Li Ni Li 

Mi Ni Ni Ni-Hi CD
Eutric Psamments/Orthents Ni-Li Ni Ni-Mi Ni 

Andosols Andepts0 

Humic Dystrandepts Ni Ni Ni Ni Mi Li Ni Li-Hi 

Mollic Eutrandepts Ni Ni Ni Ni Li Ni Ni Li-Hi 

Ochric Dystrandepts Ni Ni Ni Ni Mi Li Ni Li-Hi E 

Vitric Vitrandepts Li Ni Mi-Hi Ni Mi Ni Ni Hi 

Vertisols Vertisols 

Chromic Uderts/Usterts (chromic) Li Mi Li Ni Li Ni Ni Li
 

Pellic Uderts/Usterts (pellic) Li Li Li Ni Li Ni Ni Li >
 

aFAO-Unesco soil map of the world. Vol. 9, Southeast Asia. bEC = excluding condition, i.e., cannot be corrected at currently acceptable cost; Ni = no 
= 

input, i.e., no constraint; Hi high input; Mi = moderate input; Li = low input. 
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Depending on severity, one or more constraints may limit tilenunber of 
possible crops or increase tile constraintinputs required, or do both. Where file 

cannot 
 be coirected because technology is inadequate or the cost of correction 
is not economically justified, it is considered an exchdaing condition, which 
precludes the production system in iuestion. 

In Tables 7 to 9 connotative symbols indicate development costs required toalleviate the constraint. Where there is an exchlding condition, no assessment is 

made for secondary constraints. 
=
Ni no input, no constraint: 

Li = low iptput: the constraint is slight, development costs can generally be 
borne by the farmer: 

Mi = moderate input: moderate constraint, developmiuet costs can be borne 
by the farmer with credit facilities or subsidies; 

= 
Hi high input; severe constraint, development costs involve substantial 
government funding or long-term credit: 

EC = excludHig condition: the constraint is severe and either permanently 
precludes any possibility of sustained production, or cannot be cor
rected with existing knowledge at currently acceptab:0 cost. 

Acrisols
 
Acrisols cover some 51'.;of Southeast Asia: Orthic Acrisols alone account for
 
about 35',;. Most steeply sloping, lithic, stony, and petric Acrisols offer 
severe 
physical constraints to permanent cultivation.
 

Combined 
 willi the Acrisols' low inherent fertility, tileconstraints result ill 
low to very low agricultural potential. It the rooting depth deep, gently sloping
 
Acrisols without physical limitations have low inherent f"Crtility and are subject
 
to erosion oit exposed slopes. Their use 
 for permanent agriculture is entirely
 
dependent on tile feasible level of ntanagemeitt.
 

Because it is difficult or impossible to impound water on AcrisOls 
 water 
deficit generally precludes ary expansion of wetland rice oit most of them. Only 
low-lying and level Gleyic Acrisols (northeast Thailand, Kamlpuchea, and Laos) 
show any potential for wetland rice production: however, crop failures may 
occur inyears of low or poorly distributed rainfall. Sustained cultivation requires
heavy fertilizer inputs to counter low inherent fertility and acidity. Inaddition, 
salt-affected spots may occur inyears of how rainfall. 

A combiitation of coitstra,.tts inclutdiIg low inherent soil fertility, acidity,
erodibility, shallow depth and poor water economy generally precldes the use 
of Gleyic Acrisols, Plinthic Acrisols. and shallow. steeply dissected and moun
tainous Ferric, Orthic, anti Ilumic Acrisols for dhylaitd protduction systems. 

Possibilities tor the expansion of annual crop production are restricted to 
dep, !e'el to utdulaiiig Ilumic and Orthic Acrisols. Perennial crop prodUCtioit 
is feasible on tfeep to moderately theep, uidthdlfillg and rolling Ferric, Hurnic, 
and Orthic Acrisols, which are easy to m:!n.nte and maintain under commercial 
tree crops such as rubber and oil pal'li. 
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Expansion of permanent agriculture on Acrisols is practical only under good 
management. Without essential managemert inputt:, a high risk element may lead 
to serious and widespread physical and chemical soil degradation. 

Cambisols 
Cambisols cover about 5',of Southeast Asia. These soils have moderate to high 
agricultural potential, except those with steeply dissected slopes or adverse 
physical properties. 

Gleyic Cambisols of the Philippines and Java have good chemical and physical 
properties and are highly favorable for irrigated rice. The main constraint is 
occasional flooding. Deep, gently sloping Dystric. Eutric, and Vertic Cambisols 
Of' Indonesia support terraced. spring-irrigated rice. Dystric Cambisols have low 
inherent fertility, but respond well to fertilizer :application: the physical proper
ties of Vertic Canibisols are less favorable !01 tillage. Water deficit in Ferralic 
and Humic Cambisols precludes their use for wetland rice. 

The periv!nerit production of annual crops can be maintained on deep, level 
to undulating Cambisols. Eutric Cambisols have favo)rable physical and chemical 
properties. Ferralic. Ilumic, and Dystric Camrbisols have low inherent fertility. 
Water control is essential to th: ;uccessful utilization of' Gleyic Caibisols, and 
unfavorable physical properties and susceptibility to water deficit limit Vertic 
Cambisols. 

Deep to moderately deep. undulating to rolling Dystric, Etutric, Ferralic, 
Humic, and Vertic Cambisols otfer good possibilities for perernial-crop produtc
tion under good management with emphasis on erosion protection. lowever, 
excess water is generally an excluding condition for Gleyic Cambisols. 

Rendzinas 
Rendzinas cover only 1,; of Southeast Asia, ma.;nly in parts of Indonesia. Water 
deficit generally precludes their use for wetland rice, and only limited possibi
lities exist for dryland production systems. Although Rendzinas are chemically 
rich, their productive capacity is determined by their water-holding capacity, 
which vaies widely depending on depth, organic matter content, and the hard
ness or brittleness of the underlying limestone. Rendzinas on exposed slopes are 
highly susceptible to erosion. 

Ferralsols 
About 4,, of Southeast Asia is covered by Ferralsols. Water deficit usually pre
cludes their use for wetland rice. Petric and petroferric phases of ttumic, Xanthic, 
Orthic, and Rhodic Ferralsols severely limit plant growth in the rooting zone. 
Such limitations, comlbined with the soils' low inherent fertility, usually preclude 
the permanent production of dryland crops. 

However, deep, gently sloping Acrie, Orthic, and Rhodic Ferralsols of con
tinental Southeast Asia have moderate potential for dryland crop production. 
Their good physical properties offset, to sonic extent, their low inherent fertility. 
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The main constraints oil Acric and Orthic Ferralsols are low fertility, acidity, and 
low available water-holding capacij. Orthic Ferralsols also suffer from poor 
workability and are susceptible to erosion on unprotected slopes. Low inherent 
fertility is the principal constraint on Rhodic Ferralsols. 

Gleysols 
Gleysols cover about 5', of Southeast Asia. They are important rice-growing 
soils, but water excess generally precludes their use for dryland production 
systems. 

With irrigation, continuous rice production is feasible in most years on Dystric 
Gleysols of Thailand, Malaysia, Laos, and Indonesia. The main constraint is low 
inherent fertility; in ,:ortheast Thailand potential or actual salinity is a constraint 
in dry years. Aluminum toxicity in strongly acid soils also depresses yields and 
flash flooding endangers crop growth. 

With the exception of a saline phase on coastal flats of Thailand, West Malay
sia, and Vietnam, Eutric Gleysols are fairly fertile and continuous rice cropping 
under a combination of irrigation and drainage is successful. 

The Hlumic Gleysols of ndonesia have a high organic matter content due to 
the presence of dystric histic material in surface layers. The constraints are 
acidity, low inherent fertility, and flash flooding. Consequently water control, 
fertilizer application, and liming are essentia! to sustained wetland rice cult!,,a
tion. 

Lithosols 
Lithosols occur in all countries of Southeast Asia and cover about 3% of the 
total land area. Their shallowness and the presence of stones and rock outcrops 
generally preclude any form of permanent cultivation. 

Fluvisols 
Fluvisols cover about 8% of Southeast Asia and are important wetland rice
growing soils. Water excess usually precludes their utilization for extensive dry
land production, although levee soils are traditionally used for settlement sites 
with home gardens, orchards, and banana plantations. 

The Dystric Fluvisols of Indonesia have a low inherent fertility and variable 
organic matter content and soil reaction. They respond well to moderate applica
tions of nitrogen and phosphate fertilizers. Water control is the main constraint, 
but the combination of irrigation and drainage makes intensive cultivation 
possible. 

The combined area of Eutric Fluvisols is less than that of Dystric Fluvisols, 
and a saline phase on coastal flats is unsuitable for wetland rice production. Most 
Eutric Fluvisols have moderate to high inherent fertility, but their potential for 
intensive rice cultivation is again dependent on water control. 

Thionic Fluvisols are more extensive in the Chao Phraya and Mekong deltas. 
Smaller areas in Malaysia and Indonesia include a saline phase. The main diag
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nostic character of these soils is a sulfuric horizon or sulfidic materials within 

the 125-cm depth. At present it is not possible to suggest generally applicable 

techniques for improved agriculture on Thionic Fluvisols, bt water control, 

leaching, and tithing are possibilities. In general their agricultural potential is low. 

Luvisols 
Luvisols cover about 5% of Southeast Asia. They have moderate to high agri

or adverse phycultural potential, except for soils with steeply dissected slopes 
to high inherent fertility, but are highlysical properties. They have moderate 

susceptible to erosion. In drier areas their intensive use is dependent on irrigation 

water availability. 
Luvisols of' Laos, Thailand, andWetland rice production is limited to Gleyic 

on deep gently sloping Chromic,Orthic,Kampuchea. To a lesser extent, it occurs 

and Vertic Luvisols of Indonesia and the Philippines where terraced irrigation 
Luvisols precludes theirsystems are feasible. Water deficit in Ferric and Calcic 

use for wetland rice. 
Water excess precludes the use of Gleyic Luvisols for perennial crops and is 

the main constraint to their use for annual dryland crops. Water deficit during 

the dry season and susceptibility to erosion of Chromic, Calcic, Orthic, and 

Vertic Luvisols are the main constraints to their use for dryland production 

systems. Shallow depth and poor workability are additional constraints on Calcic 

and Vertic Luvisols. Very low inherent fertility and shallow depth of Ferric 

Luvisols generally preclude their use for permanent cultivation. 

Nitosols 
Nitosols cover about 5% of Southeast Asia. They occur in parts of Laos, Kam

puchea, Thailand, Malaysia, and Indonesia, but are most extensive in the Phil

ippines. 
Main constraints to agricultural production on Nitosols are erodibility and 

low to moderate inherent fertility. In Java these soils are terraced for spring

irrigated rice cultivation. In general, however, they are better suited to dryland 

production systems. 
Dystric and Hlumic Nitosols are slightly to strongly acid and have low to 

moderate inherent fertility. They respond well to combined dressings of phos

phate and nitrogen, but occasionally require trace elements. Eutric Nitosols have 

a higher level of inherent fertility and a high agricultural potential. 

Nitosols in general have good physical properties for tillage and are resistant 

to erosion, provided adequate conservation measures are applied. 

Histosols 
Histosols cover about 6% of Southeast Asia and are extensive in low coastal areas 

of Sumatra, Borneo, and Irian. Their environmental properties appear to favor 

wetland rice cultivation, but to date, attempts to grow rice on them have failed. 

Reclamation for dryland cultivation introduces a number of physical limitations 
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and gives a low potential.
Dystric ttistosols chemically poor. oligolrophic peats with low ash conare 


tents. 
 Physical properties are marginal, even after reclamation. Rice failure isthought due to .rtain organic compounds that directly or indirectly hinder
(through copper ion) one or more essential enzyme-catalyzed carbohydtate
formations (Dric. i and Suhardjo 1976).

The inherent fertility of Eutric Histosols is greater than that of Dystric Ilistosols, if soil salinity level does not interfere with crop growth. With cautiousdrainage to minimize subsidence and specialized cultural practices, nonsaline
Eutric 1listosols have potential for perennial crop production. 

Podzols
 
The Podzols cover 
about 2'' of Southeast Asia. occurring mainly in Indonesia.
Their coarse texture and poor water and nutrient retention capacities geneially
preclude their use for permanent cultivation.


Water excess in Gleyic Podzos precludes their use for dryland crops, 
 whilelow inherent fertility and acidity generally preclude their use for wetland rice.

Water deficit in 
 Ilumic and Orthic Podzols, coarse texture, very low inherent

fertility, and acidity generally preclude use dryland annualtheir For crops.
Limited possibilities exist for the production of perennial crops and commercial 
timber. 

Arenosols
 
Arenosols, which cover about 21' 
 of Southeast Asia, occur mainly in Indonesia, 
Sarawak, and the Philippines.

Water deficit combined with coarse soil texture, low inherent fertility, acidity,
anid erodibility generally preclude their use for wetland rice and dryland annual 
crop production. Limited possibilities exist for dryland perennial crops, and thehigh matagement inputs required to thecounteract constraints may not be
 
economically justified.
 

Regosols

Regosols occur over less than 
 1%of Southeast Asia. Water deficit precludes their
 
use for wetland rice.
 

Calcaric Regosols are chemically rich, but have 
 a low moisture retentioncapacity and show water deficit during dry spells. Their potential for dryland
annual crop production is dependent on the availability of supplemental irriga
tion water. Calciophile perennial crops are successful 
 where the water table is 
not too deep.

Dystric Regosols exhibit water deficit, coarse texture, low inherent fertility,and acidity. In combination these constraints usually preclude the soils' use forannual crops. Limited possibilities exist for perennial crops and commercial 
timber. 

Sandy Eutric Regosols and Calcaric Regosols have similar constraints andpotential. A steeply dissected, stony phase of Eutric Regosols occurs on volcanic 
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slopes in Indonesia. Main constraints are stoniness, shallow depth, water deficit, 
and soil erodibility. Deeper, less stony soils can support terraced, spring-irrigated 
rice or annual and perennial crops. 

Andosols 
Andosols cover about 2% of Southeast Asia and occur mainly in Indonesia and 

the Philippines. 
Water deficit generally precludes the use of Humic and Vitric Andosols for 

wetland rice. Terraced, spring-irrigated rice is feasible on some lower slopes of 
Mollie and Ochric Andosols. 

Humic and Ochric Andosols have good physical and chemical properties and 
moderate potential for dryland crop production where slope and elevation are 
not constraints. Their natural productivity depends on acidity, levels of exchange
able aluminum, texture, organic matter content, and mineral reserves. 

Mollie Andosols have good physical and chemical properties and a high poten
tial for dryland crop production where water deficit, slope, and elevation are not 
severe constraints. 

The main constraints on Vitric Andosols are water deficit, coarse texture, 
and erodibility. The soils are chemically rich, but lack sufficient capacity to 
retain cations. Very limited possibilities exist for perennial crops where texture 
and stone and boulder content permit their cultivation. 

Vertisols 
Vertisols cover about 1%of Southeast Asia. They are chemically rich, but are 
difficult to work and have water deficit to a greater or lesser extent during the 
dry season. 

The Chromic Vertisols of Java and Luzon have adverse physical properties 
and poor workability. Their use for wetland rice production is largely dependent 
on the availability of sufficient irrigation water. Dryland crop production is 
successful in areas with a short dry season if the soils are not waterlogged in the 
rainy season. In drier areas, however, the overall productivity is low and dry
season use is limited to low-intensity grazing. 

Pellic Vertisols occur in Indonesia, the Philippines, Laos, Vietnam, Kampu
chea, and Thailand where a pronounced monsoon climate prevails. Their physical 
conditions are often more favorable than those of Chromic Vertisols. Pellic 
Vertisols are susceptible to water erosion if no protective measures are taken. 
Water deficit is the main constraint, but with favorable climatic conditions or 

with sufficient irrigation water, the soils are well suited to wetland rice and dry
land production systems. 

FUTURE PRODUCTION POTENTIALS 

Few of the soils of humid tropical Asia are without constraints in some degree, 
and their potential for development largely depends on the level of management 
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practiced by the farmer and, hence, his ability to understand the technology 
required to alleviate the constraints, and his access to the required inputs. 

Increased production required to keep pace with a fast expanding Population 
cannot be achieved by traditional farming systems. Increased output ineans in
creased input and hence increased farmer investment. Traditional farming systems 
involve minimal investment and minimal risk. Increased inputs involve higher 
investment risks, and a farmer needs sufficient incentives to change from sub
sisteice or partially commercialized traditional systems to the semicmner
cialized or highly commercialized systems required for increased production. 

The threat of a .fastexpandiig population outpacing growth in agricultural 
production is incentive enLough for national planners to recognize the need for 
change: but in practice rural development programns have often failed because 
they could not achieve two essential objectives: 

1. to increase the productivity of the rural poor, particularly the small and 
marginal farmers: and 

2. to enLsure their full participation in planning and executing the program. 
The small farmers in Southeast Asia are poor because of the smallness of their 

holdings and as they control Iw resources. their incomes are low. They are thus 
generally handicapped by the limiled availability of irrigation, credit, chemicals, 
and other inputs for increased production and suif'ler fromL unfavorable market 
conditions and prices. 

It farmers are to actively participate in rural development, the reasons for 
increased produclion and hecCe change in farming meti ods m: ist be expressed 
in such i way that the farmer perceives the beniefits for hiimself. Incentives for 
change must include improved farmer access to basic resources and better rela
tionship with transportation and market in frastructures. Technologies for in
creasing production must exist and eilher the farmer must oe capable of applying 
them, or extension services muus t exist to leach the use of lew inputs. 

Where sociological inertia is grcat, new technologies are slow to take root 
without adequate farmer education to bridge the communinications gap between 
farmers and academics. It is unrealistic to expect a sudden surge in production 
through widespread application of instant technology. Short-term production 
potential (the present decade) will focLs oil areas that are already beiiefiiii g 
from new technology, i.e. wetland rice production systems. 

The principal rice-growing soils in Southeast Asia are Gleysols and Fluvisols. 
With the exception of the saline phases and Thionic Fluvisols, the two soils are 
highly productive under irrigation. Gleyic Cambisols, Luvisols, and, to a lesser 
extent, Acrisols are utilizcd mainly for rainfed rice, but where potential for 
irrigation exists greater production can be expected. Vertisols and Vertic Cain
bisols are utilized for rainfed rice, and the potential f'roi irrigation depends on 
local availability of year-mound water supplio:;. l)y<tric alld FuLtric Camtbisols; 
Chromic. Orthic, and V'rtic Luvisols; Nitosols: amid Mollie and Ochric Andosols 
support terraced, spring-irrigated rice: but a rainy season rice crop followed by 
short-term dryland annuals uses water more efficiently. 
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In the final analysis wetland rice production depends on tile availability of 
sufficient water to satisty the high water requirements of the crop. This auto
matically restricts the areal extent of wetland rice production systems in the 
region, and there is little scope for expanding the area Under production. Pro

duction potential is dependent on higher yields per unit of area made possible 
by the technological breakthrough of NIV and associated technology. 

Acceptance of M%, technology has resulted il a fairly steady increase in MV 
in proportion to total rice: however, tile rate of adoption am ong cotuntries and 
within countries of the region varies (Table 10). This variation is apparently 
related to physical conditions rather than to institllitional factors. 

If tile full potential of' present generation MV is to be realized, assured and 
controlled water stppliCs, fertilizers, crop protectants, and new implements and 
sources of power for carrying oul field and postharvest operations are required. 
Althougl fertilizers have contributed significantly to the growth of rice produc
tion. the combined effect of area and yield increase due to expanded irrigation 
facilities exceeds the contribution o!' fertilizers. 

MV adoption appears slow because traditional varieties perform as well as or 
better than MV in non-irrigated areas. Another limit to a more rapid expansion 
of the current generation of MV is that most of the land presently under irriga
tion has already been planted to somne form of MV. Recent changes in irrigated 
area and in the proportion of net cropped area under irrigation vary considerably 
(Table II). and not all irrigated areas have prodLIced net gains. 

The potential exists for expansion of area under irrigation, especially tnder 
small-scale irrigation schemes, and for the continued spread of MV. The potential 
for a steady rise in rice production through increased yields per unit area there
fore exists and although the efforts and resources required will be very large 
indeed, the increase is essential if' calorie requirements of the region are to be 
met. 

Long-term prodtiction potential (year 2000) is focused on the expansion of 
the area under permanent dryland crop cultivation. At present permanent crop
ping is restricted to highly commercialized tree crop production of rubber and 
oil palm; and semicommercialized to highly commercialized annual crop prodLmc-

Table 10. Area planted to modern rice varieties (MV) in selected countries in humid tropical 
Asia, 1970-71 and 1974-75. 

Area planted to MV Proportion %)of rice 
Country (thousand ha) Annual rate of areas under MV 

- growth (%) 
1970-71 1974-75 1970-71 1974-75 

Indonesia 903 3440 40 11.1 40.3 
217 aMalaysia, West 165 10 31.4 37.5 

Philippines 1565 2175 9 50.3 61.5 
Thailand 30 450 95 0.4 6.1 
Vietnam 502 900 16 20.0 17.6 

Source: Dalrymple 1976.a19 73 - 7 4 . 
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tion in areas where relatively fertile soils and transportation and mn.ket infra
structure incentives exist. While possibilities exist for increasing production per 
unit area on Cambisols, Luvisols, Nitosols, Andosols, and Vertisols where adverse 
pronerties. steeply dissected slopes, and prolonged waterlogging are nc, ,id
ing conditions, their relatively limited extent in the region restricts the areai 
expansion of permanent cultivation. 

In terms of area, Acrisols and, to a lesser extent, Ferralsols have the greatest 
potential. But, the constraints on them are severe. With the exception of deep, 
level to rolling Orthic, Hlmic, and Ferric Acrisols; and Acric, Orthic, and Rhodic 
Ferralsols. their combined constraints are usually excluding conditions for per
manent production. 

Few farmers in this area have the necessary skills or resources for implement
ing the technology required for permanent production on these soils. To a certain 
extent. the technology itself is also lacking. Relatively little advance in tech
nology has been achieved for most nonfood crops and food crops other than rice. 

There have been striking imprmvenents. in yields of rubber (7.5'/) and oil 
pahn (2.9/), but yields of cot and tea have remained low in recent years. 
Most dryland soils are easy to manage and maintain under commercial tree 
crops, but although considerable potential for the epansion of the area under 
permanent tree and perennial crop production exists, 1 roduction potential itself 
is controlled by fluctuating foreign and local demand for agricultural commodi
ties. Actual potential, therefore, is limited except in Malaysia where development 
plans emphasize industrialization. 

The expansion of permanent dryland annual crop production on Acrisols and 
Ferralsols without excluding conditions involves high risk - their combined con
straints require considerable investment in erosion protection, lime, fertilizers, 
crop protectants, transportAtion and farmer education for projected long-term 
returns. Any attempt to introduce permanent dryland cropping systems on these 
soils without provision of essential management inputs may well result in crop 
failures and serious and widespread physical and chemical soil degradation. 

RESEARCH ORIENTATION 

Wetland rice production systems 
To realize the full potential for increased production in wetland production 
systems, research should be directed toward: 

* the extension of irrigation facilities to provide water control essential to 
the adoption of the present generation of MV, with emphasis on small-scale 
irrigation and utilization of mechanical power for pumping (to alleviate water 
deficit or excess, acidity, and salinity constraints to higher yields per unit area); 

* increased crossing of MV with local varieties to establish strains resistant to 
pests and diseases, periodic drought, deep flooding and soil acidity with equal 
emphasis on increasing yield potential of rainfed varieties (to alleviate water 
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Table 11. Irrigated area and proportion of net cropped area irrigated in selected countries 
in humid tropical Asia, 1970-75.a 

Irrigated area Annual rate Proportion (%)of net Annual rate 
Country (thousand ha) of growth cropped irrigated area of growth 

1970 1975 N 1970 1975 W 

Indonesia 4280 4380 0.5 32.9 32.8 -0.1 
Malaysia, West 231 300 5.4 37.9 48.0 4.8 
Philippines 1150 1391 3.9 24.8 27.1 1.8 
Thailand 1960 3149 9.9 15.9 21.3 6.0 
aSource: FAO 1978. 

deficit or excess, and acidity cunstraints to increasing land under permanent cul
tivation and higher yields per unit area); and 

0 in-depth fertilizer research on benchmark sites, with emphasis on micro
nutrient studies to establish transferable fertilizer packages at acceptable cost 
to alleviate fertility constraints to increased production. 

Dryland production systems 
Research on means to alleviate soil constraints to expanding production of per
ianent annual and perennial crops should be directed toward: 

, alternatives to mechanized land clearing to minimize topsoil destruction, 
soil compaction, and susceptibility to erosion; 

* erosion protection after land clearing, incorporating continuous vegetation 
cover and conservation work commensurate with slope and the labor and capital 
resources available to the farmer; 

0 fertili; , research, including liming and micronutrient studies on benchmark 
sites, to est.blish transferable fertilizer packages for maintaining fertility levels 
and meeting crop requirements at acceptable cost; 

* varietal research to establish strains tolerant of soil acidity stresses; and 
" crop protection research covering resistant varieties, disease and pest pro

tectants, cropping sequences, and intercropping systems. 
The practical application of new technology is always dependent on incen

tives for change and the farmer's understanding of the technology required. The 
importance of farmer education cannot be overemphasized, for a permanent 
solution to the food and population problem can only be attained when a 
smaller-family norm has taken root in the social organization of tile people of the 
region. More of the available resources can then be utilized in ra',;ing the standard 
of living rather than sustaining a fast expanding population. 
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Soil constraints 
inrelation to major farming
 
systems of tropical America
 
P. A. SANCHEZ AND T. T. COCHRANE 

Farming systems in tropical America are extremely diverse, but can 
be grouped into two major regions of occurrence: Region A, covering 
27%, with mostly high base status soils and dense populations with 
generally intensive land use; and Region B, covering 70%, with mostly 
acid soils in the savanna and selva. 

Soils in Region A are mostly Alfisols, Inceptisols, Mollisols, Ver
tisols, and Entisols. The most extensive soil constraints affecting 10 
major farming systems are drought stress, erosion, and nitrogen and 
phosphorus deficiencies. Because of topography and soil physical 
properties, erosion is the most critical constraint in areas with a 
severe dry season. 

Five major farming systems are described for Region B, which con
sists mainly of Oxisols, Ultisols, acid Inceptisols, and Entisols. Soil 
constraints are mostly chemical; the most extensive ones are alumi
num toxicity; phosphorus deficiency and fixation; nitrogen, potas
sium, calcium, magnesium, sulfur, and zinc deficiencies; and low 
cation exchange capacity. Low water-holding capacity is important 
in Oxisols and Psamments; soil compaction and erosion are important 
in sandy-textured Ultisols on steep slopes. Soil management tech
nology for high input agriculture is generally available but can be 
transferred only to areas close to markets or well served by access 
routes. Low-cost soil management technology is urgently needed to 
efficiently utilize these vast areas. Key technology components must 
inclue 1) identifying soils suitable for cropping, pastures, tree crops, 
and those that should remain untouched, 2) selecting cultivars tolerant 
of acid soil infertility and drought, 3) developing low-cost fertiliza-

Centro Internacional de Agricultura Tropical (CIAT) Apartado Airco 67-13 Cali, Colom
bia; and Soil Science Department, North Carolina State University, Raleigh, N.C., 27650, 
USA. 
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tion practices, and 4) developing annual crop-pasture-tree crop se
quential or simultaneous systems. 

Agronomic, economic, and ecologically sound technology for man
aging the Oxisol-Ultisol region could have a major and lasting impact 
on increasing world food production. It can also be a viable alterna
tive for alleviating the erosion problems on the high base status soils. 

TROPICAL AMERICA, which encompasses the land area between the tropics of 
Cancer and Capricorn in the western hemisphere, has extremely variable soil 
properties and farming systems. There are no dominant systems equivalent to
the systems of rice cultivation in tropical Asia, shifting cultivation in tropical
Africa, or extensive cattle grazing in tropical Australia. 

To our knowledge the tropical American hairming systems have not been 
systematically described. The data base on soils and soil-related constraints is,
however, somewhat more developed. Because farming systems and soil con
straints are site-specific we present broad generalizations, which may have limited 
site-specific validity, in an attempt to provide an of the soil factorsoverview 
limiting food production in tropical America. 

The methodology for our overview comprised making estimates of the areal 
distribution of the main soils, defining the soil constraints, estimating the extent 
of each constraint, describing the main farming systems and the relationships
between them and the constraints, and finally determining the soil management 
priorities designed to alleviate the main constraints. We relied largely on our
experience and observations and not on an exlaustive literature review. 

We calculated the areal distribution of soil orders in relation to soil moisture 
and temperature regimes from tabular data in the FAO-Une-co soil maps of the 
world (FAO 1971, 1975) at the scale of 1:5 million and from an ongoing study
of the Oxisol-Ultisol regions by Cochrane (1979a) at the scale of 1:1 million. 
The FAO-Unesco maps use the temperature regimes of Papadakis (1975); the 
FAO-Unesco mapping legends were converted to USDA soil taxonomy equiv
alents (USDA 1975). We defined physical and chemical soil constraints according 
to the soil fertility capability classification system of Buol et al (1975), and 
developed additional criteria as a first approximation. 

Fifteen major farming systems were selected to represent the existing con
tinuum. Farming systems were defined in terms of commodity combinations, 
temperature and moisture regimes, farm size, and the degree of purchased and 
labor inputs. The term multiple cropping is used as defined by Andrews and 
Kassam (1976) -growing two or more crops, either intercropped, or in sequence, 
on the same field in a year. The relationships between major farming systems
and soil constraints are based largely on properties of the main soils used for 
each farming system, plus additional constraints such as distance to markets, in
frastructure, and others. 
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TIlE TWO REGIONS 

Tropical America can, in terms of farming systems and soil constraints, be 
divided into two major regions. Region Acomprises mainly high base status soils 
classified as Alfisols, Inceptisols, Mollisols, -ntisols, and Vertisols that cover 
abott 405 million ha or 27, of the area. Region B with 1,043 million ha, or 
70% of the total area, consists mainly of acid, infertile soils classified as Oxisols, 
Ultisols, and dystric groutps of lnceptisols and Entisols. The remaining 3'%con
sists of tropical deserts. Except for their irrigated areas, which are included in 
Region A, deserts are excluded from this disctssion. The high base status soil 
regions can be defined as those whcre tile dominant soils have more than 50% 
base saturation wilhin the top 50 ciii and have high activity clays (more than 
16 meq/100 gclay). The acid infertile soil regions do not meet the above criteria. 
Inclusions of" high base status soils into Region 13and acid infertile ones in 
Region A are of great local importance. However, these cannot be considered 
at the level of generalization of this paper. 

As a result, two main strategies for increasing food production exist in tropical
\merica: 

I) increase yields in existing farmirg systems on high base status soils, and 
2) expand the agricultural frontier in the vast areas of acid infertile soils 

which are mostly under savanna or forest vegetation. 
These two strategies are complementary rather than competitive, and the inter
action between them already plays a major role in the overall development 
strategy of many countries. 

SOIL GEOGRAPHY 

A preliminary soil order map of tropical America, modified from that developed 
by Sinchez and Isbell (1979), is shown in Figure 1. Oxisols comprise the most 
extensive soil order, covering 34,, of' tropical America. Ullisols cover 22'1, 
Inceptisols 161, Alfisols 12';;, and Entisols 8;,. Mollisols, Aridisols, Vertisols, 
and Histosols are in small areas. Spodosols also occur but their areal extent is 
too small to be detected at the scale used. Table I shows the soil order distri
bution by altitudinal belts (and approximate soil temperature regimes). 

Much of tropical America (86%) is lowlands with isohyperthermic soil tern
perature regimes. A significant amount of land (9;) is at inlermediate elevations 
with isothermic temperature regimes. That this altitudinal belt supports several 
of the most productive farming systems of the continent elmphasizes the under
utilization of tropical America's lowlands. Highland isoinesic regions in the Andes 
at elevations of 1,800 to 3,000 in are important sources of such temperate region 
crops as wheat, barley, and potato. Although this altitudinal belt covers only 
4% of tropical America, it supports dense populations along time inter-Andean 
valleys. Finally, 1%of tropical America is close to or above the limits for crop 
growth, with isofrigid soil temperaure regimes typical of the Andean Piramos 
and Altiplanos. 
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Table 1. Approximate distribution of soil orders by altitudinal belts (and approximate soil temperature regimes) in tropical America.a 
Distribution (million ha) of soil orders 

Soil order Lowland Inter- Montane Alpine
0-900 m mediate (Sierra) (Altiplano) Tropical(isohyper- 900-1800 m 1800-3000 m 3000-5000 m America 
thermic) (isothermic) (isomesic) (isofrigid) 

Percent 

0 

-. 

Oxisols 
Ultisols 

Inceptisols 
Alfisols 

484
310 

134151 

2810 

5624 

00 

418 

00 

4 
0 

512 
320 

235 
183 

'34 
22 

16 

12 

E3 

(IQ 

1 

Entisols 

Mollisols 

Aridisols 

108 

55 
23 

15 

30 

0 

70 
1 

0 
7 

124 

65 
30 8 

4 

2 

Vertisols 

Histosols 

Total belt 

% of tropical America 

20 

4 

1289 
86 

0 

0 

1369 

0 

0 

564 

0 

0 

12 
1 

20 

4 

1493 
100 

1 

-

-

Total high base status soils 268 74 
% high base status soils 21 55 

aFigures are rough estimates subject to change as more information is obtained. 

50 

90 

12 

100 

405 

30 
0 

-
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Table I also shows the distribution of high base status soils - Al'isols, Ver
tisols. Mollisols, and Aridisols. Subdivisions were needed to differentiate between 

high base status and acid infertile luceptisols and Entisols. We arbitrarily included 

Andepts. even though some are acid, because they seldom have toxic levels of 

alhi,:nu.n, are relatively well supplied wilth bases, and have high activity clays. 

Dystric groups of Inceptisols and Entisols were excluded. No further refinements 

were possible because of the limited data base. All Oxisols and Ultisols were 

included in the low base status. or acid infertile category although areas of high 

base Oxisols (iutrortlhox) oCllr. 
Table I shows dhat the percentage of high base status soils in,:reases with 

elevation. The term high )se status soils is not, however, synonymous with very 

productive soils because factors such as drought, stcep topography, and low 

temperature may limit their productivity potential. The terms high base status 

soils and acid infirtile soils are essentially identical to the term soils with high 

or /lw actim'it ' clays used in other chapters of this book. 

The relationships between the two broad soil regions and soil moisture re

gimes are shown in Table 2. About 47", of tropical America's soils have a udic 

soil moisture recime, wliich means drought stress for 3 months or less. Forty 

percent have all ust ic soil moisture regime, with a dry season of 3 to 9 montls. 

The 12'.; with an aquic soil moisture rcgim,- include large areas of seasonally 

flooded plains such as the Casanare-Apure Llanos of Colombia and Venezuela, 

the Pampas de Moxos of Bolivia, and the Pantanal of Brazil. The remaining 31; 

consist of true tropical deserts. Table 2 also shows that most soils with udic soil 

moisture regimnes are acid infertile ones, that there is an equal proportion of high 

base status and acid infertile soils in ustic areas, and that most poorly drained 

soils are ako acid. Table 3 shows a more detailed breakdown of soil orders by 

moisture regiie for time major zones. 

Compared with other tropical continental regions, tropical America is pro

bably the best supplied with moisture, and has the largest proportion of acid 

infertile soils. It also has large areas of high base status soils with good moisture 

supply along the Andean chain, coastal and riverine regions, and in much of 

Central America and the Caribbean. 

Table 2. Approximate areal distribution of high base status, acid infertile, and tropical 
desert soil regions by soil moisture regimes in tropical America.a 

Area (million ha) of given soil moisture regime Area
 
Region Main property (%)
 

Udic Ustic Aquic Aridic Total 

A High base status soils 46 299 60 0 405 27 
B Acid, infertile soils 620 299 124 0 1043 70 
C Tropical desert soils 0 0 0 45 45 3 

Total 666 598 184 45 1493 
% 47 40 12 3 100 

acalculated from FAO-Unesco soil maps (FAO 1971, 1975) and authors' observations. 

Rough information subject to change as more data become available. 
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Table 3. Broad geographical distribution of soil orders and soil moisture regimes in tropical America by main regiona 

Soil order Region A: High base status soils 

Area (million ha) 

Region B: Low base status coils Region C 

Overall area 

Million 

0 

Udic Ustic Aquic Total Udic LUstic Aquic Total Aridic ha 

Oxisols 

Ultisols 

Inceptisols 

Alfisols 

Entisols 

Mollisols 

0 

0 

5 

18 

22 

0 

0 

0 

82 

127 

14 

57 

0 

0 

8 

38 

0 
8 

0 

0 

95 

183 

36 
65 

342 

213 

56 

0 

9 
0 

170 

35 

15 

0 

79 
0 

0 

72 

48 

0 

0 
0 

512 

320 

119 

0 

88 

0 

0 

0 

21 

0 

0 

0 

512 

320 

235 

183 

124 

65 

34 

22 

16 

12 

8 

4 

0 

Aridisols 

Vertisols 

Histosols 

0 

1 

0 

0 

19 

0 

6 

0 

0 

6 

20 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4 

0 

0 

4 

24 

0 

0 

30 

20 

4 

2 

1 

-

> 

Total 46 299 60 405 320 299 124 1043 45 1493 

Figures are rough estimates subject to change as more data become available. 
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SOIL CONSTRAINTS 

The definitions of soil-related constraints used in this paper are shown in Table 
4. Many of them are modifiers in the Soil Fertility Capability Classification sys
temn (Buol ct al1975), including depth, drought or waterlogging stress, vertic pro
perties, low cation exchange capacity, aluminum toxicity, salinity, alkalinity, 
phosphorus fixation, and acid sulfate soils. Additional constraints are included 
to identify the low water-holding capacity of many soils, erosion, compaction 
and laterite hazards, and low but constant soil temperatures in the isomesic and 
isofrigid areas, which severely limit the tise of crops or animal species. 

Additional constraints are included to characterize the widespread deficiency 
of essential nutrients, but the degree of quantification is limited to "soil test 
values below the critical level." This lack of specificity is in itself an important 
constraint in our knowledge of soil fertility management. 

High base status soils (Region A)
 
The extent and importance of the different soil constraints are estimated in
 
Table 5 for the high base status soils region of tropical America.
 

Nitrogen deficiency is almost universal. But it is not 100% because the humic 
groups of Alfisols, lnceptisols (except Anuepts), and all Mollisols are expected 
to provide a reasonably high organic matter mineralization rate for several years. 
Nitrogen deficiency per se is not a major constraint in terms of economic im
portance as most cropping systems already involve the use of nitrogen fertilizers 
(Sinchez 1973). Furthermore, widespread kikuyo (Pennisettm clandestinunm)
white clover (Trifblium repens) pastures throughout the isothermic and isomesic 
belts provide excellent symbiotic nitrogen fixation for livestock production. 

Drought is probably a much more important constraint than nitrogen deti
ciency. Drought occurs in the lowlands in the Sertdo of Northeast Brazil, which 
has no major limitations of soil, topography. or infrastructure. Severe protracted 
drought is also typical of many lowland areas of Colombia, Venezuela, Central 
America, and the Caribbean. Where water resources are available and topography 
is favorable, irrigation has been an effective solution. Most of Latin America's 
lowland rice is produced under such circumstances. The total irrigated area for 
all crops in tropical America is estimated from FAO (1976) data to be 5 million 
ha; most is in high base status soils regions. 

Drought stress is particularly important in Andean regions with isothermic 
and isomesic temperature regimes. There is sharp contrast between the produc
tive, intensive multiple cropping systems of the Pasto region of southern Colom
bia and the adjacent northern provinces of Ecuador. The Pasto region has a udic 
soil moisture regime; much of the northern Ecuadorian sierra has a strong ustic 
regime. 

In our opinion, the most important soil constraint in the high base status soil 
region is ie danger of' seve're soil erosion in about 53% of the area. In densely 
populated regions of the Andes, and in countries such as El Salvador and Haiti, 
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Table 4. Definition of soil-related constraints used in this paper. 

Constraint 

Physical 

Shallow depth 

W. -r stress for 3 months 
or wore 

Waterlogging for 3 months 
or more 

Low soil water-holding 
capacity 

Vertic properties 

Severe erosion hazard 

Severe compaction 
hazard 

Laterite or plinthite 

Mechanization 
difficulties 

Low soil temperature 

Chemical 

Low CEC 

Aluminum toxicity 

Manganese toxicity 

Salinity 

continued on next page 

Definition Sourcea 

Rock or other hard, root-restricting layer 
within the first 50 cm. Includes Lithosols 
and lithic groups. 

1 

Ustic or aridic soil moisture regime, control 
section of the subsoil dry for more than 
90 consecutive days/year. 

1 

Aquic soil moisture regime. Evidence of 
gley or mottled colors. Gleysols in FAQ 
legend. 

1 

Less than 10% available soil moisture (0.1-15 
bars) by wt in top 50 cm. 

2 

Sticky, plastic clays subject to cracking, 
shrinking and swelling, causing difficult 
physical soil management. \lertisnl. or 
vertic groups. 

1 

Erosion susceptibility due to slope, abrupt 
textural changes, poor structure, or both. 

2 

Presence of compacted horizons, or 
susceptibility to compaction due to texture 
and structure. 

2 

Presence of soft or hardened plinthite within 
125 cm. 

2 

Slopes >30%, or other topographic irregular-
ities seriously limiting large-scale mechaniza
tion. 

2 

Mean annual air temperatJres 150C or lower. 
Isomesic and isofrigid soil temperature regimes. 

2 

<4 meq/100 g of effective cation exchange 
capacity in top 50 cm. Denotes high leaching 
potential. 

I 

>60% Al saturation in top 50 cm or pH <5.0. 1 

>100 ppm dilute double acid extractable Mn 
in top 50 cm. 

2 

Electrical conductivity >4 mmho/cm in top 
50 cm. 

1 
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Table 4 continued 

Constraint 	 Definition Sourcea 

Alkalinity 	 >15% Na saturation in top 50 cm. 1 

N deficiency 	 Widespread agronomic evidence of nitrogen 2 
deficiency in principal crops. No quanti
tative soil definiion. 

K duficiency 	 <0.2 meq K/100 g soil in top 50 crn. 1 

Pfixation 	 Topsoil clay fraction dominated by X-ray 1
 
amorphous minerals or >20% of clay fraction
 
as Fe and Al oxides and >30% topsoil clay
 
content.
 

P deficiency 	 Widespread occurrence of available soil test 2 
values below critical levels for main crops. 

Ca deficiency 	 As above. 2 

Mg deficiency 	 As above. 2 

S deficiency 	 As above. 2 

Fe deficiency 	 As above. 2 

Zn deficiency 	 As above. 2 

Bdeficiency 	 As above. 2 

Cu deficiency 	 As above. 2 

Mo deficiency 	 As above. 2 

Acid sulfate soils pH <3.5 after drying or Sulfaquept or sulfic 1 
great group classification. 

a, = Fertility Capability Soil Classification System (Buol et al 1975) with slight modifica
tions. 2 = proposed definitiois. 

entire watersheds with Alfisols, Inceptisols, Mollisols, and Entisols are severely 
eroded because of attempts to increase cropping intensity beyond the limits of 
the land, often combined with overgrazing. Erosion is most critical in ustic and 
aridic soil moisture regimes. In udic regimes there is more plant cover through
out the year to protect the soil. 

Phosphorus deficiency is another widespread constraint, but its solution is 
straightforward except in the 26% of the area with clayey Andepts and oxic 
Alfisols with high phosphorus fixation capacity. Sulfur deficiency is extensive 
only in Andepts, and deficiencies of iron and zinc are increasingly being detected 
in calcareous soils. Salinity is important in many irrigated areas because of poor 
water management, particularly poor drainage. 



Table 5. Approximate areal extent of soil-related constraints in the high base status soils region of tropical America.a 

Constraint 
Alfisols 
(183) 

Inceptisols 
(116) 

Extent (million ha) of constraint 

Mollisols Entisols Vertisols 
(65) (36) (24) 

Aridisols 
(30) 

Total area 
(450) 

Percent of 
total 

Physical 

Drought stress >3 months 
Erosion hazard 
Shallow depth 
Low temperatures 
Waterlogging 

114 

113 
5 
8 

38 

101 
45 
56 
45 

8 

57 
14 
14 
7 
8 

14 

23 
5 
1 
0 

19 
24 

1 
0 
0 

30 
20 

1 
7 
6 

335 
239 
82 
68 
60 

74 

53 
18 
15 
13 

o. 
;7 
0 

Low water-holding capacity 
Vertic properties 
Laterite 

0 
1 
7 

21 
2 

0 

0 
0 
0 

22 
0 
0 

0 
20 

0 

0 
0 
0 

43 
23 

7 

10 
5 
2 

-

Chemical 

N deficiency 
P deficiency 
P fixation 
Fe deficiency 
Zn deficiency 
S deficiency 
Low cation exchange capacity 
Salinity 

Alkalinity 
AIltoxicityMntoxicity 
K deficiency 
Cadeficiency 
Mg deficiency 

177 
107 
85 
30 
30 
0 
0 
0 

1 
00 
0 

0 
0 

98 
52 
31 
15 
15 
52 
21 

0 

0 
00 
0 

0 
0 

0 
14 
0 

25 
25 
0 
0 
1 
1 
00 
0 

0 
0 

34 

22 
0 
2 
2 

0 
22 
0 
0 
0
0 
0 

0 
0 

24 

20 
0 
3 
3 
0 
, 
0 
0 
0
0 
0 

0 
0 

30 

0 
0 

21 
21 

0 
0 
9 

7 
0
0 
0 

0 
0 

363 

215 
116 
96 
96 
52 
43 
10 

9 
0 
0 
0 

0 
0 

81 

48 
26 
21 
21 

11 
10 
2 

2 
0 
0 
0 

0 
0 

0 

0 

Acid sulfate soils 0 0 0 0 0 0 0 0 

B deficiency ? ? ? ? ? ? ? ? 

Cu deficiency ? ? ? ? ? ? ? 
Mo deficiency ? ? ? ? ? ? ? ? 

aThe total extent of each order is in parentheses. For definitions, see Table 4. Question marks indicate insufficient information. Figures are rough estimates 
subject to change as more information becomes available. 
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The absence of aluminum toxicity and calcium and magnesium deficiencies 
in this region is noteworthy. Shallow soils, waterlogging, vertic properties, low 
temperatures, low cation exchange capacity, and other properties such as stoni
ness, are only of local importance. 

Acid infertile soils (Region B) 
Soil constraints in Region B, which encompasses 70% of tropical America, are 
mostly chemical. Table 6 shows that more than 50% of the area are affected by 
phosphorus, potassium, calcium, magnesium, and sulfur deficiencies, aluminum 
toxicity, phosphorus fixation, nitrogen deficiency, zinc deficiency, and low 
water-holding capacity. The region also has vast areas of poorly drained and 
seasonally flooded soils. Unlike in the high base status soil region, drought and 
erosion are significantly less important, with some exceptions. Although the 
tropical rain forest portions of this region are fragile ecosystems, it appears to 
us that the densely populated areas with high base status soils in ustic regimes 
have more fragile ecosystems. 

Laterite or plinthite formation is limited to only 11% of the region and occurs 
in two forms: as petric phases of Oxisols, with already hardened or concretionary 
laterite at the edges of scarps, and as soft plinthite in subsoils of flat Plinth
aquults where the danger of exposure by erosion and subsequent hardening is 
minimal. The petric Oxisols are usually assets, because they provide excellent 
construction and road building material. However, many areas mapped as petric 
phases of Oxisols are actually exposures of parent rock other than laterite. 

Estimating the extent of soil chemical constraints was difficult because of lack 
of data. It was arbitrarily assumed that 80% of the Oxisol and Ultisol areas have 
alutinum saturation levels above 60%, based on soil pH values of 5.0 or below. 
Low cation exchange capacity was considered to exist in all Oxisols except the 
humic groups, and in all deep sands classified as Oxic Quartzipsamments. To 
estimate phosphorus fixation it was assumed that 50% of the Ultisols would have 
clayey topsoil textures and thus would be high phosphorus fixers. 

Estimates of potassium, calcium, magnesium, sulfur, and micronutrient defi
ciencies also are subjective because of lack of data. The book of Malavolta et al 
(1974) and the survey of the fertility status of Cerrado soils by Lopes and Cox 
(I977a, b) are useful guides. However, no areal estimates were possible for man
ganese toxicity, and iron, boron, and molybdenum deficiencies. The 2 million 
ha of acid sulfate soils are concentrated in the Orinoco delta and coastal areas 
of the Guyanas. A significant area of acid sulfate soils in Guyana has been re
claimed for sugarcane production by leaching with seawater (Evans and Cate 
1962). Histosols are also found in these areas, and along the Atlantic coast of 
Central America. 

Despite the limited data -base, it is clear that the well-drained soils in the 
region are acid and low in native soil fertility. In addition, most Oxisols and 
Entisols have low water-holding capacities and the sandy Ultisols are susceptible 
to compaction and often to erosion. These physical limitations, although im
portant, are not Fs serious as those reported for the high base status region. 



Table 6. Approximate areal extent of soil-related constraints in the acid infertile soils region of tropical America? 

Constraints Oxisols Ultisols 

Extent (million ha) of constraint 

Inceptisols Entisols Histosols Total area 
Percent of 

total 

(512) (320) (119) (88) (4) (1043) 

Physical 

Low water-holding capacity 504 0 0 79 0 583 56 

Water stress >3 months 170 35 15 79 0 299 29 

Erosion hazard 17 160 47 80 0 304 29 
Compaction 0 160 0 9 0 169 16 

Waterlogging 0 72 47 0 4 123 12 0 

Laterite 48 71 0 6 0 119 11 

Shallow depth 17 11 47 6 0 81 8 

Vertic properties 0 0 0 0 0 0 0 

Low temperatures 0 0 0 0 0 0 0 

Chemical 

P deficiency 512 320 83 83 4 1002 96 0 

N deficiency 504 306 71 88 0 969 93 
K deficiency 512 160 0 40 4 799 77 
Al toxicity 409 256 18 73 0 756 72 
S deficiency 512 160 0 73 0 745 71 
Mg deficiency 496 224 0 7 4 731 70 
Ca deficiency 504 224 0 0 4 732 70 
P fixation 512 160 0 0 0 672 64 
Zn deficiency 468 100 0 77 0 645 62 
Low CEC 504 0 0 73 0 577 55 0 

Cu deficiency 256 50 0 ? 4 310 30 
Salinity 0 0 0 0 0 0 0 
Alkalinity 0 0 0 0 0 0 0 
Fe deficiency 0 0 0 0 0 0 0 
Acid sulfate soil 0 0 2 0 0 2 -

Mn toxicity ? ? ? 0 0 ? ? 
B deficiency ? ? ? ? ? ? ? 
Mo deficiency ? ? ? ? ? ? ? 

aTotal extent of each order is in parentheses. For definitions, see Table 4. Question marks indicate insufficient information. Figures are rough estimates sub

ject to change as more information becomes available. 
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MAJOR FARMING SYSTEMS AND SOIL CONSTRAINTS 

Land use
 
Table 7 shows land use of tropical America and tile changes since 
 1966. Tropical
America has a lower proportion of cropiand (6%) than tropical Africa (8%) or 
tropical Asia (27';), according to calculations by Sdincltez (1976). The region
also has a lower proportion of permanent pastures (22'1() than tropical Africa 
(30W,), but far greater than tropical Asia (2%). 

The changes in land use in tropical America since 1966 indicate a rather rapid
rate of forest clearing for crop or pasture use. Much of the shift seems to be in 
the acid infertile soil regions. According to McKenzie (1974), 85%; of the pro
jected increases in cropland or pastures in Brazil, Colombia, Peru, Ecuador, and 
Venezuela for 1982-85 will take place in [he Am azon, with 35 million ha added. 

Lowland farming systems in high base status soils regions

A description of the major farming systems in 
 tropical America is in Table 8. 
Their tentative geographical distribution appears in Figure 2. 

1. The lowland, semiarid, multiple cropping s)'stem is the most important
farming system in the largest rural poverty area in tropical America: the semi
arid Sertlo of northeastern Brazil where the per-capita income of more than 
I I million people is less than USS 2 00/year (Sanders 1979 ).

The area has an extremely erratic rainfall - 500-800 mm - during a 3- to 
4-month season. Drought is the major crop production constraint. Alfisols and 
sandy Entisols are the main soils. The main farting system is intcrcropped 
cotton, corn, and cowpea on farms of less than 10 ha. Large farms devoted to 
extensive buslt-grazing of cattle are interspersed among the small farms. 

Some chemical soil constraints exist, but no fertilizers are used because of 
high risk due to rainfall irregularities. Water resources are limited to small areas 
where other food crops are grown; the possibilities of large scale-irrigation are 
limited. 

Agronomic and economic analyses summarized by Sanders (1979) show that 
the probabilities of significantly improving this system are low, and that the best 

Table 7. Land use in tropical America 1966-75 (including temperate Mexico and Brazil).a 

Land use 1975 Change1966-75 
Million ha % (million ha) 

Arable crops 82 5 +11
Permanent crops 16 1
Permanent pastures 

+ 1 
358 22 +26

Forest and woodlands 947 57 -24
Others 255 15 -22
 

Total 1659 100 
 -
aCalculated from FAO 1976. 



Table 8. Generalized description of major agricultural production systems in tropical America. 

Major production systems 
Elevation Dry season 

length 
(mo) 

Purchased
input usea 

Labor
input usea 

Main products Typical
location 

Main soils 

Region A: High base status soils 

1. Lowland, semiarid, multiple cropping 
system 

0-900 7-9 L L Sorghum, corn, cow-
pea, cattle, goats, 
cotton 

NE Brazil AL, E . 

o 

2. Lowland, ustic, multiple cropping
system 

0-900 4-6 L L Rice, corn, cowpea, 
sorghum, cassava,
root crops 

Dominican 
Republic 

AL, I, V. 
M, E 

3. Lowland, single cropping system 

4. Lowland, plantation system 

0-900 

0-900 

0-6 

0-6 

H 

M, H 

L 

H 

Corn, rice, soybean, 
cotton, cassava 

Sugarcane, cacao, 
banana 

Pacific cn" 
of Guate:'ia 

Cuba, Central 
America 

AL, I, V, 
M, E 

AL, I, V. 
M. E 

0 

5. Dual purpose cattle production 
systemofsystem 

6. Intermediate elevation, multiple 
cropping system 

7. Intermediate elevation, plantation 
system 

0-900 

900-1800 

900-1800 

0-6 

0-6 

L 

M 

H 

H 

H 

H 

Milk, beef 

Corn, bean, plantain 

Coffee 
Ml ,c esb e 

North coast 
Colombia 

Honduras 

Caldas, 
Colombiairao 

AL, 1, V, 
M, E 

I, AL, V,
M, E 
M" 

I,AL, E, 
M,

,A 

C( 

0 
-

8. Mountain dairy farming system 900-3000 0-6 M, H HMilk, cheese, beef Sierra of 
Ecuador 

I,AL 

9. Multiple cropping, high altitude 
system 

1800-3000 3-6 M, H H Wheat, barley, 
potato, pea, 
vegetables 

Huancayo 
Valley, Peru 

I, AL, M 

continued on next page 



Table 8 continued 
Major Production systems ElevationEvi 

m) 
Dry seasonlength 

(to) 
Purchased 
input usea 

Labor 
input usea 

Main products 
Typical 

MaatonoMinb 

10. High altitude grazing system 3000-5000 3-6 L L Sheep, llamas Altiplano of I 0 

Region B: Acid infertile soils 
11. Shifting cultivation system 

12. Extensive cattle grazing system 

13. Crop-cattle grazing system 

14. Intensive annual crop production 

system 
15. Intensive plantation Crop production 

system 

0-900 

0-900 

0-900 

0-900 

0-900 

0-4 

0-6 

0-6 

3-6 

0-6 

L 

L 

M 

H 

HH 

H 

L 

M, H 

M 

milk 

Rice, cassava, corn 

Beef 

Beef, rice, sorghum, 

peanut 
Soybean, rice 

Coffee, sugarcane 

Bolivia 

Selva of 

Peru 

Colombian 

Llanos; 

Cerrado of 

Brazil 
Minas Gerais, 

Brazil 
Slio Paulo,
Brzi 

0, U 

0, U 

0, U 

0, U 

O
0 

0. 

0 
00 

aL = low, M = medium, H = high. bInitialsof soil orders, except AL= Alfisols. 

0 



0
 

REGION B ACID INFERTILE SOILS0 ~Q 

REGION A- HIGH BASE STATUS SOIL 

EMt 

(. (." 

I--. ..... . . 

2. Major production systems of tropical America. First approximation. 

IIN0 

. 

* *0 



124 Soil-related constraints to food production in the tropics 

strategy appears to be the introduction of drought-tolerant crops, principally
sorghum. The inability to improve the system gives rise to population stresses
in adjacent areas: large-scale migration to less arid regions during drought years
and large-scale return when rainfall improves.

2. Included in the lowland, ustic multiple cropping sj,stem are lowland areas
with a reliable rainy season of 5 to 8 months. Soils of the area are Alfisols, Ver
tisols, Entisols, Mollisols, and Inceptisols. Multiple cropping combinations varybut generally include corn, cassava, upland rice, sorghum, and other grain and 
root crops. Cotton is important in the drier regions. Drought is a major crop
production constraint, but in many cases it is overcome by snall-scale supple
mentary irrigation. The most important constraint is soil erosion, primarily in
sloping, densely populated -reas. The universal soluion to soil erosion is to keep
tile soil covered with a plant canopy at all times. The main way is to use
improved, high yielding varieties of corn, cassava and sorghum, intercropped
with cowpea, beans, and other soil-covering crops. Chemical constraints, princi
pally nitrogen and phosphorus deficiency with localized secondary and micro
nutrient deficiencies, are also important, but their solution is limited by lack,
not of soil fertility research, but of timely, site-specific, and profitable fertilizer
recommendations, capital, management, ind technical assistance. High population 
pressures make crop intensification necessary.

3. lhe lowland, single-cropping s'stem encompasses commercial crop produc
tion with a large proportion of necharization. Medium to large-scale fields of 
corn, soybean, lowland rice, cotton, sorghum, cassava, peanut, and other crops 
are grown with generally high levels of fertilizer inputs and, in some cases, ex
cessive use of pesticides. Farmers generally have access to credit, technical 
assistance, producer associations, good infrastructure and better marketing than
those engaged in the two previous systems. In effect, this system is most closely
related to temperate rcgion agriculture. The main soil constraints are soil corn
paction and, sometimes, erosion, caused by excessive tillage traffic, inadequate
drainage systems leading to salinity, and difficulties in obtaining site-specific

fertilizer recommendations in spite of a good data base for fertility requirements.
The highest crop yields in tropical America are usually obtained in this system.

4. The lowland plantation system includes vast areas of sugarcane, banana, 
cacao, and other permanent crop systems mostly on high base status soils, with
udic or ustic soil moisture regimes. Farms vary from small (less than 10 ha) hold
ings such as in the cacao-growing region of Ecuador to large-scale banana planta
tions in Central America and sugarcane farms in Cuba. Regardless of scale the
main characteristic of the system is the vast support infrastructure of research,
extension, marketing services, and even cradle-to-grave social services as in the 
CEPLAC (Comissdo Executiva do Piano da Lavoura Cacaueria) region of Brazil
(Fowler and Alvim 1977). Most soil constraints have been overcome. Other
constraints are the results of excessive use of inputs. An example is use of
copper-based fungicides, which caused copper toxicity in banana plantations in
Costa Rica and Honduras (North Carolina State University 1973). Soil fertility 
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deficiencies are generally diagnosed and corrected at the field level because of 
more efficient soil testing and plant analysis laboratories. 

5. In the dual-purposecattleproduction system, cattle are grown for beef and 
milk production onl farms of different sizes throughout the high base status soils 
of the lowland tropios of Latin America. The econonlic importance of milk and 
its by-products increases with decreasing scale of operation. The main soil
related constraint is probably drought, which results in low forage availability 
during parts of the year. In some areas, irrigated, nitrogen-fertilized grass pas
tures produce high yields of milk and beef. In many areas, the best soils are used 
for large-scale beef production, and intensive, small-scale cropping is pushed to 
marginal lands on slopes, because of land-tenure patterns. This system can seldom 
compete with either single cropping or plantation systems. When price increases 
make cropping more attractive only intensive milk production survives. 

Intermediate elevation systems 
Three systems are described for the isothermic altitudinal belt generally located 
at elevations between 900 and 1800 m. 'he isothermic belt is often described 
as the eternal spring climate, and is blessed with a large proportion of high base 
status soils, which support dense populations along the Central American high
lands and in the lower Andes. 

I. The intermediate-elevationmultiple croppingsy'stem is best characterized 
by corn-bean intercropping ,nd the presence of other crops such as plantain and 
banana. Farm size is generally small. The main constraint is probably phosphorus 
deficiency, particularly in volcanic ash soils, and erosion where population densi
ties are extreme. In udic regions productivity is high and small farmers can 
afford to purchase large amounts of inputs because of low risk. In ustic areas 
input use and productivity are lower and soil services are usually not sufficiently 
responsive to solve farmers' needs. Nonsoil constraints such as bean diseases and 
lack of appropriate varieties of corn and beans for intercropping systems are 
perhaps more important than soil limitations. 

2. The typical case of the intermediate-elevationplantation system is the 
coffee region of Colombia where favorable international prices and an all

encompassing support system by the Federaci6n Nacional de Cafeteros have 
resulted in extremely productive small farmers who practice excellent soil con
servation and intensive fertilization on farms of less than 30 ha. Soil constraints 

have been generally overcome, but erosion hazards are emerging where shade
grown coffee is replaced by sun-grown coffee planted in marginal soil areas. 

3. In intermediate anl mountain dairy f]arming, the climate is ideal for 
European breed, of dairy cattle and sheep. Many of the pastures are highly pro
ductive grass-legume mixtures, such as Pennisetirn clandestinum and Triblitm 
repensespecially in the udic regions, when well fertilized with phosphorus. In ustic 
regimes, feed supplementation during the dry season consists of forage, such as 
alfalfa, and crop residues. The system is not seriously affected by soil con
straints, unless there is overgrazing. Overgrazing steep Alfisols and Inceptisols is 
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one of the main causes of soil erosion in the Andean region. 

High elevation farming systems
Two main systems are identified for the isomesic regions above 1800 - inm 

tensive multiple cropping and extensive grazing.


1. High eleration intensivie multiple croppitng involves sequential cropping ofsole crops of wheat, potato, barley, and quinoa in small areas, as well as many
intricate in tercropping combinations. Low temperatures, drought, and shallow
soils are the main constraints but one can still observe excellent soil conservation 
practices and irrigation systems developed by the Incas. Soil fertility constraints-ire mainly nitrogen and phosphorus deficiencies, but the intensive use of fertilizers is limited seasons reliableto with rainfall or to irrigated areas. Where
population pressures are extreme there is decreasing farm size, abandonment of
soil conservation practices, and erosion throughout entire valleys.

2. The high Andes have large areas of native pastures in the high altitude
grazing svstem. These cover about 20 million Ia in Peru alone. Too high forcattle, most of the areas are devoted to sheep, llama, and alpaca grazing. The
constantly low temperatures and shallow soils limit the use of improved pasturesto a few, small irrigated areas or to toareas close the small lakes that dot the
Altiplano. Other soil-related constraints are drought, low cation exchange capac
ity, and nitrogen and phosphorus deficiency. Overgrazing causes widespread 
erosion. 

Major farming systems in acid infertile soils regions
Five major farning systems are described in Table 8 for Region B. In order of
increasing intensity they are shifting cultivation, extensive cattle grazing, crop
cattle grazing. intensive annual crop production, and intensive plantation crop
production. Their occurrence in a vast area of acid infertile soils is mainly afunction of clinate, vegetation, parent materials, infrastructure, and economics. 
Tentative distribution of the systems is shown in Figure 2.

Figure 3 shows the total wet season evapotranspiration, which explains dif
ferences in native vegetation (CIAT 1978). Total wet season evapotranspiration
(FT) provides an estimate of' energy available for photosynthesis at a time that
moisture is not lirditing. The Figure 3 map correlates closely with the dry season
 
map (Fig. 4) where 
a dry month has a moisture availability index of less than0.33 according to Hargreaves' (1977) definition. Areas wet ETwith season 
greater than 1,300 mim, and less than a 3-month dry season are covered by tro
pical rain forests where shifting cultivation predominates. Areas with wet seasonET between 1,060 and 1,300 mm and with a stronger 3- to 4-month dry season 
are covered by semi-evergreen seasonal tropical forests. Shifting cultivation,
extensive cattle grazing, and intensive plantation cropping are the main systems
encountered. Areas with wet season ET between 900 and 1,060 mm and a dryseason of 4 to 6 months outline the tropical savannas where shifting cultivation
is essentially absent. The savannas are devoted mainly to extensive cattle grazing 
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3. Total wvet season evapotranspiration (neun) map of tropical South America. 

with increasing importance of crops in areas closer to markets. A fourth area, 
characterized by wet season ET lower than 900 mm and a dry season for longer 
than 6 months, has deciduous tropical forests including the Caatinga formations 
of northeast Brazil. Oxisol-Ultisol regions with this climate are devoted to ex
tensive cattle grazing. 

1. The shifting cultivation system is practiced in localized areas over the 
largest expanse of tropical America -- about 720 million ha of forested regions 
with mostly udic, but also ustic soil moisture regimes. Farming consists ol annuald 
clearing of less than 5 ha, usually by slash and burn, followed by planting of 
corn, upland rice, and cassava or plantain, which are usually intercropped. After 
1 or 2 years the land is abandoned to forest regrowth or is planted to pastures. 
The main soil constraint is a sharp fertility decline within 1 or 2 years. This 
usually results in aluminum toxicity; nitrogen, phosphorus, and potassium defi
ciencies; and calcium or magnesium deficiencies, or both, or imbalances between 
these cations (Villachica 1978). Weeds and jungle regrowth are probably ::, 
constraining as reduced soil fertility, which appears in some areas to be prinmarily 
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4. Dry months (moisture availability index <.34) of tropical South America. 

low phosphorus availability. Soil compaction and subscquent erosion are major 
constraints when mechanical land clcaring is used (Seubert et al 1977). Thc 
solution is to slash and burn clearing and then to keep the soil covered by a 

crop or pasture canopy. 
It is important to distinguish between two types of shifting cultivators. The 

traditional cultivators are native to the area and know when to abandon the 
land and therefore cause no erosion. The newcomers to thle area expect more 
than thle soil can give them and often cause severc soil erosion (Sinchcz 1977a). 

Traditional shifting cultivation is a sound stahle system, but one that guaran
tees perennial poverty (Alvim 1977). Alternatives for improvement are intensive 
crop production with high fertilizer inputs, low input nultiple cropping systems, 
crop-pasture or crop-pasture-permanent crop successions (Sinchez 19 77a, b; 

Alvim 1977, 1978: Toledo and Morales 1979). 

2. Thle e.xtensit'e cattle grazing systemn is found in dIrier jungle and savanna 
areas farthest from the markets. When mechanical clearing of forests is avoided, 
the fertilizer value of the ash except for phosphorus lasts for as much as 10 years 
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in Panicum maximum pastures (Falesi 1976, Serrio et al 1979). The presence of 
a significant 3- to 4-month dry season plus nutrient recycling by the grazing 
animal provides for a much slower rate of fertility decline than ill the true rain 
forest. Under these conditions phosphorus deficiency is the main soil constraint 
(Serrdo et al 1979), probably followed by nitrogen, potassium, sulfur, zinc, 
copper, and molybdenun deficiencies and soil compaction by grazing animals. 
Erosion is surprisingly low in this system because degraded pastures are gradually 
transformed into secondary forest fallows, which provide a cover for the soil. 
The solution to the main constraints is to fertilize with modest amounts of' P, 
Ca, S, K, and micronutrients plus the use of adapted and compatible grass-legune 
mixtures. The system is practiced on inore than 2 million ha of cleared selva in 
the 1,060-1,300 nun wet season ET belt with a predegradation animal produc
tivity of about 100 kg/ha per year of liveweight gains and carrying capacity of 
about I animal unit/ha. 

Extensive cattle grazing occupies a much larger area - perhaps more than 
200 million ha - in the least accessible savannas of the Llanos of Colombia, the 
Rupununi along the Guyana-Brazil border, and the Cerrado of Brazil and its 
extensions into Bolivia and Paraguay. Annual burning contrilhutes only small 
quantities of phosphorus and other nutrients. lnsutfficient forage throughout tile 
year causes cattle weight losses during the dry season, so that animals take more 
than 4 years to reach slaughter weight (Paladines and Leal 1979). Annual live
weight gains are in the order of 20 kg/ha with an average carrying capacity of 
0.2 animal unit/ha. The main soil constraints are phosphorus deficiency and 
fixation, aluminum toxicity, and drougit stress, followed by nitrogen, potassium, 
calcium, magnesium1, sulfur, boron, and possibly molybdentun deficiencies (Spain 
1975, 1978: Spain et al 1975). Erosion is a constraint only where there is over
grazing or loss of ash due to water or wind after annual burning. The existence 
of' well-drained Oxisol and poorly drained Utisol areas in close proximity pro
vides for higher beef production because dry season grazing is possible in the 
poorly drained areas (Cochrane 1979a). 

Improving the system consists of' developing grass-legume mixtures using 
adapted species. An example is the combination of tie grass Andropogongaiantts 
and the legumes Stylosanthes capitata, Desmodium ovalifolium, and Zornia 
latifolia, which are tolerant of drought, file, and aluminum toxicity and require 
relatively low levels of available soil phosphorus. Fertility limitations are over
come by the direct use of rock phosphates and potassium, magnesium, and sulfur 
fertilizers (CIAT 1978, 1979). Improved pastures produce annual liveweight 
gains of' 150 to 300 kg/ha and support year-round carrying capacities of' I to 2 
animal units/ha (Nores and Estrada 1979). The use of 101/ of the grazing area 
on improved pastures and 90'§4 of native savanna increased cow-calf production 
2.5 times (CIAT 1979). 

3. Tile crop-cattlegrazingsystem in savanna regions with better infrastructure 
and located nearer to markets achieves intensification by growing one or more 
crops and interplanting grass pastures in the last crop. The main crop is upland 
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rice, and to a lesser degree, corn and soybean (Ferri 1977). Well-drained Oxisol 
and Ultisol savannas with topography appropriate for mechanization are cleared 
of scrub, burned, fertilized with 50 to 100 kg P2 05 /ha, limed (1-2 t/ha), and 
planted to a crop. The resulting pastures are initially productive, but eventually 
suffer from deficiencies of nitrogen, potassium, sulfur, and other nutrients. The 
solution lies in the use of adapted grass-legume pastures, which could require 
somewhat higher fertility than the previous system, and the use of more drought
tolerant rice varieties. 

A further intensification can be observed in areas with even better infra
structure and relatively low fertilizer costs. In the Llanos of Venezuela, the cycle 
starts with sorghulm or peanut, which receive 2 t lime/ha and fairly high applica
tions of nitrogen, phosphorus, and potassium. Pastures follow and many of them 
receive heavy nitrogen fertilization (Rodriguez 1976). The many constraints are 
severe erosion and compaction, particularly in sandy Ultisols, and zinc deficiency 
caused by the cumulative effect of annual lime applications. The solution to 
these constraints involves a more judicious use of lime and fertilization during 
the crop phase followed by the use of adapted grass-legume pastures to eliminate 
the need of costly nitrogen fertilization and assure pasture persistence for several 
years. 

4. The intensive annual crop prohuction system, or conventional, single stand 
crop production, is moving rapidly into Oxisol savannas of' the Brazilian Cerrado 
where the topography favors mechanized agriculture. Trhe move is generally from 
the southern states northward and westward and the principal crops are upland 
rice, soybean, coffee, and wheat, the latter in irrigated areas during the dry 
season. The various modalities :re described in several chapters of' the IV Cerrado 
Symposium (Ferri 1977). We estimate that about 5 million ha of extensive 
pastures have been transformed into cropland during the last 10 years in the 
Oxisol-Ultisol regions, mainly in Central Brazil. Commercial farmers select the 
areas with somewhat better fertility indicated by Cerradio or deciduous forest 
vegetation (Lopes and Cox 1977b), a shorter dry season, and in the case of 
wheat, those that can be irrigated by gravity systems. 

A major soil constraint is drought duo to limited root development in the 
subsoil, which is caused by aluminum toxicity (Gonzalez et al 1975, Bandy 
1976). Liming to 30 cm helps alleviate this situation for crops like corn and 
sorghum, and downward movement of calcium and magnesium tends to reduce 
subsoil acidity after several years of cultivation (Ritchey et dl 1978). P-.- over
riding constraint, however, is extreme phosphorus deficiency and high phospho:;1s 
fixation. The solution is based on I ) proper selection of rates, placement, Ilia 
timing of phosphorus applications to provide long-term residual effect; 2) the 
use of phosphorus sources cheaper than superphosphate; 3) substitution of 
cheaper amendments to satisfy the soil's phosplhorus fixation capacity; and 
4) use of crop species and varieties tolerant of' lower levels of available soil phos
phorus (Salinas and Sinchez 1976). Other soil constraints include acute potas
sium, zinc, and sulfur deficiencies, which can be corrected economically, and 
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nitrogen deficiencies after I or 2 years (CPAC 1977, 1978; Lobato and Goedert 
1977; Sanchez 1977b). Although these Oxisols are as resistant to soil erosion 
as any other soils in the world, poor management, such as downslope furrow 
irrigation, causes serious erosion losses. 

Intensive cropping is also feasible in rain forest areas. During the past 5 years 
an annual rotation of upland rice, corn, and soybean has produced about 10 t 
of grain/ha a year in Yurimaguas, Peru, with heavy fertilization (Bandy 1977). 
Two crops a year of flooded rice in Jarilandia, Brazil, have produced 14 t/ha per 
year in commercial fields (Alvim 1977). 

5. In intensive plantationcropping s)stems, permanent crops such as cacao, 
rubber, and oil palm have the advantage of deep roots, surface litter, and a per
manent canopy, which favor nutrient cycling as in the native forest. After 
establishment, such crops also protect the soil against erosion. Cacao plantations 
are extensive in areas of better soils of the Amazon (Sinchez 1977a), but other 
crops and commercially planted timber are better adapted to acid infertile soils. 
Alvim (1977, 1978) reports impressive success stories of permanent crops tinder 
low fertilizer inputs in the Brazilian Amazon. In certain plantations, pasture 
legumes, e.g. Puerariaphaseoloides, are used as cover crops and are grazed by 
cattle. Soil constraints are the same as those listed before, but the use of acid
tolerant tree species capable of nutrient recycling minimizes purchased input use. 

Areas planted to crops requiring high fertility, e.g. coffee and sugarcane, are 
rapidly increasing in the Cerrado. 

EXPECTED DEV'. LOPMENTAL PATHWAY 

The previous section indicates the diversity of farming systems and soil-related 
constraints in tropical America. That discussion consists largely of broad generali
zations. The level of specificity of the prediction of a probable developmental 
pathway for a region with 28 countries of widely differing sizes and political, 
social, and economic systems is reduced by.an additional order of magnitude. 

The countries o" tropical America have a conbined population of 368 million 
as of 1979 and population increases at an average annual rate of 2.7% (USDA 
1978). Most of the rural population isin the high base status soil region. Increases 
in population density reduce the size of the traditional multiple cropping system, 
break its equilibrium, cause erosion, and force large-scale migration to the major 
cities. The rapid growth in number of unemployed migrants has expanded the 
major cities beyond their capacity to support their population. Most new urban 
dwellers have little hope for gainful employment and little possibility of ever 
becoming farmers again. With the population doubling every 24 years, and with 
no significant decrease in population growth rates, food production will have to 
double in 24 years to maintain the present level of human nutrition in tropical 
America. 

Exceptions to SAnchez and Buol's (1975) hypothesis that population density 
is correlated with high base status soils, where moisture is not a limiting factor, 
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are becoming more common as large cities like Brasilia, Goiania, Beldm, Manaus, 
and Ciudad Guayana develop in the midst of acid infertile soil regions. 

The most rational developmental strategy might be based on the following 
components: 

1. Improved marketing infrastructure. 
2. Increased yields in the favored high base status soil regions, i.e. those with 

a udic soil moisture regime or with irrigation potential, by the use of modern 
technology and intensive use of fertilizer, labor, and machinery. 

3. Release of areas of favored high base status soils from extensive systems 
such as beef production or low yielding plantation crops, to intensive food pro
duction. 

4. Development of' improved crop and milk production technology ftor high 
base status soil areas with serious drought stress or erosion hazards. 

5. Provision of opportunity to transfer excess population from the latter 
areas to regions of acid infertile soils. 

6. Development of appropriate soil management techno!ogy for the acid in
f'ertile soil regions. 

Foods consumed in tropical America in order of proportion of the total food 
budget are beef, rice, pork, milk, sugar. plantain, beans, corn, and eggs (Andersen 
1977). Breakthroughs based on cultivars that respond to high input technology 
have been limited to lowland rice. irrigated wheat, grain sorghum, and sugar
cane. Yield increases in corn have been disappointing, partly because soil con
straints were ignored. Ongoing research to adapt these plants to the existing 
stresses may contribute significantly to yield increases in less favored lands. The 
strategy is used on sorghlm tor the Brazilian Sertao. 

Developing effective pasture prod uction technology for the acid infertile soils 
will contribute to the release of high base status soils for food production. The 
transfer of excess populationt from erosion-prone areas to new lands requires a 
viable alternative: an agronoirically sound technology for the acid, intfertile soil 
areas. Many colonization schemes fail for lack of marketing infrastructure and 
sound soil management despite government efTorts to support such services. The 
exceptions. e.g. cacao in the Alfisol areas of the Amazon jungle, are precisely due 
to the existence of appropriate technology plus the re:uired government back
stopping. In essence, the danger of soil loss due to erosion of' the best lands 
could be solved largely by effective soil management of the acid infertile soils. 

Countries without significant areas of acid infertile soils are at a disadvantage 
in this sense. The worst cases are probably Haiti and Fl Salvador. Peru, Ecuador, 
Venezuela, Colombia, Bolivia. Panama, Nicaragua, and Honduras, with a mix of 
both high base status and acid intfertile soils, have better possibilities. Brazil's 
current commitment to developing the Cerrado first and the Amazon later puts 
it in a good position to roap the benefits of' such improved technology when it 
is developed. 
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RESEARCH PRIORITIES 

To accomplish file above goals, many soil research areas need to he strengthened 
throughout tropical America. They are not listed in order of priority, but follow 
the sequence in the previous sections of this paper. 

The exercise of determining the main soil constraints in the main fanning 
systems has identified major weaknesses. The vagueness in the definition ohsoil 
constraints and their extension, and the inaloi farming systens (Tables 4, 5, 6,
and 8), are l thlemnselves inaor constraints to our knowledge abont soil maniage

inent in tropical America. The teed to make these broad generalizations site
specific will be discussed first: 

1. Develop low-cost production technology for savanna and selva regions 
Il our opinion, this is by far the most important research priority because it 
tackles the critical issue of rational and efficient use of' 70' of tropical America', 
land to mneet -rowing food requirements and to provide land and employment 
for displaced rural dwellers. Sigznificant advanlcCs have already been made in 
developing high *il)tit crop production technology for these legions. The general 
principles are f'.-;lV well established (Szinchez 1977h )bt need to be validated 
ill specific areas as the agricultnral frontier moves forward. The itmain gap is in 
the development of low-cost technology based on the principle of adapting 
plants to acid soil infertility rather than eliminating these stresses by intensive 
use of lime an1d fertilizers (Spain et al 1975). An emerging strategy is the use of 
legn iuMe-base d pastures in settling new areas (CIAT 19 78, 1979). This type of 
techntology niow requires tie large job of' sitc-,.,ecific validation in both agro
lOnt ic and CCOlnOntiC terils. 

But, pastures alone are not suf'ficien,. What is sorely needed is an integrated 
approach for developing the full agricultural potential of' these acid soil eco
systems at low cost. It includes the selection of areas suitable for annual crops, 

pastures, tree crops. and of those that should remain untouched. The components 
of this systemi. which nay include intercropping of aitnual crops. pastures and 
tree crops, or rotatiOIS or successions titust be developed and validate d at specitic 
sites. At preseit no center undertakes this inlegrated approach. Certain research 
stations concentrate separately oil annual crops, livestock p'roductiol, perentnial 
c... forestry, and ecological studies that recommend that no agricultlire be 
r1 d in the region. particularly in the Amazon. thus raising exaggerated 
fear- ccological catastrophies. An integration (f1 land resource evaluation 
specialists, soil scientists. agronomiists, anitual scientists, foresters, and ecologists 
is difficult. because traditionally they seldom have worked together. Their con
certed efforts are indispensable to the developmnt of' agronoinically, econo
mically, and ecologically sound farming systems in the area of' the world with 
the largest potential for expansion of cultivated land. 
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2. Develop a site-specific data base of land resources, farming systems and soil 
constraints 
A geographically accurate synthesis of climate, landscape, vegetation, soils, and 
land use is the required first step in rationalizing research priorities at either tile 
country or subcountry level. Much of the information is already available in 
many forms in the different countries. Its compilation would indicate the addi
tional data needed. A synthesis based on land systems and land facets, as out
lined by Cochrane (I1979a) in a computerized form, can provide valuable data 
such as the extent of aluminum saturation in a specific area as illustrated in 
Table 9. The climatic compilation phase of this study has been completed (Han
cock et al 1979). It is important toemphasize that soil surveyors and soil fertility 
specialists, along with climatologists and land use economists, have to develop 
the data base. 

3. Provide more quantitative definitions of soil constraints 
Table 4 is full of vague terms. The most obvious ones are the critical levels of 
nutrient deficiencies, allinumn toxicity, magnesium toxicity. salinity, and al
kalinity. The differences among species and among cultivars of the same species
result ill different critical levels. Specific criteria, such as a formula for deter
mining liming rates based on the critical levels of aluminmt saturation for 
Speciftic cultivars (Cochrane et al 1979), are needed to take the differences into 
account. For example, the general t' - )f , aluminium saturation as the critical 
level for alumiluim toxicity is Ic( ate for many corn cultivars, bit in two grain 
sorghum cultivars tested il an Oxisol from Brazil the alumintm saturation levels 
needed to decrease yields by half were 70 and 40', (Salinas 1978). The generally 
accepted critical level for soil salinity of 4 un' cmn is too high for bean and 
cassava, which stifer f'rom salinity stress at 0.8 and 0.4 tmmbo/cmi (Leon and 
Meditta 1977). 

Likewise the detinition of tie ustic soil moisture regime is too broad to dis
tinguisl fariing systemis in semiarid reginies and those with a dry season of 3 to 
6 months. The moisture availability index ranges shown in Figure 4 seem better 
related to the distribution of farming systems. 

4. Reinforce soil fertility evaluation services 
The keystone for site-specific, economically souLId fertilizer recommendations is 
a functional soil and plant analysis laboratory either to back ip field fertilizer 
experimentation in the wavy denionstrated by Cocbrane ( 1979b), or to apply 
established critical ilitrien t levels for soil-crop combinations based on compre
hensive field fertilizer experiuen tation. Tropical America is fortunate to have a 
\,ell-developed network of ucI services (ISFEll 1974). Since the discontinua
tion of internatiotal sUpport in 1974, however, deterioration of such services in 
several coumntries, has been appreciable. Insufficient financing has resulted in 
seriots 2.,tavs in analysis due to lack of reagents and low personnel morale. The 
most adversely allect,:d groups are the small-scale multiple cropping farmers; the 
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Table 9. Areal distribution of aluminum saturation in soils of West Central Brazilfa 

Soil layer Al saturation(%) Land areaMlinh 
MMillion ha % 

Topsoil (0-15 cm) 0-10 95 39 
10-40 24 10 
40-70 44 18 
70-100 80 33 

Subsoil 0-10 118 48 
10-40 38 16 
40-70 21 9 
70-100 66 27 

aSource: CIAT Target Area Data Bank (on computer tape). 

larger-scale, annual or plantation crop operators often rely on their own private 
laboratories. A boosting of' this crucial service could have a major impact on the 
desired crop intensification of small-scale farming systems areas where low 
moisture stress risk permits fertilization. 

5. Develop soil management technology for erosive soils and drought stress areas 
There is no need to do basic research on soil erosion because the solution to this 
problem is already well known: keep the soil surface covered at all times. Adap
tive research is needed. In addition to relieving the population density, multiple 
cropping combinations, such as low-growing grain or forage legumes with cassava, 
can provide soil protection in cassava monocultures on sloping land. Also cultivar 
screening for deeper rooting and drought tolerance can reduce the risks of short
term droughts during the rainy season. Water conservation techniques practiced 
in semiarid areas of India and the United States should be tested and adapted 
for the Sertdo of Northeast Brazil. The degree of purchased input use for these 
new technologies will increase in proportion to the reduction of risk due to 
drought stress. 
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Production systems,
soil-related constraints,
and potentials inthe semiarid
 
tropics, with special reference
 
to lndia 
J. KAMPEN AND J. BURFORD 

Existing production systems have not provided the food required by 
the people of the semiarid tropics (SAT) because of high, increasing 
population densities and lack of suitable soil-, water-, and crop
management technology for optimizing production under undepend
able rainfall. Development requires not only an assurance of increasing 
food production to match population growth but also an arrest of 
deterioration of the resource base. In the long run, production must 
be further increased to significantly improve the quality of life. 

Alleviation of the main soil-related constraints on some of the deep
Vertisols in India now appears feasible by implementation of 
watershed-based farming systems. This involves a synthesis of im
proved farming systems based on a combination of improved land, 
water, and crop management; genotypes; and cropping systems at 
medium-input levels. 

Soil-related problems requiring primary attention are low fertility
and limited water-holding capacity. Better resource-utilization systems 
are necessary, especially for the light-textured, easily erodable soils 
that dominate the SAT. The need for greater inputs of nitrogen by 
biological fixation is well recognized but the potentials of breeding 
genotypes for improved efficiency at low levels of available nutrients 
have not yet been sufficiently explored. 

Systems analysis and process-based simulation techniques backed 
up by research at a few carefully selected benchmark locations pro
vide the means for progress in agricultural research. 

Principal scientists in Land arid Water Management and Soil Fertility and Chemistry,
respectively, International Crops Research Institute for the Semi-Arid Tropits (ICRISAT),
Patancheru P.O., Andhra Pradesh, India 502 324. 
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TIlE SEMIARID TROPICS (SAT) are mainly in developing countries of Africa (70% 

of the total) and Southeast Asia (mostly in India). Latin America and Australia 

each contain about 10,;. Almost all of the 550 million people in the SAT live 

at nutritional levels barely sufficient for maintenance of life (Ryan and associates 

1974). A shortfall in food production oftcn causes serious hardship and starva
are unable bridge tiletion because subsistence farmers and landless laborers to 

gap between years of low and hih production. Thus, constraints to agricultural 

development must be immediately identified and overcome to improve per-capita 

consutmption, to provide food for increasing populations, and to attain greater 

stability of production. 
The dominant cause of low and variable crop yields is the frequent occurrence 

of unsatisfactory soil-moisture regimes. Erratic rainfall during and between rainy 

seasons is the most important characteristic of the SAT. Water (often too little 

and sometimes too much), a lack of suitable technology for better water utiliza

tion, and soil fertilit limitations are primary constraints to higher and more 

stable production. 
Tile need for dependable food supplies is especially critical because of tile 

orsocioecolnomic consequences of years with low unevenly distributed rainfall. 
accessIncreased yields in good rainfall years, improved grain storage, and easy 

to cheap credit may have some impact. Ilowever, techniques to improve pro

ducti on in years of unfavorable rainfall are of vital importance to prevent the 

events that have resulted from 2 or 3 successive droughtperiodic catastrophic 
years. To obtain food at ever increasing prices during such periods farmers sold 

their assets, thus furlher depleting their resource base (Jodha 1977). 

Recently, greatly increased population pressures have caused fundamental 

systems. Shifting cultivation has effectivelychaages in agricultural production 
disappeared from the Indian SAT. and is presently being replaced by semiper

manient and permanent cultivation in Africa and Latin America. Farmers have 

attem pted to increase production by extending annual cultivation to marginal 

to crop failure and erosion; increased animallands, which are frequently subject 

numbers are changing the hydrologic characteristics of vast areas of grazing lands
 

(FAO 1174). This intensification of land use can become self-defeating: it
 
groundwater recharge,
greatly increases runoff and soil erosion, which reduce 


increase the incidence of downstream flooding, and accelerate sedimentation of
 

reservoirs, thus negating irrigation and power investments (Kampen and asso

ciates 1974). As a result, the land resource base shrinks and its productive
 
for more land. To break
capacity diminishes, which in turn increases the quest 


resource management to more effectively conserve
this vicious cycle, improved 

and utilize rainfall and soil fertility and new crop production systems to main

tain productivity and assure dependable harvests are urgently required. 

THE SETTING 

Substantial diversity exists within the resource environments of different regions
 

in the SAT, but data collected so far are insufficient for well-defined classifica
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tion of tile component subregions. Without the classifications, only restricted 
evduations can be made of the constraints that hav. been identified. Progress 
has recently been made in India, b. th in more fully describing agroclimates and 
in identifying constraints. Because India contains the largest population among 
the SAT countries, major attention will be given to it. 

Climate and precipitation 
In the SAT the average monthly precipitation (P) exceeds the potential evapo
transpiration (PE) for at least 2 and at most 7 months, and the mean annual tem
perature exceeds 180 C (Troll 1965, Virmani et al 1978). Three seasons can be 
distinguished (Krantz et al 1978): the hunid monsoon or rainy season, the cool 
dry or posthulmid season, and the hot dry season. 

PrecipitationiariabilitO. Rainfall varies widely from year to year and within 
the growing season. Because the potential evapotranspiration is high (often 
exceeding 1.750 mn) the SAT are characterized by a growing season in which 
neither moist nor dry periods are very predictable. The seasonal and annual 
variability of rainfall is exemplified by some data from Hyderabad (Fig. I). The 
annual rainfall has varied from 330 mm in 1972 to 1,400 im i in 1977, and the 
coefficient of variation (CV) is 26%a (Virmani et al 1978). High and low rainfall 
years, midseason droughts, and early and late terminations of the rainy season 
are all experienced within a few years. 

Slort-term rainjalll)robabilities. Assessment of rainfall variability improves 
understanding of the agroclimate. For this work, monthly rainfall data are not 
satisfactory; variability over shorter time periods is more important. This varia
bility is quantified by assessing the probability of receiving certain amounts of 
rainfall during a given week; this is termed initial probability P(W). A logical 
extension is the determination of conditionalprobabilities, i.e. the probability 
of receiving rain next week if the current week is wet [P(W/W)] or dry 
[P(W/D)J (Virmani et al 1978). The following example shows the usefulness of 
this approach. 

Hyderabad and Sholapur in India are about 500 km apart at similar latitudes 
and altitudes; they seem agroclimatologically, ecologically, and edaphically sim
ilar. Tile soils of both are mainly deep to inedium-deep Vertisols. The mean an
nual rainfall is about the same - 764 mm at Hyderabad and 742 mm at Sholapur 
- and both receive more than 75'/, of their precipitation between June and Sep
tember. Krishnan (1974) computed the mean annual PE at 1,757 mm for ttyder
abad and 1,802 mm for Sholapur. The actual length of the growing season was 
estimated to be 130 and 148 days. Tile CV of the annual rainfall for Hyderabad 
and Sholapur are similar (26.1 and 28.6%). Rao et al (1971) computed Thorn
thwaite's moisture index at -56.4 and -58.7. 

The information suggests similar agricultural potentials at two sites. On Ver
tisols at Hyderabad, however, yields in excess of 5,000 kg/ha are common 
for pigeonpea/maize intercropping and for maize/chickpea sequential cropping. 
At Sholapur, tile success of a rainy season cropping with sorghum or maize is un
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1. Rainfall distribution during 1972-75 at ICRISAT Center, Hyderabad, India. 

certain but a short-duration crop of pearl millet or a grain legume followed by 
sorghum grown on conserved moisture is sometimes successful. Furthermore, 

yields from year to year are highly variable and range from 1,000 to 2,000 kg/ha. 
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The undependable rainy season precipitation at Sholapur is probably the 
major environmental factor that causes a relatively low agricultural production 
efficiency (Virmani et a 1977); this is illustrated by an analysis for initial and 
conditional probabilities of P/PE <0.33 (Fig. 2). The rainfall distribution at 
Sholapur is erratic; few of the initial P(D/W) exceed 70%, and the P(W/W) 
follows a similar pattern. In comparison, the rainfa',l analysis for Hyderabad 
shows that rainfall is dependable (>70%probability) between mid-June and the 
end of July, and from about mid-August to mid-September. Rainfall characteriza
tion based on short-term periods can be particularly effective in describing 
differences in agricultural climate and yield potentials. 

Soils and soil characteristics 
The diversity of SAT soils is indicated in Table 1, which is based on soil maps 
and agroclimatology data (Aubert and Tavernier 1972, Virinani et al 1979). 
Alfisols cover about 32% of the African SAT and about 38% of the Asian SAT. 
The composition of the remaining area differs for the three continents, although 
each contains a substantial area of Aridisols. 

Soil moisture. Available soil water storage capacity and the likelihood of 
moisture stress are dominant factors affecting crop growth in the SAT. Thus, 
the soils are grouped in terms of their ability to store water. The Vertisols and 
Mollisols have a high content of 2:1 clay minerals and, therefore, a high water
holding capacity. Deep Vertisois in India may store as much as 250 mm plant
available water ini a 2-i profile (ICRISAT 1977). Most of the other soils are 
light-textured so that even the deep phases rarely store more than 100 to 150 mm 
available water within the profile. These differences represent a crucial factor 
for crop survival and production in a region with undependable rainfall. 

Soil depth. Shallow soil profiles are common. In India, for example, about 
50% of the Vertisols are shallow or medium deep. Their lower available water 
capacity, compared with that of deep Vertisols, is sufficient to hold the present 

Table 1. Soils of the semiarid tropics.a 

Area (million km2 )
Soil order 

Africa Latin America Asia Total 

Alfisols 4.66 1.07 1.21 6.94 
Aridisols 4.40 0.33 0.47 5.20 
Entisols 2.55 0.17 2.72 
Inceptisols 0.38 0.28 0.66 
Mollisols 0.78 0.78 
Oxisols 1.88 1.88 
Ultisols 0.24 0.08 0.20 0.52 
Vertisols 0.51 0.80 1.31 
Others 0.70 0.23 0.93 

Total 14.62b 3.13 3.19 20.94 

aThe La in this table are derived from the map by Aubert and Tavernier (1972). bExclud
in6 lakes, which occupy 0.13 million km2. 
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2. Initial and conditional rainfall probabilities of P/PE0.33 at two selected Indian
 
semiarid tropic locations (source: Virmani et at 1978). W/W = wet week, W/D = dry
 
week, PE = cvapotranspiration.
 

potential at one crop per year. Soils of very shallow effective rooting depth are 
frequentlyacountered,either due to their location on upper slopes and hill
tops, or to a compact Zone in the profile which impedes water and root penetra
tion. Examples of te latter are ie urr m layers in Alfisols in India and the 
lateriticplinths in Africeand Latin America. 

Soil erosion. Tile high rainfall intensity experienced in the SAT is the prime 

cause of serious trosion (Greenland 1977). Soils are bare and dry when the 
rainy season commences. High-intensity rains then, and especially after cultiva
tion but before there is appriable plant cover to protect ile soil, cause large 
soil losses. Overgrazed common lands also erode excessively. In Africa and Latin 
America, a major erosion threat is posed by the decreasing fallow period and 
the decreased protection of the soil surface. 

The vast damage and the rapid decline in the productive potential of the land 
in tile SAT that result fromn soil erosion have been well recognized. lieseltine 
(1961) points out a decreased productivity of land and water resources in 
tropical Africa due to inadequate management. Greenland and Lai (1977) de
scribe soil erosion problems and potential remedies (e.g. mulching and nminimunm 
tillage) in the more moist tropical regions. Kampen (1974) reports on the serious 
losses du~e to soil erosion in India. 

http:P/PE0.33
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Soilfirtility. Most SAT soils have low fertility (Jones and Wild 1) 75, Sanchez 
1976, Kanwar 1976) because they are aimost universally deficient in nitrogen 
and phosphorus. Sulfur deficiency is common in Africa where the annual rain
fall exceeds 600 mm. Marginal ziic deficiency appears to be common over 
appreciable areas 01 India. The formation of' most soils in a semiarid environ
mient has resIN ted in their beine reasonably well-en dowed with bases, especially 
in respect to the low demands made by crops grown under traditional manage
ment practices. Extremes of acidity or alkalinity do not appear to be sufficiently 
serious to cause widespread problems at present; this contIrasts wit' nbservations 
on soils of low base status, Which havL developed under more severe leaching -
for example, the Oxisols of tile humid trt,!ics. 

Land use and production systems in the Indian SAT 
Ryan and associates (IN74) discuss social and economic issues in relation to 
agricultural developuent in the SAT. Asia has by far the hiiejest total popula
tion anId population density among the major regions in the SAT (Table 2). It 
also has the lowest energy intake, protein intake, and income per capita. The 
statistics for Asia ire dominated by data from India: total population :nnh 
population density are greater there than anywhere else in the SAT; average
landholdings. arable laud per person, and fertilizer use are smallest. Because lhe 
problems ilow encountered in the Indian SAT may ,icctr elsewhere when popu
lation pressures increase, emphasis is given to the Indan situation. 

Three major agricultural production system', ex,s! in the dr'land regions of 
India. Often they are coimbined on the same farns: gazing on the tipper slopes 
and : I tops. rain!fcd cropping on the in termediate dopes, and rice (or sugarcane) 
cultivation on tile lowlands. 

Grazing. The high and increasing grazing presu re on the skeletal soils Of the 
uplaids has resulled in serious erosion partict larly early in the rainy season 
when the veectative cover is limited. The water -holding capacity of' the soils is 
so low that cultiv,!ti on of food crops becomes extremely risky; the runoff and 
erosion danger is extreme under cropped conditions. Recent government policies 

to allot such land to previously landless l;.'or have extended cultivation onto 
these manrgina lands. 

RainfLd crops. The range of crops grown in the Indian SAT is so extensive 
(Krantz and associates 1974) that detailed description is not possible. The main 
crops are sorghum (23 / of the cropped area), millet ( 12, ), groundnut and 
cotton (each 9'.;;), wheat and chickpea (each 6,;). and pigeonpea (2Y9,). Wheat 
and clii :kpea, becatuse of their need for a cool winter season, are planted in the 
northern areas. Cotton and groundnut are cash crops that require more assured 
soil moisture than sorghumin and millet. Sorghum requires a better moisture 
environment than millet, which is grown under the most extreme dry conditions. 

In addition to inonoculture. various types of multiple cropping systems are 
used where the soil moisture status is favorable. A single crop of se-,oun or 
millet may be grown on Alfisols and shallow to medium-deep Vertisols during 
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Table 2. Selected socioeconomic data on major regions in the semiarid tropics (SAT).
Africa South Near 

Data Asia East and (utania
of Central NW Africa (Australia) 

Sahara America 

Portion of component 
countries in SAT (%) 36.0 65.0 31.0 12.0 25.0 

Total area in SAT 
(million km2 ) 2.2 11.5 3.3 0.6 1.9 

Population in SAT 
(million) 296.0 157.0 58.0 2.0 1.0 

Population density in 
SAT (persons/ha) 1.33 0.13 0.17 0.03 0.01 

Population growth 
rate (%) 2.4 2.5 2.7 2.9 1.9 

Gross domestic product 
per head (US$) 106.0 123.0 469.0 303.0 3008.0 

Domestic production 
relative to total food 
supplies: 

Cereals (%) 95.0 99.0 113.0 89.0 147.0 
Pulses (%) 106.0 127.0 107.0 102.0 38.0 

Net food supplies per 
capita per day: 

Energy (Kcal) 2013.0 2155.0 2670.0 1997.0 3160.0 
Protein (g) 49.0 60.0 67.0 58.0 92.0 

Per capita growth 1%) of 
gross domestic product 2.3 2.6 2.1 6.4 3.4 

Av size (ha) of agricultural 
holding 2.7 74.0 104.0 8.3 1842.0 

Annual growth %)of 
agricultural production 
1961-71 2.6 2.6 3.4 1.7 n.a.b 

Arable land (ha) per person 
active in agriculture 1.2 2.1 3.7 2.9 103.3 

Fertilizer (NPK) consump
tion (kg/ha) on arable 
land 15.9 3.1 29.7 10.4 25.4 

Cattle and buffaloes on 
arable land (no./ha) 1.36 0.89 2.30 0.42 0.62 

Coefficient of variation of 
yields: 

Sorghum 1%) 9.3 11.5 17.0 2.3 19.4 
Millet %) 14.1 14.9 12.4 11.6 14.3 

a Adapted from Ryan and associates (1974). bNUt dvailable. 

the rainy seas'-n. On Alfisols in seasons with late monsoon rains, a second rapid
maturing crop ni:,y be sown after an early-maturing monsoon crop, such as 
millet. On the deeper Vertisols, drainage problems and crop production risks 
during the rainy season have led to cropping only in postrainy season, often with 
disastrous effects due to runoff and erosion (Krantz and Kampen 1977). The 
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practice of growing two crops in succession, or as intercrops, is at present used 
on less than 20',; deep Vertisols.of tile 

Combinations of crops, as mixed crops or intercrops, are utilized on all soils 
(Krantz and associates 1974) to optimize production and to reduce the risk of 
total crop failure. Common examples, particularly on Alfisols, are sorghum and 
pigeonpea, sorghum and millet, millet and pigeonpea; on Vertisols, postrainy 
season mixtures of cereals and oil seeds or legumes are found (sorghum and saf
flower, sorg tim and chickpea). Other reasons fm crop mixtures are to ilaintain 
soil fertility by growing legunes with cereals, to spread labor use, and to pro
vide the sabsistence farmer with several types of food grains. Certain intercrop 
combinations nay produce superior yields across a Wide range 9t' agroclimatic 
conditions, with low as Well as hi1 levels of inputs and crop management (Spratt 
and Chowdlitury 1978, Rao and Wiley 1979). 

Rice cultivation. Lither wetland rice or sugarcane isgrown on the lower slopes 
and valley bottonis where more water is available and drainage is a frequent 
problem. Irrigation water is obtained from tanks (small reservoirs with water 
impounded by earthen darns) that store water from intermittently flowing 
drainage lines (Kampen 1977). Shallow wells are also common. The total rice 
prodiic tion vat from to year because the arearies considerably year cropped is 
a'justed to allow tor an adequate water Sulpply: in wet years, sufficient water is 
s'ored for the total command area to be cropped once and a substantial portion 
to he cropped twice. 

Rice and sugarcane production are not commonly included in the statistical 
suimiaries of the areas of dryland cropping patterns in the SAT; such data 
almost always describe upland crops only and effects of moisture unreliability 
on prodtictivity. lowever. wetland rice and sugarcane are scattered throuighout 
the Indian SAT. wherever the area favors water storage or groundwater use. 
Each village fartier may crop both dryland and wetland. but rice and sugarcane 
production is favored to tlte detrinent of' rainfed farming. 

Production systems in the African and Latin American SAT 
An important difference between India and other countries of the SAT is that 
continUot,s cultivation is normal in India, while shifting cultivation is still prac
ticed ac oss lare areas of Africa and Latin America. 

Two distinct types of vegetation Were common in the African SAT in the 
past - the savanna zone in tihe drier, unimnodal rainfall regions and the forest 
zone in tile wetter, some times bimodal area (Cocheme and Franquin 1967). 
Under tile bush fallow system, the soil is adequately protected because full 
surface exposure Occurs only during the year of bush clearing and planting of 
the first crop. But in much of the African SAT where the fallow species are 
grasses, tilesoil is less well protected against erosion. The most common practice 
in the savanna zone (on soils that are often thin and gravelly) is to prepare the 
land with a hand hoe before planting the first crop. In northern Ivory Coast, 
Ghana, and Nigeria it is normal to scrape the soil into mounds on which various 
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crops are grown. Normal subsistence food crops are millet, sorghum, and ground
nut in the drier zones, and maize, cassava, and various legumes in wetter regions. 

Intercropping is common and many crop combinations are used (Norman 1975). 
In East and Central Africa, there is great variation in cultivation methods and 

cropping systems. In the chitemene system practiced in Zambia and Rhodesia, 
finger millet (Eulisene corecana) is planted without preparatory cultivation as a 

first crop; cropping may continue for 2 to 4 years with groundnut and beans in 

the second year, sorghun in the third, ; d cassava in the fourth. In parts of 

Malawi and Tanzania, beans or cowpea ,.lantedon mounds, followed by 

finger millet or maize and beans (Krantz and associates 1974). Farmers often use 

the valleys for banana or sugarcane; the best upland soils are planted to cotton, 

maize, sorghum, or groundnut; and the poorer soils are planted to cassava. 
The major food crops of the Latin American SAT are maize, dry beans, cassava, 

and banana (Patrick 1Q72). Most are grown with other crops. Some farmers in
clude melon, castor, cassava, and palma (a cactus used for forage). Most mixtures 
are grown in the slash-and-burn areas of shifting cultivation. Increasing popula
tion pressure forces crop agriculture to steeper lands, where soil erosion and 
land degradation are serious problems. 

THE CONSTRAINTS 

The diversity of the resource base (climate, soil, people, etc.), cropping systems, 
and livestock management systems encountered in the SAT prevent a precise 
discussion of constraints and potential remedies. Nevertheless, some major re
straints can be identified. 

Soil physical factors 
trustingand drainage. High-intensity rainfall is common in the SAT. Surface 

soil of low water stability may suffer crusting and restricted infiltration; the 
result is reduced seedling emergence and increased runoff and erosion. Occa
sional periods of excess water also occur -- aeration may be restricted, especially 
on heavy soils. Waterlogging and nitrogen deficiencies are frequently observed. 

Shallowsoil profiles. Although deep plowing or chiseling of compact sub
surface layers is sometimes beneficial (Nicou 1975), present draft power resources 
in the SAT pose a constraint to the practice. Once the surface soil is eroded, the 
subsoil matrix is often an especially poor medium for supporting plant growth. 

Workability and timeliness of agricultural operations. Some heavy-textured 
soils, e.g. Vertisols, may be easily tilled only over a narrow range of soil water 
content. That limits the time available for tillage, and thus the area that can be 

cropped by draft animals. This constraint iseven more serious where only manual 
labor is used. 

Moisture storage. The drought sensitivity of light-textured soils - even if they 

are deep - is well recognized. Extensive areas of such soils occur in West Africa. 
Under normal rates of evapotranspiration, water on an Alfisol might be depleted 
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in only 1-3 weeks, but a deep Vertisol may continue to supply crops with water 
over a rainless period ol as long as4-6 weeks (ICRISAT 1975). These differences 
are often crucial for crop survival in dry periods. 

The similar susceptibility to drought of sonic clayey Oxisols is less well 
known. In these soils the aggregates arc particularly compact and the release of 
plant-available water may be similar to that of a sandy soil (Sanchez 1976).
Susceptibility to drought limits the productivity of these soils under present 
management systems. 

Soil fertility 
Naturalfertility. In India. data from many agronomic experiments show the need 
for fertilizer inputs, especially nitrogen and phosphorus. Surveys have been con
ducted to map the nutrient status of soils based on laboratory estimates. The 
soil test values have been compared with field responses only for irrigated soils. 

Fertility constraints will certainly increase with time. Increase(] production, 
due to the use of improved varieties and improved land and water management, 
increases tile demand on tie soil poe;Is of various nutrients. Additionally, 
exploitive practices cause a constant drain of nutrients. Increasing occurrence 
of potlassinlim deficiency can be expected on Alfisols in India and on the light
textured soils of tie West African savanna, which have low potassium (Wild 1971 ). 

Loss of organicmatterand nutrients. Increasing pressure for food production 
results in continuous cultivation of all arable soils, and continuous grazing on 
noncultivated soils. In India the pressure for immediate financial returns con
tributes to the low fertility of soils. After the removal of the grain, stalks and 
other residues are exported from the field and often from the farm; large 
quantities of sorghum and wheat straw are transported to the cities for use as 
animal feed. Dung is valued as fuel. Thus, nutrient return to the soil may be 
small. Nevertheless, farmers recognize the value of manure: small amounts of 
farmyard manure are applied to the land and itinerant herders are sometimes 
paid to herd sheep or goats on cultivated fields. 

Fertilizeruse. In rainfed agriculture in India, very little inorganic fertilizer is 
used: fertilizer is applied to about 305; of the dryland cropped to cotton or rice, 
and to about 155:%- of that cropped to wheat or sorghum (Tandon 1977). Tile 
average rate of application of elemental nutrients is 15 kg/ha (Ryan and asso
ciates 1974), representing mainly application to irrigated rice. Farmers apply 
fertilizer only when responses are assured. 

In India, the almost complete lack of fertilizer application to crops such as 
sorghum appears to be a much more conservative policy than is warranted. Even 
in fairly dry years. economic responses can be obtained with applications of up 
to 40 kg N/ha (Spratt and Chowdhury 1978, Krishnamoorthy et al 1977). 

Risks and uncertaint,. Tile major constraint to wider use of fertilizers appears 
to be the uncertainty of responses because of uncertain soil moisture regimes. 
A secondary factor is socioeconomic. Most farmers in the SAT have limited 
means; a cash outlay for fertilizer must show an attractive return. The farmer 
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cannot risk even an occasional year's loss of return oil the extra funds invested 
because interest rates are high and credit systems are rigid. Better water manage
ment, resulting in improved soil moisture, should considerably reduce the risk 
of losing fertilizer investment, particularly in drier years. 

Biologicalnitrogen fixation. Under some of the di;,- regimies, the risks in
volved in fertilizer application may be so great (at least for nitrogen) that fer
tilizer will not be applied. Althotuli the need to optimize biological nitrogen 
ixation by the use of suitable legunes is obvious, quantitativ data on biological 
nitrogen fixation in the tropics are scarce. Some data are available for Africa 
(Nyc and Greenland 1960. Jones and Wild 1975). In India, many authors have 
measured nitrogen removal by herbage and grain (Kanwai 1976), but none 
appear to have measured net accretion rates. 

At the national planning level, there is a need to plan many years ,dread for 
the capital and energy requirements for nitrogen fertilizer plants. This need will 
depend on the inputs to the soil from biological fixation and on the feasibility 
of its substantial improvement by current research. 

Biological constraints. Tie biological constraints have received relatively little 
atten tion. Legume growth may suffer because of inefficient rhizobial activity. 
There is increasinI evidence of nonrhizobial nitrogen fixation (ICRISAT 1977); 
however, results are very variable, which suggests as yet unknown limitations to 
the bacterial association with the roots of some graminaceous species. Some 
cropping sequences appear to be unsatisfactory due to allelopathic agents. 
Examples are depressions in yields of maize after mung bean, cowpea, and sor
ghum (IRRI 1973. lerrera and Harwood 1975). 

Salinit'. Contrary to popular belief, there is at present little evidence of wide
spread serious salinity problems in upland soils of the SAT. For e:(ample, the 
total area of salinity-affected soils in India is only 7 million ha (Yadav 1976). 
lowever, the increasing use of irrigation (either with water from local aquifers 
or from general irrigation schemes) is expected to cause a considerable increase 
in salinity problems: with hii potential evapoiranspiration rates, accumulation 
of salts in surface soils appears inevitable unless adequate drainage is provided. 

Production potentials of genotypes and cropping systems 
Plant breeding experiments in the SAT are usually on soils of moderate to high 
fertility: one may therefore develop varieties that require fertile soils. Relatively 
little emphasis has been given to breeding or selecting for the ability of plants 
to produce on low fertility soils (Sanchez and Buol 1975). The desired charac
teristics are a combination of efficient extraction of nutients from the soil by 
the plant and efficient utilization of tie nutrients once absorbed. A successful 
example is sorghum variety CSIl (Fig. 3), which not only gives a much higher 
yield without fertilizer, but is also more responsive to applied nitrogen than the 
farmers' local varieties (Singh et al 1972). 

Existing varieties of chickpea and pigeonpea require much lower added fer
tilizer phosphorus than do sorghum and millet (ICRISAT 1974, 1975). The 
need to preserve this characteristic, while improving yields, is obvious. 
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Population pressure and management skills 
The increasing populations in the SAT cause difficult problems for resource 

management and utilization at the farmer's level. In the shifting cultivation 

systems of Africa and Latin America, production will support population den

sities of 0.01-0.3 person/ha. Greater densities are associated with continuous 

or semipermanent cultivation (Jones and Wild 1975). 

The much hioer population densities of India create other management 

problems. Prospective farming systems on Vertisols (discussed later) require some 

cultivation during the long dry season when animal feed is always in short supply. 

Can farmers be persuaded to keep more quality feed for draft animals so that 

they can perform the essential dry season cultivations? Group action and farmers' 

organizations may be required to ensure an equitable distribution of the benefits 

arising from the development of land and water resources. To be successful, such 

organizations will, in the long run, need to be supported by public laws. 
Plow pans and compacted subsoil layers present another problem; if loosen

ing of the subsoil is desirable, are there local power sources of sufficient strength 

to operate subsoiling equipment? Alternatively, can credit be arranged for 

farmers to pay for contracted subsoiling? Many similar questions will have to be 

answered to attain substantially more productive and stable farming systems in 
the SAT. 
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RESEARCH ON VERTISOLS AND ALFISOLS AT ICRISAT 

Because the uncertainty of an assured supply of available soil water is i primary 
constraint to increased production in the SAT, improving tle management and 
conservation of water and soil is an important goal. Resource management and 
use approaches pursued at ICRISAT show promising results with two of the 
major soils in India, the Alfisols and the Vertisols. The attributes of the local 
soils at ICRISAT have been listed by Krantz et al (1978). 

The ICRISAT work entailed the development of new tarming systems, which 
are based on the application of improved land, water, and crop management to 
watersheds or catchments. The components of' these systems are described in the 
next section. The management systems are currently evaluated on national re
search stations and at the village level in India. These will eventually provide 
testing grounds for the full range of soils found in the Indian SAT. 

Watershed-based systems for resource conservation, management, and use 
In rainfed agriculture the watershed is the natural unit for research on water 
nmanagenent in relktion to crop production systems and resource conservation 
and use. Watershed-based resource utilization involves the optimum use of pre
cipitation through improved water, soil, and crop management for the improve
ment and stabilization of agriculture on the watershed. Utilization of water with
in a watershed can be improved by one or more of the following: 

* directly by improving infiltration of rainfall into the soil, 
* through runoff collection, storage, and use, or 
* by recovery from wells after deep percolation. 
Broad bed andfitrrow system. A broad bed and furrow system with an ampli

tude of 150 cm (Fig. 4) has been the most successful for facilitating cultural 
operations and for controlling excess watt-. Narrow graded ridges of 75-cm 
amplitude were not stable, particularly on Alfisols. The ridges were insufficiently 
wide to prevent breaching, which can be catastrophic for any soil and water 
conservation system (ICRISAT 1977). Furthermore, the 150-cm broad beds are 
more flexible, it is possible to plant two, three, or four rows at 75-, 45-, and 
30-cm spacings, respectively (Fig. 4). Comparisons of flat planting with cultiva
tion on narrow ridges and broad beds indicate substantial yield advantages of 
the graded broad-bed system on Vertisols. In 1976, values of crop yields in field
scale experiments were about Rs 800/ha (USS1 = Rs 7.95) higher on broad beds 
at a 0.4 to 0.6% slope than tinder flat cultivation at that slope (Table 3).

The broad bed system on deep Vertisols minimizes erosion and runoff because 
the excess water runs off at a controlled velocity in many furrows. Drainage 
during wet periods is also improved. The preliminary data obtained at ICRISAT 
indicate that the optimum slopes along the furrows on Vertisols are in the 
0.4-0.8% range. 

The broad beds and furrows are so arranged that water discharges into grassed 
waterways, which may lead to a dug tank or earth dam (Fig. 5). At ICRISAT, 
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Table 3. Effect of land managementa on runoff, erosion, and yields of sequential cropping 
of maize and chickpee on deep Vertisols, 1977. 

Yields (kg/ha) Total valueb 
Land treatment Runoff Erosion Chickpaa (Rs/ha) 

(mm) (kg/ha) Maize Nonirri- Irri- Nonirri- Irri

gated gated gated gated
 

Flat planting 141 240 2740 490 610 3170 3360 
Narrow ridges 77 110 3240 450 650 3540 3860 
Broad beds 110 170 3170 740 940 3940 4260 
aFurrows in the ridged and broad bed treatments were maintained at a0.6% grade; the drill 
rows under flat planting had the same slope, bUS$1 = Rs 7.95. 

research on watershed-based resource utilization is on natural watersheds of a 
size similar to those of farrmholdings. Several alternative resource-management 
methods and cropping systems are simulated on these watersheds under condi
tions (in terms of available labor and draft animals) similar to those on farms. 
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5. Vertical watershed with 3 possible soil and water conservation management practices.
The broad bed and furrow (150 cm) system at 0.6% slope within field boundaries (center) 
was established 6 years ago. On the right is the watershed shown with field boundaries 
removed and a grassed waterway and tank in place. Contour bunds (left) are seldom 
tolerated by farmers, who do not want their fields bisected. It is for this reason that bunds 
are usually placed on field boundaries, with the resultant problems of watei stagnation and 
breaching (source: Krantz et al 1978). 

These systems are markedly different from the prevailing systems of contour 
bunds (large earthen embankments erected at vertical height intervals of 1-3 m); 
bunded land has no effective erosion control for the cultivated area and excess 
water is not collected but is led off or ponded on a small portion of the land 
(Fig. 5). Although some types of bunds may be useful with less intense rain
storms and on soils with high infiltration rates and large storage capacities, no 
positive effects of bunding have been found on Vertisols (ICRISAT 1977). 

Runoff collection and use. The collection of surface runoff during periods of 
excess rainfall, and its subsequent use during dry periods in the dry season 
markedly decrease the risk involved in rainfed agriculture. This is particularly 
important on Alfisols and shallow Vertisols because of their limited water
retention capacity; one or more severe midseason droughts can be expected 
every 4 or 5 years in many areas of the SAT. A particular example is the response 
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observed in the rainy season of 1974, when a 30-day dry period coincided with 
the grain formation stage (ICRISAT 1975). An irrigation of only 5 cm to sorghum 
and maize in operational-research watersheds maintained yields near optimum 
levels, while yields of entirely rainfed crops decreased about "1'7(. Fhe gross 
values of the average increase due to this water application in 2 watersheds were 
Rs 3,120/ha for maize, Rs 2,780/ha for sorghum, Rs 1,085/ha for pearl millet, 
and Rs 650/ha for sunflower. 

The deep Vertisols rarely require supplemental water for the rainy season 
crop. However, supplemental water can always be used on a postrainy season 
crop: growing a second crop can sometimes be facilitated by a small initial 
quantity of water (Table 3). 

The potentials for use of collected surface water or groundwater as a backup 
resource need to be further explored. The direct elTect of improved water
utilization tech nology appears substantial in years of ill-distributed rainfall. A 
similar effect may be expected in producing a second crop in the dry season. 
Iowever. another consequence of decreased risk of production may be of even 
greater importance; the reduced uncertainty will provide the basis for greater 
assured responses to other inputs such as improved seeds and fertilizers in all 
years. 

Infiltrationand water balances. Provided that storage capacity is available in 
the soil, maximizing of infiltration is of the highest importance. This is especially 
relevant to the deep Vertisols, whose capacity to store up to 250 mm of plant
available moisture allows plants to survive mid- or late-season dry spells. How
evei, improvement in infiltration may be needed on Allisols. Although the 
infiltratio, rate on these soils may be 75 mam/hour shortly after cultivation, it 
can diminish to less than 10 mam/hour after surface crusting created by high 
intensity rainfall (Krantz et al 1978). 

Investigations on runoff and soil loss during high intensity, long duration 
storms on uperational-scale research watersheds at ICRISAT have shown that 
total runoff and peak runoff rates on watersheds using broad beds on Vertisols 
are much lower than those observed for other management. This is particularly 
true in relation to the traditional cultivation fallow treatment, which is presently 
practiced on almost 20 million ha in India (Fig. 6). Ellison (1944) and Hudson 
(1971) point to the danger of soil erosion on bare-fallow systems and the critical 
importance of vegetative cover during high intensity storms. 

Althoulgh runoff is considerably reduced on cropped Vertisols using broad 
beds, tile quantity of runoff is still considerable on both soils. The seasonal 
runoff on Vertisols exceeds 10'; of the rainfall in many years. On Alfisols, 20% 
runoff is not unusual due to their surface-sealing character (Table 4); also large 
quantities of the rainfall may percolate beyond the root zone (ICRISAT 1976).
Thus. the rainfall effectively used (that portion of the growing-season precipita

tion actually used for evapotranspiration) may remain relatively low, often in 
the 50-60"7 range (ICRISAT 1975, 1976). 

Reappraisalof the cropping season. Only v small portion (20W) of the deep 
Vertisols in India are cropped during the rainy season (Krantz and associates 
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6. Effect of rainfall intensity on soil loss in a fallowed and a cropped 
watershed on a deep Vertisol (source: ICRISAT Annual Report 1976
77). 

1974). In contrast, rainy season cropping is found on Alfisols and shallow and 
medium-deep Vertisols. The reason is largely the poor workability of these heavy 
soils once the rainy season starts, thus preventing land preparation and weed 
control. With these soils fallowed during the rainy season, the profile becomes 
saturated in midseason and considerable runoff occurs during the remaining part 
of the season (Table 4). However, if a crop can be established on these soils in 

the rainy season, the whole profile is usually near saturation only for short 
periods during the latter half of the season, water is more efficiently utilized, 

and there is less need for runoff collection and storage (Table 4). A possibility 

is also created for double-cropping because the high water storage capacity of 

these soils supports more growth during the subsequent dry (but cooler) post
rainy season. 

The deep Vertisols can be cropped during the rainy season if crops are sown 
dry (shortly ahead of the rainy season) in areas where the rains commence fairly 

reliably and where there is a good probability of followup rains to ensure crop 
establishment. One problem is the difficulty of preparing a seedbed during the 

dry season. However, the development of new tillage techniques and equipment 
and the occurrence of 1 or 2 prerainy season rains in most years make adequate 
land preparation alead of die rainy season feasible. 
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Table 4. Rainfall and runoff on a cropped Alfisol and a cropped deep Vertisol watershed 
with bed and furrow systems at 0.6% slope, and a rainy-season fallowed watershed at 
ICRISAT, 1976. 

Runoff (mm)
Rainfall 

a 

Ra Alfisol Deep VertisolDate (mm) 
Cropped Cropped Fallow 

23 Jun 23 1.8 0 0.5 

2 Jul 24 3.0 1.7 0.2 

21 89 25.2 16.9 49.4 

3 Aug 26 0.8 0.2 1.6 

4 32 8.5 2.3 21.4 

19 105 77.5 27.0 95.4 

20 39 16.5 19.5 37.1 
0 4.2 8.5 

26 8 0.5 0.1 3.2 
21 10 

0 2.93 Sep 8 0.2 
4 20 2.3 0.4 11.1 

Total for 11 larger 384 136.3 72.3 231.3 
storms 

Total for 8 other 115 4.3 0.7 6.9 
smaller storms 
Total 499 140.6 73.0 238.2 

alncludes only rainfall from 19 runoff-producing storms. The total rainfall for the rainy 

season (Jun-Oct) was 679 mm. 

Crop production and rainfall productivity 
In operational-research watersheds on VertisuL. at ICRISAT, three watersheds 
with broad beds were compared with two adjacent flat-planted watersheds. Each 

cropping system was replicated in each watershed unit, and yields and monetary 
values were calculated as means of the replicates (Table 5). The use of broad 

beds resulted in substantially increased yields. On Vertisol watersheds, with 

broad raised beds but without runoff collection, a much higher proportion of 

the rainfall was used for crop production than in most present systems; on these 
the effective rainfall under double-cropping was about 70% in 1974, 65% in 

1975, and 65% in 1976, 2 to 3 times the effective rainfall utilized by existing 

rainy season-fallow systems (ICRISAT 1975, 1976, 1977). 
lntercropping systems on broad beds usually resulted in a somewhat greater 

rainfall utilization than sequential cropping systems due to more continuous 
canopy development. The effective rainfall on Alfisols, even under improved 

systems of farming, was only about 55% in 1975 and 1976. Without technically 
appropriate and economically viable systems for runoff collection and use, large 
increases in effective rainfall appear difficult to achieve on these soils. 

Preliminary estimates of the rainfall productivity (RP) - the agricultural pro

duction achieved by alternative systems of farming - show wide differences 
between various farming systems in 1975-76 and 1976-77 (Table 6). In 1975, 
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Table 5. Grain yields and valuesa of several double-cropped farming systems involving improved technologies on deep Vertisol watersheds st ICRISAT, 1976-77. 

Maize/pigeenpea Maize-chickpea

intercroppingb sequential croppingb
 

Landform Slope
(%) Maize Pigeon- Gross Maize Cowpea Gross 
(kg/hpea) (R/alu g/ha) (kg/ha) value 

(kg/ha) pea (Rs/hValue (k (Rs/ha) 
Raised bed 0.6 3260 720 4870 3310 600 3840 

0.6 2910 900 4960 3090 450 3410 
0.4 3590 670 4930 2970 
 760 3800
 

Mean 3290 760 4920 3120 600 3680 
Flat 3030 620 4470 2350 440 2750 

2790 560 3940 2930 280 3000
 
Mean 2910 620 4210 
 2640 360 2870
 

aUS$1 = Rs 7.95. blntercrop varieties: maize, 5623; pigeonpea, ICP2. Sole crop: maize, 
Deccan Hybrid 101; chickpea, local. 

sequential cropping of rainy season maize and supplemcntally irrigated postrainy 
season sorghum resulted in the highest RP value on deep Vertisols. RP increas.ed 
from Rs 12/cn per ha in a traditional farming system of single postrainy seasor,
cropping on rainy season-fallowed land to Rs 58/cm per ha on double-cropped
Vertisols, cultivated to graded ridges (ICRISAT 1976). A very high RP value
(Rs 133/cm per ha) was obtained on an Alfisol watershed where pearl millet, 
grown on graded ridges in the rainy season, was followed by supplementally
irrigated tomato in the postrainy season. The range of RP values obtained on
deep Vertisols illustrates the production potential of this environment in the 
SAT if an improved system of farming can be developed and implemented. Such 
systems are now being further adapted and tested in on-farm research conducted
 
cooperatively with national programs in India.
 

TARGETS FOR THE FUTURE 
Since the gloomy predictions of Malthus that overpopulation would cause doom 
and starvation because food production could not increase correspondingly,
there have been many such predictions. These have not been realized because 
an unexpected factor has resulted in increased production to satisfy, at least 
partly, the ever-increasing demand for food (Sanchez 1976). At this stage, we 
are similarly fac,'d with difficulties in accurately predicting the future. Tile 
current ratcs .. increases of population and food production are too closely
matched - about 2.6 and 2.7% per annum compound growth (Ryan and asso
ciates 1974). Improved land- and water-nianagement techniques, which strike at 
the most limiting constraints in the SAT, offer considerable promise, especially
because they also promote better responses to fertilizer and improvements in 

http:increas.ed
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Table 6. Rainfall productivities (RP) for some alternative farming systems on Vertisols and 
Alfisolsnt I- PRISAT, 1975-76 and 1976-77? 

Watershed numberb and tratment Cropping system Rpd 

and water usec (Rs/cm per ha) 

1975-76 Vertisols 
BW1, narrow (75 cm), graded (0.6%) beds Maize-chickpea 58
 

Pigeonpea-setaria 34
 
BW3A, narrow (75 cm), graded (0.4%) beds Maize-chickpea 52
 

Pigeonpea-setaria 39
 
Maize-sorghum S(5) 62
 

BW4C, flat, field bunded, traditionale Fallow-sorghum 12
 
BW6B, flat, contour bunded Fallow-sorghum 16
 

1976-77 Vertisols 
BWi, uiudu %150cm), graded (0.6%) beds Maize-chickpea 53 

rriyeulnea-maize 68 
BW3A, broad (150 cm), graded (0.4%) beds Maize-chickpea 53 

Maize-chickpea S(5) 63 
Pigeonpea maize 68 

BW4C, flat, field bunded, traditional Fallow-sorghum 9 
BW6B, flat, contour bunded Fallow-sorghum 17 

1975-76 AIfisols 
RW1 D, broad (150 cm), graded (0.4%) beds Pigeonpea-sorghum 36 

Peail millet-tomato 92 
Pearl millet-tomato S(5) 133 

RW1 E, flat, contour bunded Pigeonpea-sorghum 31 
Pearl millet-tomato 77 
Pearl millet-tomato S(5) 100 

1976-77 A/fisols 
RW1 D, broad (150 cm), graded (0.4%) beds Pigeonpea-setaria 36 

Groundnut-safflower 66 
RW1 E, flat, contour bunded Pigeonpea-setaria 30 

Groundnut-safflower 43 
aln 1975, tha total seasonal rainfall in Vertisol watersheds was 1,041 mm and in Alfisols 
1,100 mrn; *n 1976 the rainfall on Vertisols was 720 mm and on Alfisok 680 mm. bBW 
refers to Vfirtisol watersheds, RW to Alfisol watersneds. CThe symbol "b" followed by a 
number indicates that supplemental water was provided at the given quantity in centimeters. 
dUS$1 = Rs 7.95. eThose systems defined as traditional simulate local farming practices in 
terms of seed, fertilizer, farm equipment, etc.; in all other systems, optimum technology in 
terms of land and crop management is maintained. 

genotype. However, a major unpredicted catastrophe (e.g. an exceptional series 
of drought years) may upset all calculations. Nevertheless, enough is known of 
the major constraints so that further efforts to overcome them may be envisaged 
to result in larger annual increases in production than previously. If there is a 
decrease in the rate of population growth, then a continuing increase in per 
capita food production within each country of the SAT may be expected. 
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RESEARCH STRATEGIES FOR THE FUTURE 

The potential for improvement of some of the farming systems of the SAT has 
been established. However, land and water development and improved resource 
and crop management must fit the resource base of the farmer and result in 
immediate and visible benefits to provide for successful implementation. Deferred 
or small benefits will not capture the imagination of farmers. Although the long
term aim is to develop improved stable farming systems, the strategy required 
is detailed study on specific problems with concurrent studies to integrate the 
work on component disciplines. 

Specific research problems 
Several specific problems need to be examined. Water is the first key to crop 
growth in ,eSAT and emphasis must be given to improved land and water 
managemew, systems especially for the light-textured soils, and also to the 
establishment of crops where surface crust can so drastically limit crop emer
gence ald yields. 

Under the assumption !hat improved moisture environments will provide 
greater potential for plant growth, attention must be focused on identifying 
the nutritional requirements of low-fertility soils with needs for low-cost inputs. 
Assessment of the risks attached to fertilizer inputs is a high priority- the use of 
existing records will assist early achievements. Longer-term efforts are needed to 
understand all aspects of nutrient cycling. There is a great need for moore coin
plete studies of the cycling of sulfur and nitrogen within the soil, and especially 
the movement of these nutrients in water, and for in situ measurement of nitro
gen fixation rates and losses, to ultimately maximize accretion and utilization 
of nitrogen by plants. Some questions that need answers are: 

* What are th.."inputs from legume crops? 
• Can grain legumes improve the soil nitrogen levels under continuous crop

ping or alternatively, as suggested by Henzell and Vallis (1977). does the offtake 
of nitrogen by grain legume exceed the amount of nitrogen fixed by the legume'? 

* Can fixation by tropical cereals (e.g. sorghum and millet) be promoted to 
reliably satisfy a significant proportion of nitrogen requirement of these cereals'? 

The serious problems that develop under increasing populat,. pressure in 
shifting cultivation systems in Africa and Latin America must be recognized. 
Ways must be found to minimize the fertility decline and soil erosion to a 
fraction of the current levels. 

While most of the constraints can be -'illeviated at the farner or village level, 
there is a need for direction at the national policy-making level. In India, for 
example, there is need for direction on land and water use. Shallow soils on hill
tops should be used for permam, it crops, and not overgrazed. Guidelines are 
needed for the control ot the use and the management of stored water. While 
the present use is concentrated on crops with high water requirements, more 
economic returns (for society) may be obtained by the use of low rates of irriga
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tion on dryland crops (Kampen 1977). The social, organizational, and institu
tional problems involved need urgent research attention. 

Simulation techniques based on mathematic',; modeling of the physical pro
cesses appear to have considerable potential in quantifying and predicting the 
effects of' different environments on crop production, especially where fhere is 
large diversity in the environment. This technique may considerably reduce the 
need for detailed agricultural research at a large number of sites (Virmani et al 
1978). To back up simulation techniques, it will be necessary to identify a 

limited number of benchmark locations. The diversity of the resources encoun
tered in the seasonally dry tropics dictates associated and coordinated research 
efforts in a number of' areas characterized by widely divergent agroclimnatic, 
social, and economic conditions. 
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Discussion summary 

Session I. 
C. Panabokke, chairman; D. Greenland, reporter. 
Soil-related constraints, soil properties, and soil taxonomy: a terminology for 
exchange of scientific information, by W. Johnson 

The general principles and the nomenclature system of Soil taxonomny were
briefly outlined. It was stressed that the principal interaction between soil pro
perties must never be forgotten. The inclusion of soil water and temperature
regimes in the system was recognized, but more reliable measurements for the
tropical regions and a consistent relationship between soil and air temperature 
were considered essential. Soil taxonomyAlthough is comprehensive and flex
ible, it is admittedly too complicated for general use. Interpretive groupings could
simplify requirements. Further abridgment or simplification of Soil taxonomy 
was not considered feasible. However, the need to accommodate parameters forradiation regimes, and the creation of discrete categorical levels to accommodate 
wetland soils were accepted. Similarly, the need for modifying some of the
presently used chemical criteria for purposes of soil fertility and for more stress 
on surface-soil characteristics, as in paddy soils, was highlighted. 

Malor production systems relatcd to soil propertiesin humid tropicalAfrica, by
F. R. Moormann and D. J. Greenland 

The available body of research information for two broad soil groups - Alfisols 
and Ultisols-Oxisols  has clearly enabled a selective approach to research on
the management problems of the soils of humid tropical Africa. Drought stress,
restr' tive rock layers, and erosion susceptibility are the major constraints on
the Alfisols. High aluminum saturation at shallow depth of the Ultisols, and
the low absorption capacity of the Oxisols are recognized as major con
straints. The low retention of available 
water is recognized as a factor common 
to all groups. The existing information obtained from long soil-management
experiments is toapplicable specific agroecological regions within the humid 
tropics, and the need for further extending soil management research to well 
identified agroecologiLal situations was stressed. The carrying capacities of the
land and their interaction with the level of technology that would be relevant 
to the respective situation were discussed. It was recognized for example, that
the Oxic Paleustalfs were capable of high sustained production if given the appropriate inputs and management compared with the Ultisols-Oxisols group. In 
attempting to correlate soil qualities with population density, other factors such 
as the hazards of the environment should also be considered. Reasons were
also given for the growing period of 270 days as an appropriate boundary for 
thehumid tropics. 
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Alajor production systems and soil-relatedconstraintsin Southeast Asia, by F. J. 
Dent 

The major unexploited soil resource in the humid tropics of Asia consists of 
Acrisols of different makeup. They occur on a range of landforms, from rolling 
to very steep. Other than for export-oriented single-commodity plantation crops, 
little research information is available in respect to soil rTanagement for arable 
or permanent food crops. It was suggested that seine experiences from the 
Ultisol region of the Amazon could be transferable to the Asian region. The 
hazards of indiscriminate and speedy jungle clearing with heavy bulldozers were 
highlighted by figures quoted for increase in bulk densities and striking reduction 
of infiltration rates. The need for safer indigenous techniques of Lnd clearing 
and development was stressed. More research information on potential yield 
figures for different crops and their responses to lime, fertilizers, and micro
nutrients should be obtained. It was argued that low energy production systems, 
which involve high labor intensity, could be highly successful. Finally, it was 
recognized that coordinated interdisciplinary research efforts should be strength
ened in the different agroecological regions of the Acrisols in Asia. 

Soil constraints in relation to major farming systems of tropical America, by 
P. A. Sanchez and T. T. Cochrane 

Two major production zones - with high base status soils and low base status 
soils - were recognized. Major constraints in the high base status (Alfisol) area 
relate to physical conditions, including erosion and dryness; those in the low 
base status areas pertain to nutrient management. Issues of general significance 
discussed were the reliability of the qualification of areas of different constraints, 
the problems and appropriateness of developing and extending low output 
strategies to increase production in the areas of low base status soils where 
difficult nutritional balance problems exist, and the problem of erosion contro! 
and its extension. 

Productionsystems, soil-relatedconstraints,and potentialsin the semiaridtropics, 
with special reference to India, by J. Kampen and J. R. Burford 

The paper stressed the problems of the variability of climate and rainfall in
cidence patterns in the semiarid tropics, and the need to improve food produc
tion systems by improving water management. The differences between the 
Sahelian zone and the Indian semiarid tropics in terms of soil. and climate were 
discussed. The discussion centered on two general issues: the reliability of avail
able information, and the problems of extending information from an interna
tional agricultural research center developed at a single site. The problems of 
evaluaing needed fertilizer and other outputs for the semiarid tropics raised 
these general questions. What degree of risk was acceptable in relation to in
creased output in areas where water was likely to be the major limiting factor? 
Is soil testing feasible and reliable in such areas? 
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Soil acidity inwell-drained 
soils of the tropics as a 
constraint to food production 
E. KAMPRATH 

Many of the soils in humid regions are very acid (<pH 5) and crop 
growth is hindered by toxicities of aluminum or manganese or both. 
The major exchangeable cation in these acid soils is aluminum. Crop 
production is drastically reduced when aluminum saturation of the 
active cation exchange sites is greater than 60% and tends to be 
optimum when aluminum saturation iszero. Although base saturation 
is a criterion in soil taxonomy, it does not identify soils with acidity 
problems because the diagnostic horizon, except in one instance, is 
not the Ap. Soils with aluminum toxicity problems can be identified 
by extracting aluminum with potassium chloride and determining 
the proportion of the active cation exchange sites, sum of aluminum 
+ calcium + magnesium + potassium, occupied by aluminum. Lime 
rates sufficient to neutralize exchangeable aluminum are considerably 
less than those required for pH 6.5. The amount of lime required to 
neutralize aluminum can be estimated by the equation meq CaCO 3/ 
100 g = meq exchangeable Al x 2. Root growth into acid soil below 
the limed plow layer can be enhanced by use of aluminum-tolerant 
varieties, which thus increase utilization of soil moisture from below 
the limed zone. 

MANY WELL-DRAINED soils in the humid tropics are acid and contain low 
amounts of basic cations. Early studies in which soils were limed to near neutra
lity often gave variable results (Pearson 1975). Many of the soils had high buffer 
capacities, and the amounts of lime required to raise the pH to neutrality were 
not economical. Liming practices that worked in temperate areas where 2:1 clays 
dominated were not applicable to highly weathered soils with 1:1 clays and 
2:1 Al-interlayered clays. 

Department of Soil Science, North Carolina State University, Raleigh, N.C. 27650, USA. 
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Ideas about soil acidity underwent drastic changes in the 1950s. The pre
dominiant cation in acid soils of less than pH 5 was shown to be aluninun 
rather than hydrogen (Coleman and Thomas 1967). The exchangeable acidity 
affecting plant growth was found to be that which could be extracted with a 
neutral unbuffered salt solution. At pH 5.5 and above, soils contained essentially 
no potassium chloride-exchangeable aluminum. 

These findings resulted in a reexamination of the traditional concepts of base 
saturation developed with temperate soils. Soils with kaolinite and 2:1 AI-inter
layered clays were found to be essentially 100'; base saturated at p1-1 5.8 to 6 
when the cation exclian'e capacity (CEC) was based on the sum of exchangeable 
bases and potassium clhloride-cxtractable acidity (Coleman et al 1959). 

No attempt is being i,,,lc in this paper to ULJ;u1-telltI all of the liming studies 
in tropical regions. Pearson (1975) has made an excellent review of liming studies 
in the tropics and the reader is referred to that publication for documentation 
of response data for various crops. This paper examines the constraints of soil 
acidity on crop production in the tropics in the light of the modern concepts of 
soil acidity and shows how these concepts can be applied to liming practices. 

SOIL ACIDITY PROBLEMS IN THE TROPICS 

Use of base saturation as a criterion in soil taxonomy
 
Base saturation has been used as a criterion for classification at the great group
 
level for inceptisols and Oxisols and as one criterion of the Ultisol order. Exam
pies of how base saturation is used in soil classification are given in Table 1.
 
Base saturation of the surface soil is used only with the great group Eutrorthox.
 
In all other instances the base saturation of a subsurface horizon is used. Thus,
 
one cannot draw ainy specific conclusions as to the base saturation of the surface
 
horizon except for one great group.
 

Some general conclusions, however, can be made. The great groups with the 
prefix eutr will generally have less acidity problems in subsurface horizons than 
those with the prefixes dystr and hapL In many instances soils with the eutr 
prefix will probably have a better supply of calcium and magnesium in the sur
face horizon because of nutrient cycling than the other great groups. Great 
groups with the dystr and hapl prefixes can have soil acidity problems in sub
surface horizons ranging from severe to slight because base saturations can range 
from 0 to 35 or 50 or 60% . 

It must be kept in mind that the diagnostic horizons chosen for classification 
purposes are those which are not influenced by management practices, such as 
liming. Therefore. it is necessary to measure the pH and aluminum saturation to 
determine whether soil acidity will be a problem in surface soils. 

Soil pH, exchangeable aluminum and aluminum saturation of soils 
Major constraints to crop production in acid soils are toxicities of aluminum, 
manganese, and hydrogen and deficiencies of calcium (Jackson 1967). Research 
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Table 1. Use of soil acidity as diagnostic criterion in soil taxonomy. 

Diagnostic criteria 
Soil CEC Base Depth 

method saturation (%) 

Eutrochrepts NH 4 OAc >60 In some part of 25 to 75 cm 

Dystrochrepts NH4 OAc <60 25 to 75 cm 

Eutropepts NH 4 OAc >50 25 to 75 cm 

Dystropepts NH 4 OAc <50 In some part of 25 to 75 cm 

Eutrorthox NH4 OAc >35 Epidedon and all subhorizons of 
the oxic horizon to a depth of 
1.25 meters 

Haplorthox NH4 OAc <35 In some part of the epipedon and 
subhorizons cf h: -!- horizon 
to 1.25 meters 

Eutrustox NH 4 OAc >50 In major part of the oxic horizon 
if clayey 

>35 In major part of the oxic horizon 
if loamy 

Haplustox NH 4 OAc <50 In the major part of the oxic 
horizon if clayey 

<35 In the major part of the oxic 
horizon if loamy 

Ultisol Bases + <35 1.8 meters below surface or to 
BaCI 2 "T.E.A. 
acidity 

1.25 -.. tcrs below upper 
boundary of argillic horizon or 
immediately above lithic contact 
or paralithic contact 

in tile 1950s with Ultisols showed that potassium chloride-exchangeable alumi

num is the predominzjnt cation in acid soils and that more meaningful values of 

cation saturation are obtained when CEC is based on the sum of exchangeable 
bases plus potassium ,hlnride-exchangeable aluminum. The chemical properties 
of acid soils were evaluated with thseuse o tile aove concepts, and the data are 
presented in Table 2. 

Exchangeable aluminum is a major cation in many of the acid soils, parti

cularly at pH 4.5 and less. It occupies a large proportion of the effective CEC in 

these acid soils. Aluminum toxicity is definitely a problem in many soils in the 
tropics. 

Several other important facts are brought out by the data in Table 2. The 

levels of exchangeable aluminum are relatively low (av 1 to 3 meq/100 g). As 

will be pointed out later this is an important factor when considering the soils, 

lime requirement. Another point is that the effective CEC is low, indicating that 
the clays have low activity. 

Another factor affecting the exchangeable aluminum content of acid soils is 

the kind of clay minerals present (Juo and Kamprath 1979). Acid topsoils with 



Table 2. Exchangeable aluminum, aluminum saturation, and pH of acid surface soils in tropical and temperate regions. 

Aluminum saturation
Exchangeable aluminum 

Samples pH (meq/100 g) M En 
0 

Region (no.) Soils range AvRangeRange Av 

7232-971.64.5--b 2 0.6-3.27Australiaa 13-83.4b 3.6--4.2 0.7-12.48Malaysia 0 

7438-901.71.8-3.24.0-4.65 Red-Yellow LatosolBrazilc 83-90 881.20.7-1.94.1-4.23 Red Latosol 

29-86 68 
d 4.2-5.1 0.6-5.8 3.1

26 OxisolsColombia

44--68 57 0
 

4.8-5.2 0.25-5.8 2.5
6 LatosolsPanamne 

0

f 6.6 36-70 57 0 

Puerto Rico 5 Ultisols 3.9-4.6 4.5-9.9 
0.8 18-40 33

0.4-1.14.2-4.83 Oxisols 0 

Ultisols 0-43 13West Africa
g 

0-2.0 0.465.1-5.421 0412-691.340.05-3.74.5-5.026 351-671.20.05-2.84.0-4.427 

54-82 72 CD
 
United Statesh 
 4 Ultisols 4.5-4.7 0.9-4.2 2.1 

et a11975. 0Abruna 
aTeitzel and Bruce 1972. bSingh and Talibudeen 1969. CPratt and Alvahydo 1966. vargas 1964. eMendez and Kamprath 1978. U) 

gJuo 1977. hKamprath 1970. 
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kaolinite and 2:1 clays with aluntinum-interlayers had, on the average, 2Vtimes 
more exchangeable aluminum than those with only kaolinite even though the 
clay content was considerably less (Table 3). Subsoils with aluminun-interlayered 
clays also had much higher exchangeable alumninun contents even though their 
p-I's were higher than subsoils with only kaolinite. The presence of Al-inter
layered clays is the reason that certain Ultisols and Oxisols contain higher 
anuounts of'exchangeable aluninum than others even though clay contents and 
soil pit are similar. 

Soil solution :aluininum concentrations of acid surface soils (<pH 5) from 
temperate and !tropical regions were at levei, considered toxic for many crops 
(Table 4). lliglicst concentrations were in coarse-textured Ultisols from North 
Carolina, which contained 2:1 clays with AI-interlayers. The lowest concentra
tion was in a clay-textured Oxisol from Brazil in which the clay mineral was 
kaolinite. The high concentration of soil solution aluminum in the Tropudult 
from West Africa with 3"; carbon was attributed to organo-aluminum complexes 
(Juo 1977). The solution concentration of aluminum in surface soils from West 
Africa was supersaturated with respect to gibbsite. Solubility of aluminum was 
thought to be controlled by amorphous aluminumI hydroxides, amorphous alu
minuni silicates, and organo-aluminum complexes. Concentrations of soil solution 
calcium would be considered adequate, except for the loamy sand, if aluminum 
were not at toxic levels. 

Manganese levels in acid soils 
Manganese toxicity is one of the possible :onstraints to crop production in acid 
soils. Morris (1948) found that the presence of 2 ppm of water-soluble manga
nese on a soil basis using a 1:2 soil-to-water ratio was sufficient to induce 

Table 3. Effect of mineralogy on the exchangeable aluminum content of soils (data from 
Juo and Kamprath 1979). 

Clay mineralogy 
Kaolinitic 
 Kaolinitic and 2:1

with Al-interlayers 

Av potassium chloride-extractable 
aluminum (meq/100 g) 

1.80 

Topsoils 

4.82 

pH range 3.5-4.7 4.0-4.7 

Av clay content %) 31 17 

Si-' .nils 

Av potassium chloride-extractable 1.42 3.30 
aluminum (meq/100 g) 

pH range 4.0-4.5 4.7-5.0 

Av clay content (%) 45 36 



Table 4. Exchangeable and percent saturation of calcium (Ca) and aluminum (Al) and soil solution concentration of Ca and Al of acid surface soils. 

Exchangeable Saturation M%) Soil solution 
Area Tex tu re p H (meq/liter) 

Ca Al 0 
(meq/10 g) (meq/10 g) Ca Al Ca Al 

North Carolinaa Loamy 4.9 0.06 1.43 5 95 0.75 0.55 CD 
(Ultisols) Sandy loam 4.4 1.00 3.67 23 77 5.00 0.53 o0 

0
 
Brazilb Clay 4.5 0.45 1.15 26 
 70 1.14 0.16
 
(Oxisal)
 

Puerto Ricoc Clay 4.1 0.44 5.35 6 77 3.24 0.31(Uhisol) 
b,0 

0 
West Africad 

Paleudult Sandy loam 4.2 0.26 1.83 9 64 - 0.30 0 
Tropidult Sandy loam 5.2 6.80 0.02 68 0.2 - 0.23 0 

aEvans and Kamprath 1979. bGonzales 1976. CBrenes and Pearson 1973. djuo 1977. 0 

o 

0 
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manganese toxicity symptoms. The concentration in the soil solution of acid 
soils is dependent upon the amount of easily reducible manganese in tile soil 
and the soil pHl. Whether a soil has a low or high content of easily reducible 
manganese is dependent upon the type of parent material from which the soil 
is formed. In Puerto Rico clay-textured Oxisols had high contents (600-800 ppm) 
of easily reducible manganese while Ultisols had much lower (40-200 ppm) 
aimounts (Pearson 1975). When soil solutions were at pH 5 (soil pH 5.5), con
centrations of manganese were at very low levels (Pearson et al 1977). 

MEASUREMENT OF SOIL ACIDITY AND INTERPRETATION 

Extraction with unbuffered neutral salt solutions 
"Probably the most significant single experiment which can be performed on an 
acid soil is to leach with a neutral salt solution such as I N KCI" (Coleman et al 
1958). Unbuffered neutral salt solutions such as KCI replace cations which are 
bonded electrostatically to soil surfaces. In strongly acid mineral soils, Al+3 is 
the major cation countering active exchange sites, and exchangeable hydrogen 
is negligible (Coleman and Thomas 1967). Exchangeable Al+ 3 hydrolyzes to 
AI(O 1)+2 and A(OlH) 2

+' and AI(OH-)3 as the p-I is increased. Therefore to 
measure exchangeable aluminum present or active exchange sites, tileextracting 
solution must assume the plI of the soil system. 

One conunion procedure for determining exchangeable acidity is to extract 
10 g soil with 50 ml of N KCI and wash wi th another 50 ml ofN KCI (Lin and 
Colem an 1960). The extract is then titrated with 0.1 N NaOl-l to the phenol
phthalein end point. To determine the relative proportions of hydrogen and 
allminun in the leachate, two indicators, methyl orange and phenolphthalein, are 
used in ()range has an end point which is close to pH 4. The the titration. Me iiyl 
titer to the methyl orange end point would be the acidity attributable to ex
changeable hydrogen, and the difference between titer to the methyl orange end 
point and that to the phenolphithalein would be the exchangeable aluminum 
cotuponent. The rational for this is that a 10-' M I 3 solution has a pH of 4. 
Therefore, unless the KCI extracts have a p1H of less than 4, there is essentially 
no exchangeable hydrogen present. Acid mineral soils extracted by the method 
described have not contained any exchangeable hydrogen (Evans and Kamprath 
1970). 

In a detailed study in which soils were leached with a large volume ofN KCI, 
Bache and Sharp (1976) separated the extractable aluminum into exchangeable 
and nonexchangeable alumitu::n. A rapid estimate of exchangeable aluminum 
was obtained by shaking J g soil with 100 ml N KCI for 30 minutes. Exchange
able Al (Y)was related to the estimates of exchar-eable aluminum (X) by the 
equation, Y = -0.7 + 0.98X. The correlation for this relationship was 0.973. 

Another approach to estimate plant available alumintm is to shake soils for 
5 minutes in 0.01 i! CaCI 2 using a 1:2 soil-to-solution ratio (Hoyt and Webber 
1974). The aluminum extracted by this procedure was correlated with exchange
able aluminum extracted with 2 N NaCI. 
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Relationship between soil pH and Al saturation
Soil pH is related to aluminum saturation. This relationship for Ultisols andOxisols in Puerto Rico is shown in Figure 1. At pH 5.4 the aluminum saturation
of the effective CEC (sum of exchangeable Al, Ca, Mg, and K) was essentially
zero; at pH 4.2 it was approximately 60%. 

A good relationship also exists between soil pH and aluminum saturation for 
an Australian and four North Carolina Ultisols (Fig. 2). Alurinum saturation 
was essentially zero at pH 5.8 and 60% at pH 4.6

Juo (1977) found a high correlation (r = -0.81 ) between soil pH and alumi
num saturation of subsoils from West Africa. The correlation for surface soilswas only -0.50. When the pH of' surface soils was measured in KCI the correla
tion increased to -0.63.

When soils from a given area are considered, the relationship between soil pHand exchangeable aluminum saturation provides a qualitative assessment ofwhether or not aluminum toxicity is likely to be a problem. It must be kept in 

Aluminum saturation (/o)
70 

0 Hurnatas clay
*0 Corozal clay60 -. Corozal clay (eroded 

phase)
o 	Corozal clay (level 

phase)50 	 V Los Guineas clay
 
T Coto clay


0 U Pinas clay

40 - A Catalina clay
 

-1
 
r 

30 

20 

Y=5161-163.97X+1a7X 2 1 
" r = 0.90*
 

10
 

0 

3.9 4.2 45 4.8 5.1 5.4 

Soil pH
1. Relationship between pH and aluminum saturation for several Puerto
Rican Ultisols and Oxisols (Abruna et a 1975). 
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Aluminum saturation (%) 

100 

* North Carolina soils 

80- • V New South Wales soil 

m0 

60-

VV
 

40

20 -

V V 

0 I I I I I I i II 

4.0 4.4 4.8 5.2 5.6 6.0 

pH 

2. Relationship between pH and aluminum saturation for 4 North Carolina Ultisols 
and 1Australian soil (Kamprath 1978). 

mind, however, that electrolyte concentration influences soil pH and amount 

of aluminum in the soil solution (Pearson 1975). Therefore, high rates of fertili

zation may intenlsify aluminum problems because the higher electrolyte con

centration increases aluminum in the soil solution. 

Crop growth as related to exchangeable aluminum saturation and soil pH 

Toxic concentrations of aluminum in the soil solution limit crop growth on acid 

soils. Methods for determining soil solution aluminum are not suitable for rapid 

analysis of large numbers of samples. There is, however, a fairly good relation

ship between the percentage of aluminum saturation of the effective CEC and 

soil solution aluminum (Nye et al 1961, Evans and Kamprath 1970). Aluminum 
rapidly when the percentage aluconcentration in the soil solution increases 

minum saturatin is greater than 60%. 
An example of the relationship between crop growth and percentage of alu

minum saturation is given in Table 5. For eight Ultisois and Oxisols the relative 
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Table 5. Relationship between soil acidity parameters of Puerto Rican soils and relativeyield of corn or! mionlimed treatments as compared to that on limed treatments (Abruna 
et al 1975). 

Soil Exchangeable Aluminum Relative yield
order Initial pH aluminum(meq/100 g) saturation (%) (%) 

Ultisol 4.3 9.9 68 10
Ultisol 3.9 6.3 66 22
Ultisol 4.2 6.9 63 18
Ultisol 4.3 4.5 47 47Oxisol 4.6 0.9 40 61
Ultisol 4.6 5.5 3j 62
Oxisol 4.2 1.1 33 85
Oxisol 4.8 0.4 18 85
 
Relative yield = 122.0  1.58 %Al saturation); r = 0.97.
 
Relative yield = -222.0 + 62.1 (soil pH); r = 0.60.
 

yield of corn on nonlitned plots as compared to that in limed plots was highly
correlated with percentage of aluminum saturation. Correlation of relative yields
with soil pH, however, was not as good. Relative yields of corn on five acid soils
in the Philippines are shown in Table 6. Only on the acid soil with a relatively
high aluminum saturation was there a severe depression in yield. Responses to
liming on the other soils, which had relatively low aluminum saturations, ranged
from 10 to 22%. This suggests that the detrimental effect of pH per se or 
manganese toxicity on growth of corn was not as great as that of high aluminum 
saturation. 

Critical values of aluminum saturation and pH for crop production
To use soil acidity parameters for predicting crop response to lime application, 
one muIst have information about critical values for a given parameter. The levels 
of aluminumi saturation and soil pH at which yields are less than 50% and more 
than 90% of the maximum (Table 7) have been summarized with data from a
number of liming studies with various crops. The critical levels at the 90% yield
level are less than 20 to 10% aluminum saturation for maize and generally less 
than 10% aluminum saturation for soybean, green bean, sugarcane, and cotton;
and soil pH values were in the range of 5-5.3 for corn, 5.6 for soybean, and 

Table 6. Relative yield of maizeon nonlimed soils in the Philippines. 

Soil pH Exchangeable aluminum Aluminum Relative yield(meq/100 g) saturation %) %) 
4.4 2.5 46 49
4.8 0.9 22 90
4.7 0.8 8 87
4.7 0.7 3 804.8 0.2 2 78 
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5.3-6 for cotton. Critical levels at yields less than 50% of the maximum are 
a) aluminum saturations of more than 40 to 60% in most instances, and b) soil 
pH values of <4.5 for maize, and <5.0 for soybean and cotton. 

When establishing critical levels, the wide differences in varietal tolerance for 
aluminum within a given plant species must be considered. Another factor is 
the sensitivity to soil acidity of the crops in the rotation. The liming practice 
used must provide a favorable environment Lo the most sensitive crop. For most 
crops a liming program should reduce aluminum saturation to near zero. This 
will generally provide a favorable pH and adequate calcium supply. 

Measurement of manganese as a toxic factor in Lcid soil 
Measurement of soil manganese has been concerned primarily with prediction of 
manganese deficiencies. Manganese toxicity symptoms were observed in legumes 
when 1:2 soil-water extracts contained more than 2 ppm Mn on a soil basis 
(Morris 1948). In a study with 20 acid soils at <pH 5.1, the manganese extracted 
with 0.01 Al CaCI2 gave the best correlation with the manganese concentration 
in barley and alfalfa (Hoyt and Nyborg 1971 ).The extraction procedure involved 
shaking of 150 g soil in 30U ml 0.01 Al CaCI2 for 16 hours. Further work in
dicated that equally good correlations could be obtained with 0.01 M CaCI2 

using 1:2 soil-water ratio and shaking for 5 minutes (Hoyt and Webber 1974). 
No critical values for toxicity were given. 

MANAGEMENT TECHNIQUES FOR OVERCOMING
 
SOIL ACIDITY PROBLEMS
 

Liming to correct soil acidity 
SoilpHcontroL One approach to correcting soil acidity is to add an amount of 
lime that will raise the soil pH to a given level. Various buffer solutions for 
measuring the amount of acidity that has to be neutralized to bring the soil to 
a given pH have been developed. A given amount of soil is added to the buffer 
solution and the depression in pH of the buffer is measured. The pH of the com
monly used buffer solutions is 7 for the SMP (Shoemaker et al 1961) and Wood
ruff (1948), 8 for the Adams and Evans (1962), and 6.6 for the Mehlich (1976). 
Because the solutions are buffered at pH 7 to 8 they measure not only exchange
able aluminum but also hydrogen associated with hydroxy aluminum, hydrated 
oxides of Fe and Al, and carboxyl groups. With the proportions of soil and 
buffer solution used in the various methods, a 0.1 pH depression is equal to 
1 meq H/100 g with the Woodruff buffer, 0.8 meq H/100 g with the Adams and 
Evans buffer, and 0.4 meq H/100 g with the Mehlich buffer. Amounts of line 
to raise the soil to pH 6.5 to 7 are considerably greater than those required to 
neutralize exchangeable aluminum (Reeve and Sumner 1970, Mendez and Kam
prath 1978). 

One potential problem of liming soils to a pH near neutrality is ' ,ility 
of inducing deficiencies of micronutrients particularly boron, .-4., ;;,, I .tnga
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Table 7. Critical levels of aluminum saturation and soil pH for a number of crops. 

Critical level 

Area Crop <50% max yield 90% max yield 

pH Aluminum Aluminum
saturation %) pH saturation (%) 

Brazila Maize - - 5.3-5.6 <10 
Puerto Ricob Maize 4.4 50 5.0 <15 
United Statesc Maize 4.5 60 5.1 <40 
Philippinesd Maize 4.4 46 5.0 <20 
Brazila Soybean - - 5.6 <10 

Puerto Ricoe Soybean 5.0 20 5.6 <10 

United Statesc Soybean 4.9 40 5.6 <20 

Puerto Rico f Sugarcane 4.4 50 5.0 <10 

United S.atesc Cotton 5.0 45 6.0 <7 
g


Uganda Cotton - - 5.3 0 

Puerto Ricob Green bean 4.3 50 5.2 <10 

aSoares et al 1975. bAbruna et al 1975. CKamprath 1970. dSamonte and Ocampo 1977. 

eAbruna et al 1978. fAbruna and Vicente-Chandler 1967. gFoster 1970. 

nese (Kamprath 1971, Pearson 1975). Liming to pH 7 has reportedly decreased 
phosphorus availability in a number of soils (Kamprath 1971). It has been the 
case with soils containing large amounts of exchangeable aluminum (Asmarasiri 
and Olsen 1973). It is presumed that formation of freshly precipitated aluminum 
hydroxides would proviLe very reactive surfaces for reaction with fertilizer 
phosphorus. 

Liming rates based on exchangeable ahminum. T e use of exchangeable 
aluminum as the criterion on which to base lime rates has been proposed for 

soils with a low permanent charge and a relatively high pH-dependent ciarge 
(Kamprath 1967, 1970: Reeve and Sumner 1970). The rationale was that alu
minum is the toxic factor in many acid mineral soils, and one purpose of liming 
is to remove aluminum toxicity as a constraint to crop growth. 

To determine how much lime has to be added to neutralize the exchangeable 
aluminum, lime rates on a chemically equivalent basis are added as multiples of 
the amount of exchangeable aluminum. After the lime has had sufficient time 
to react, the am-,,t of exchangeable aluminum neutralized is determined 
(Kamprath 1970). Various studies have shown that lime rates chemically equiv

alent to 1.5 to 3 times the exchangeable aluminum must be added to neutralize 
the aluminum (Table 8). The greater lime rates can be explained by the buffer

ing properties of acid soils. Exchangeable aluminum is responsible for buffering 
in the pH range 4.0 to 5.6, while hydroxy aluminum and aluminum-organo 
complexes control buffering mainly in the pH range 5.6 to 7.6 (Jackson 1963). 

Studies with Ultisols showed that when the pH was approximately 5.3, lime 
reacted with both exchangeable aluminum and pH-dependent sources of acidity 
(Kamprath 1970). To neutralize all of the aluminum, lime had to be added at 
rates chemically equivalent to twice the exchangeable Al. 
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The use of 0.02 M CaCl 2 has also been proposed for estimating the lime 
requirement of soils (Webber et al 1977). The tons of calcium carbonate per 
acre to reduce 	 soluble aluminum to zero are given by the equation 0.1 + 0.23 
(ppm aluminum extracted with 0.02 ill CaCI 2). This relationship was found for 
Gray Luvisols and Solods, which varied from 2 to 10,I .n organic matter and 14 
to 85'," in clay content. 

Exchangeable 	 acidity extractable with potassium chloride, which in most 
instances is aluminum, is a valid criterion on which to base lime rates. As a 
general rule the meq KCI-extractable acidity/100 grams X2 will give the 
meq CaCOJ 100 g required to neutralize acidity. The amount of lime equal to 
I meq CaCO 3/100 g is I t CaCO3ha to a depth of 15 cm. 

Use of varieties tolerant of aluminum and manganese 
Another approach to overcoming soil acidity problems is to select varieties that 
are resistant to high concentrations of alunlinum or manganese, or both. Interest 
in this approach has increased during the last decade. Some species have shown 
a wide variation in varietal tolerance for aluminum. Wheat varieties developed 
in acid soils of Brazil are highly tolerant compared to varieties developed on 
neutral to alkaline soils (Foy et al 1965). Similar differences exist with other 
species. At a recent workshop on plant adaptation to mineral stress in problem
soils, work on toleiance of plants for aluminum and manganese was reviewed in 
detail (Wright 1976). (The reader is referred to these excellent reviews for in
depth treatment of the subject.) 

Table 8. Liming factor (meq Al/100 g x factor) required to give equivalents of calcium car
bonate to reduce aluminum saturation to less than 10%. 

Soil Aluminum Aluminum FinalArea (Surface 15 cm) pH (meq/100 g) saturation Factor PH
(%) p 

Brazila 	 Red-Yellow Latosol 4.0 0.7 70 3 4.9
 
Red-Yellow Latosol 4.4 0.9 75 2 5.5
 
Dark Red Latosol 4.0 1.9 86 2 5.0
 

Colombiab 	 Oxisol 4.3 3.5 78 2 5.3 

Panamac 	 Latosol 5.1 1.2 53 1.5 5.9 
Latosol 5.0 3.0 64 1.5 6.0 

United Statesd 	 Ultisol 4.5 0.9 82 2.0 5.9 
Ultisol 4.7 1.0 78 2.0 6.0 
Ultisol 4.5 2.3 73 1.5 5.7 
Ultisol 4.7 4.2 54 1.5 5.6 

Indiae 	 <5.0 - - 2.0 5.3 

Natal f 	 Oxisol <5.0 - - 3.3 

aSoarcs et al 1975. bSpain et al 1975. CMendez and Kamprath 1978. dKamprath 1970. 
ePradhan and Khera 1976. fReeve and Sumner 1979. 
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Because liming can correct aluminum and manganese toxicities in the plow 

layer, the greatest benefit from the use of tolerant varieties is increased rooting 

in acid subsoils. Beneficial effects of increased rooting depth are primarily the 

use of subsoil moisture. In many regions of the humid tropics it is common to 

have periods of I to 2 weeks without rain. If toxicities below the limed plow 

layer restrict rooting depth, moisture stress can develop and limit crop yields. 

Use of organic matter additions 
Organic matter complexes aluminum and manganese and thereby decreases the 

amouni of aluminum and manganese in the soil solution (Schnitzer and Skinner 

1963). Where available, large amounts of organic matter, e.g. easily decompos

able plant residues, could be incorporated into acid soils. The humified material 

should decrease t;!e concentration of aluminum and manganese in the soil solu

tion because of the formation of organocomplexes. Relatively high rates of 

organic matter additions would be required in order to have any beneficial effect 

in reducing toxicities in acid soils. This approach could be used on small farms 

where supplies of organic matter or crop residues are plentiful, labor is abundant, 

and lime is in limited supply and high priced. Where lime is readily available, and 

reasonably priced it is the preferred alternative. 

FUTURE KNOWLEDGE NEEDS 

It has been adequately demonstrated that the lime requirement of highly weath

ered acid soils should be based on the content of exchangeable aluminum. How

ever, there have beej, few well-controlled studies to determine the factor by 

which the equivalents of exchangeable aluminum need to be multiplied to give 

the amount of lime required to neutralize alunlinum. Such studies should be 

done with soils with a wide range in chemical properties in the root zone. 

Attention should also be given to determining the soil properties that might 

cause the factor to vary. Further information is needed as to the critical aluminum 

saturations for crop species adapted to the tropical environment. 

Methods for identifying soils where manganese toxicities are likely to occur 

must be developed. Very little work has been done in this area. Information is 

needed as to critical soil manganese levels where toxicity will occur with im

portant crops in tropical regions and the rates of lime needed to eliminate the 

toxicity. 
Some acid soils have essentially no exchangeable aluminum or toxic levels of 

manganese, but are low in exchangeable calcium. In such instances information 

is needed as to the calcium levels and the pH level for optimum crop production. 

Where liming practices have been based on exchangeable aluminum there is 

little information as to how long a given lime application will be effective. Long

term lime studies need to be started to measure the long-term effectiveness. The 

depth to which soils are limed is particularly important in areas where 1- to 

2-week periods of moisture stress develop and root growth into the subsoil is 
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limited by high aluminum saturation. 
When a given crop species is used in liming experiments, varieties with toler

ance for aluminum should be included. This is particularly important in deter
mining the effect of acidity below the zone of lime incorporation on crop yields. 
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Acidity of wetland soils,
including Histosols, as a 
constraint to food production 
N. VAN BREEMEN 

This paper discusses the growth-limiting factors for rice in three types 
of acid wetland soils: acid sulfate soils, peat soils, and ferrolysed soils. 

Young acid sulfate soils (Sulfaquepts) are generally too acid for 
crop production, and their reclamation and improvement are uneco
nomic. Older acid sulfate soils (Sulfic Tropaquepts) are marginally 
suitable for wetland rice, but offer better prospects of improvement. 
Extremely low nutrient levels and adverse soil physical properties are 
more important than high acidity in limiting crop production in peat 
lands. Deep (>90 cm) ombrogenous peats should be left unreclaimed, 
but clayey peats and shallow (<50 cm) peats on mineral substrata 
can sometimes be made produ-tive. Because periodic or permanent 
drainage appears invariably necessary for good crop growth, sub
sidence will always be a problem in peat lands. 

Most strongly weathered acid wetland soils (pH 4.5-5) present no 
specific toxicities or deficiencies, but their productivity is low even 
at high management inputs. Further research is needed to find out if 
and how they can be improved. 

Recommendations for further research are given. Such research 
can be effective only when carried out by crop scientists, agronomists, 
soil chemists, and soil evaluators working in close cooperation. 

WETLAND SOILS are defined here as soils that are pondcd or water saturated 
during most of the time that tlcy are, or could be, used for food crop produc
tion. Most wetland soils are only soasonally flooded. If crops grown during 
inundation suffer from high soil acidity, dryland crops grown on the same land 
alter drainagC generally fare worse because of' the increase in soil acidity after 
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aeration of the soil. Indeed, soils with harnful acidity for wetland rice are 
generally unsuitable for nonaquatic food crops. Certain tree and fruit crops, 
however, can be grown successfully on partially drained, strongly acid sulfate 
soils. Examples are oil palm and rubber in Malaysia, and pineapple and Eucalyp
tus sp. in Vietnam. Whenever acid or potentially acid wetlands are reclaimed for 
dryland food crop production, considerations similar to those for well-drained 
soils apply (Kamprath, this volume). 

Because rice (Oryza sativa L.) is by far the most important food crop grown 
in wetland soils, this paper will focus on it. Locally, sago palm (.fetro.v'Non sagtus 
Rottb.) and taro (Colocasia escudenta L.) are important food crops on wetlands. 
Kang kong {lpomoea aquatica Forsk) is an important vegetable that thrives 
better in ponded than in dryland fields. No direct information is available on the 
effects of wetland acidity on crops other than rice, but sago palln is sonetimes 
cultivated on acid sulfate soils (Reijnders 19061 ) and perhaps can stand high soil 
acidity. In view of the high potential production of sago (Flachl1976) the use 
of wetland soils for productiol of sago starch for industrial purposes merits 
attention. 

GROWTII-LIMITING FACTORS IN ACID WETLAND SOILS 

The discussion of constraints to food production on acid wetland soils should 
distinguish between general soil fertility characteristics as a function of soil pH, 
and the specific toxicities or deficiencies induced at low p1l. For example, the 
many soil fertility characteristics that ate correlated with the degree of weather
ing and, hence indirectly, with soil )it are more or less invariant on a short time 
scale, but the concentrations of potentially toxic substances vary seasonally 
with the oxidation-reduction state of the soil. Unless specified otherwise, soil 
pH is the p-I in a water extract of aerobic soil. 

Fertility 
In paddy soils of tropical Asia, soil p1 shows significant positive correlations 
with cation exclhanige capacity, exchangeable and total bases, available silica, 
total phosphorus, and various forms of extractable phosphorus. At tile same 
time soil pH shows a significant negative correlation with total carbon and total 
nitrogen (Kawaguchi and Kyuma 1977). In reduced mineral soils, a relatively 
high soil plH enhances the mineralization of organic matter to ammoniacal nitro
gen, in proportion to soil nitrogen. This tends to offset the effect of higher nitro
gen contents at lower p-I. and no significant correlation exists hetween amnioni
fication rate and soil pli (Kawaguchi and Kyunma 1977). 

Generally speaking then, the nutrient status of acidic wetland rice soils is less 
favorable than that of near-neiutral soils. The higher kaolinite content and lower 
smectite and verlmiculite contents of acid soils further decrease their fertility, 
both chemically and physically (Moornann and van Breemen 1978). Because of 
the many interrelated factors involved, it is extremely difficult to assess tile 
quantitative relationships between productivity for rice and chemical and physical 
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soil properties correla!.-d with high soil acidity. Such properties could be re
sponsible for differences in productivity among different soils with comparable 
and relatively high management levels. Clearly, much research is needed to sort 
out the causes of the differences and to determine measures, in addition to well
known sound agronomic practices, that could help raise productivity on such 
acidic soils of low fertility. 

There is no direct causal relationship between low soil pH1 and the low pro
ductivity of acidic wetland soils: most of these soils are strongly weathered (or 
consist of sediments from strongly weathered soils) and hence are low in bases, 
and have a low CEC and a low plI. In most, the pH is probably not low enough 
to cause harmful toxicities. Low fertility, which is not easily corrected by fer
tilizer application, may be more important. Indications are that an unfavorable 
pattern of release of soil nitrogen is partly responsible for vield gaps of several 
tons per hectare between very good and poor soils both under optimal manage
ment (Moorm ann and van Breemen 1978). 

In some cases, relatively fertile marine clay soils are more productive when 
limited acidification has taken place (para acid sulfate soils, Pons 1973). This 
mnay be duie to better physical properties resulting from higher (but nontoxic) 
levels of exchangeable aluminum than in near-neutral soil. Schelfema and Boons 
(1973) obtained a marked increase in rice yield after lowering the 11 of a line 
mixed, acid Typic Tropaquept from 5.5 to 5.1 by adding strong acid (ItCI) or 
altiinum sulfate. They attributed the yield increase to increased mechanical 
stability of the soil. 

Specific toxicities and deficiencies 
Poor rice growth on highly acid flooded soils has been ascribed to low p1H per se; 
to toxicities from dissolved aluminum, iron, hydrogen sulfide, carbon dioxide, 
and organic acids released at low pt11; and to phosphorus deficiency induced at 
low p14 (Ponnanlperuma et al 1973. Bloomfield and Coulter 1973). Toxicity of 
carbon dioxide and organic acids tend to be more pronounced at low than at 
high pit (Ponnanperuna 1)77), but little is known about the practical import
ance of these toxicities. 

Harnful concentrations of hydrogen sulfide, which is toxic at concentrations 
as low as I mg/liter, may be present in acid soils during the first weeks after 
flooding (Ponnamperuna 1977). 

In nutrient solutions toxicity by Wt occurs only at p11 below 3.5-4 (Kana
pathy 1973. Thawornwong and van Diest 1974), but in most soils, except peat 
soils, aluminum t )xicity is more important in that p11 range. Concentrations of 
dissolved aluminum increase with decreasing pH. On the basis of results from 
solution culture experiments and levels of dissolved aluminum in the soil, aIu
minurn toxicity may be expected in acid soils at pl 4.5--5 for rice seedlings, 
and at f1-I below 3.5 --4.2 for older plants (van Breenen and Pons 1978). 

Stagnant floodwater above reduced acid sulfate soils may become very acid 
(van Breemen 1975). Intrusion by such water (111 2.5-3.5) may affect rice on 
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adjacent good land because of the toxicity of both II and Al3+ (Pham-liun-Anh 
et al 19)6 1). 

Iron toxicity in rice may develop at dissolved ferrous iron concentrations as 
low as 30 mg/liter if the nutrient status of' the plants is poor or if the plants are 
weakened by other toxins (hydrogen stillfide. harmfI organic substances), or at 
concentrations above 300-400 ppm it' plants are well supplied with nutrients 
(van Breemen and Moormann 1978). Iron toxicity at low iron concentrations 
seents to) be typical for zones with ul)welling groundwater (in inland valleys) in 
areas with strongly weathered soils very poor in bases, as ill the low-country wet 
zone in Sri Lanka and in many West African countries. The causes of tie problem 
are not well understood, and several hypotheses (van BreemClen and Morntl, n 
1978) m1ust still be tested. 

Although l low soil p11 favors high levels of lerrots iron alter flooding, in 
Most Ifooded soils iron COcntra1tions that are toxic to well-nourished rice 
plants are not leached or are short-lived. Exceptions are young acid sullate soils. 
particularly Sul taquepts. where toxic iron concentrations Inay persist for many 

nlobths. In older acid suilfate soils, soil redtiction tends to be slow and iron levels 
remain relatively low (van Breemen and Pons 19)78). 

Phosphorus availability increases upon llooding. but this increase is generally 
less in strongly acid than ill weakly acidic or near-neulral soils (Ponnamperuina 
1976). Depression of*phosphorus tiatake in rice by high concentrations of' dis
solved aluminnut may further aggravate phosphorus deficiency in acid soils low 
in available phosphorus.
 

Seasonal variatioi in chemical characteristics
 
Flooding and soil reductionl cause a decrease in redox potential and. in acid soils,
 
an increase ill pll to about 6.5. Drainage and aeiation reverse these processes. 
Thus. the chemical conditions in periodically flooded soils flictuate with flood
ing and drainage (Ponnamiperunia 1972). 

Ill aerated soils soluble and exchangeable aluminum are relatively high. and 
soluble ferrous iron and other potentially harmful reduced compotinds (hydro
geit sulfide, toxic organic substances) are low or absent. Flooding causes soltible 
and exchangeable alumtinum to disappear. and iron and other redticed coin
pounds in the soil solution to first incrcase to peak valhes and later decrease to 
relatively stable lower levels. 

Unfortunately. this pictire cannot always be used to predict processes ill rice 
soils ill the fiell. Because irregular flooding is the rule in many rice lands and 
even in so-called irrigated areas (IRRI 1975). the fluctuations in chtemIical coitdi
lions ate often more complex thal one Would expect if" tile soil were polided 
throughout the growing season of the rice ctop. For instance. while toxic alh
minun Will disappear some tne alfter looding, its concentration will rise quickly 
again when the fields become dry telporarily. Little or no experimental work 
has been done to assess the importance ol such drainage periods on toxicities in 
acid wetland soils. 
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In acid wetlad soils the speed of's il reduction (and hence of the plI increase 
and the disappearance of aluminum) as well as the maximum levels of' dissolved 
iron varies widely and the factors governing the ditfrecces in behavior ire 
poorly understo-,d. For ils taltce. low colntcnts of easily redtucible ferric oxide, 
low contents I fltetabolizabl' oluanic matter. tnfavorable nutrient condilions 
for anaerobic nic roorganims. and :I highly buffered plI in the acid range should, 
theoretically, contribute to a slow rate of soil reduction (Pontiamperuinla C al 
I973. van Breemen and Polts I978). Iowever, all analysis of elevant published 
data. mainlly by KaNwiacuchi :and KVuIuma (I I. failed to show evidence !'or iost 
of these theoretical expectations (vailll Brceen 1976). 

TYPES OF ACID WETLAND SOILS AND LIMITING CONI)lTIONS
 
FOR FOOl) PROI)UCTION
 

Soils ilt which acidity either directly or indirectly plays a role ill limiting pro
d(tctivity o1' wetlaltd rice can be suhdivided into several groups (Table I ). Acid 
sulflte soils and peat soils stand out relatively clearly. hlic group of' acidic soils 
that do0 not catIse specific toxicities or delficiencies, but where low fertility inl 
general poses a constraint is di fficult to define. This last group includes alluvial 
soils from sediments derived from hliglyl\' weathered older soil materials, as well 
as surlface-water ely soils that have underg 'te acidificatiotn ;aL tl ',aclaiionof' 
the surface soil ile to ferrolysis (Bhrinkmatn I970. 1977). The flerrolysed soils, 
classified as Planosols atid (Gleyic Acrisols in the FAO classificatiot (FAO 1074), 
aid often is AlutI ts ill Soil taxonom' ( JSI)A I975), prohahly make up the 
largest group of the acidic low-fertility wetlalld soils, at least itt Southeast Asia, 
a.Lnd will be discussed sept.rately. 

Ferrolysed soils 
Felrolysed soils occur in older alluvial terraces that are seasonally ponded by 
rainwater, but are trot norimally flooded by river water, nor influenced by 
laterally moving groundwater. They are foutid often in pluvial authraquic rice 
laIds (NMoorniani mnd van I3reemen 1978). Ferrolysed soils :re characterized by 
an acid (pH1 4-5), pale colored, and relatively light-textured surface horizon 
(0.3 0.ofi thick) with art attonialotsly low cation exchanoc capacity, over a 
inore clayey atid strottgly mottled B lorizolt. In Souttheast Asia these sirl'ace
water oley soils have also been classified is low Iiumic gley soils or dlegraded'L 
paddy soils (13ranimer and Brinknan 1977). Their strongly weathered surface 
horizon is the result of a cyclic (sCaSonal lprocess ofllisplacctitent of'exchange
able bases by ferrous ironi durillg floding, anld oxidation anld acidilication after 
drainage (Britkman 1970). With the possible exceptiot of salinized soils of the 
low terrace iln northcaIsternl Thailad. where alutinuim toxicity itt both dryland 
crops and wetld rice was sIspec ted (Britkutan and Dieleman 1977). they 
nornially present to i:ute toxicities ofr deficiencies. The generally low yields on 
these Soils are probably due to low fertilit,' and, fit many areas, irregular water 
stupply and frequent droug ts. 
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Table 1. Approximate hectarage of acid wetland soil groups and of peat soils in the tropicsa 

Extent (million ha)
Soils South & Central Africa South & Southeast 

America Asia 

Strongly weathered acid 
hydromorphic soilsb 20 9.5 > 15c 

Acid sulfate soils and potential

acid sulfate soils 2.1 
 3.7 5.0 

Peat soils 7.3 6.5 22 
aData adopted from FAO (1974, Brammer and Brinkman (1977), Driessen (1978), and 
van Breemen and Pons (1978). Ilncludes Planosols (dystric, solodic, humic) and Gleyic
Acrisols. CThe figure of 15 million ha is only for Bangladesh, Thailand, Cambodia, Laos, 
and Vietnam. 

Irrigated dryland crops grown during the dry season often suffer from the 
poor physical soil conditions: limited rooting depth and risk of ponding due to 
a sh;,llow traffic pan, rapid crust formation due to poor aggregate stability. 

Acid sulfate soils 
Actual and potential acid sulfate soils cover about 5 million ha in Southeast and 
South Asia, mainly in Thailand, Vietnam, and Indonesia; about 3.7 million ha 
in Africa; and about 2 million ha in Venezuela. Millions ol hectares of peat in 
Indonesia and smaller areas in Malaysia, Vietnam, and Venezuela are underlain 
by potentially acid clay. 

Potentially acid soil (Sulfaquents) from tidal lands, or from tidal sediments 
covere.d by good riverine soil, is often near-neutral or only slightly acid, but will 
become highly acid when drained. When fresh water is available to keep poten
tially acid soils or potentially acid substrata continuously submerged, or when 
tidal water is seasonally fresh, these soils can be very productive. Under those 
conditions the main constraints to food production are the risks of temporary 
water shortage leading to acidification and salinization, hazard of inundation by 
seawater during storms, and commonly poor trafficability of the land. 

In Soil taxonomy (USDA 1975) two groups of acid sulfate soils are distin
guished: Sulfaquepts and Sullic subgroups. Acid sulfate soils that have been 
developed to a shallow depth are mostly Sulfaquepts, with a sulfuric horizon 
(characterized by a p-I below 3.5 and the presence of jarosite mottles) within 
the 0.5-ni depth. They can be found both in recently empoldered or drained 
tidal swamps and in much older, poorly drained inland swamps, as in the Mekong
Delta of Vietnam. These soils are often highly toxic because of excess iron and 
aluminum, and invariably are potentially acid at shallow depth, i.e. between 
0.5 and I in below thu soil surface. In inland areas, highly acid surface water 
(Vietnam) or groundwater (Venezuela) often causes problems in neighboring 
better land. 
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In Sulfic subgroups, such as Sulfic Tropaquepts and Sulfic Haplaquepts, the 
surface soil is less acid (pH- above 4), and tile sulfuric horizon and potentially 
acid pyritic substratum occur at greater depth. Where these soils ocLur, as illtll.e 
Bangkok Plain, they are normally used for wetland rice cultivation. Phosphorus
deficiency arid, in the first (dryland) stage of broadcast (deepw'ater or floating) 
rice cultivation, aluminum toxicity are partly responsible for relativel,, ow
 
yields (1-1.5 t/ha). Iron toxicity appears to be rare on these soils. Witli good
 
management they can be very productive, but uncertain water supply makes
 
high inputs too risky.
 

Histosols
 
Most of the tropical peals, which cover an estimated 32 million ha (Driessen

1978). are highly acid 
 and have pH between 3.5 arid 4.0 (Suliardjo and Widjaja-

Adhi 1976). Illmost, the contents of aluminum silicate minerals 
 and iron
containing minerals are 
 very low, so sources for soluble aluminum and iron are
 
essentially absent and toxicities of iron and 
 alumnintm do -ot occur. However,
 
even if appreciable aiounts of clay 
are present, aluminum toxicity may be less
 
imlportant in organic soils than in non-organic soils of 
 the same pH because of
 
the dilerenl 
nature of tIhe exchange complex. andl :oinlplexing of alUlinull I'i
 
Histosols (Buol et al l)73). In transitions from peats to acid sulfate soils, how
ever, e.g. where peat domes wedge out 
 over pyritic clays, or in soils developed

from highly organic mangrove swamps (Sulfihemuists and Sull'ifibrists), iron and
 
aluminum toxicity will probably occur (Sudjadi and Sediyarso 1973 ).
 

Generally speaking, peat lands, and cspecially the ombrogenous peat domes
 
connion in equatorial climates, arc highly 
 unsuitable for agriculture. The main
 
constraints are unfavorable physical cliaracteristic:s (irreversible drying, sub
sidence, poor accessibility 
due to low bearing capacty, poor anchorage of roots)
and extremely low fertility due to deficiencies of practically :ll major and minor 
nutrients (IRRI 1976, Driessen 1978). If used at all for annual food crops, deep
peats are generally occupied for one or two seasons and then abandonred. 'frice
 
is grown, surface drainage is usually necessary to ensure any yield at all. Drainage

decreases 
 toxicity due to dissolved organic substances and increases the avail
ability 
 of most nutrients, presunlably as a restilt of increased mineralization of 
organic matter. 

Histosols can be fairly productive if they are clayey and not strongly acid, or 
shallow (50 cin) on a mineral substratum, or if they are fed with groundwater 
rich in dissolved bases, as tire many spring nmires and peat-filled crater lakes in the 
volcanic areas of southern Luzon, tire Philippines. Even then, however, periodic
surface drainage is necessar) to prevent mineral deficiencies. Surface drainage
invariably leads to subsidence. If progressive lowering of tile groundwater table 
is hydrologically possible, the peat will eventually disappear, leaving the mineral 
substratum at the soil surface. This prospect is not very desirable where peat is 
underlain by potentially acid sediments, as is probably tilecase with most of the 
extensive peats of Indonesia. 
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IDENTIFICATION OF PROBLEMS 

Crop performance 
in rice causes purplish or reddish brown mottling (bronzing) or,Iron toxicity 

tips ofin some cultivars, oranging or yellowing spreading downwards from tile 
scanty, coarse, andthe older leaves, followed tv drving of the leave. Roots are 


often dark brown fronl coatilngs of' ferric oxide (Ponnampertna et al 1955).
 

The root symptoms difterentiate iron toxicity from zinc deficiency, which causes
 

similar bronzing symptolls. The iron contentts of rice leaves correlate well with
 

the severity of the disorder, hot vary widely with tlte cultivar and the environ

mental collditiols (JaVawarden1.a et al I077. Tanaka and Yoslida 1970). Tihe
 

commottly cited limit of 300 ppm Fe irrice plants (Tanaka and Yoshida 1970)
 

rices; toxicity should certainly beis probably on the low side for m11ost iron 
Still li,_lfcr freqdaentlysuspected at trollcolltenets Cdilj 1000 pp1m11. valnes are 

cited for apparelntly healthy rice. These are probably dtue to contamllinations of 

ferric oxide coatilies or soil adherilg to 1)lalts and between leaf' sheaths. 

Phosp)horus deficienIcy causes poor tillcrilg ald erect and of'ften rolled leaves, 

which may rane fronm dark grLen to orange yellow. P'lants with plhosphorus 

deficiency gellerally have phosplloilus content below 0.1',. flhe sylmptotms of 

as an interveinal orange-yellowalumnliltl toxicity ill rice hatae been described 

discolo,,tion of' the tilps of older leaves, f'ollowed by brownish lottling (Tanaka 

and Navasero 1966). The syMI)totits hlve beCIt observed illthe fiel.1 only occa

sionally l(ugsujinda et al 1978). Alutminuin conicentratiols are hliariful before 

they cause leaf syluptouls, and high aluriimlin ggla e hshravatesI urit's dfC'iciency: 

tiledisorder is easily overlooked. 

Because dileretit disorders of teu occur sim1ultaneously andlliuttially influence 

each other, and because symptonwi of toxicity Ly hydrogen sull'ide and certain 

disorder in strongly acidorganic substances are not well defined, identify ing a 

visual symptomns alone is difficult, if not impossible. When a soilsoils by gsilg 

related disorder is suspected. specific research - rather than a few tests and 

analyses - is necessary to clarify tileiattre o'the prublem. 

Soil chemistry 
a suspension of the air-dried soil 

in water. Generally speaking, acidity-related disorders in wetland rice are mild 

or absent at !)If 4.5-5, noderate to mild at pil4-4.5, severe at plA3.5 -4. and 

very severe at pll below 3.5. But ;-,;,hause 

The best iidicator of soil acidity is the pl1 of'. 

the p11 changes with the redox state 

of' the soil, the change inip11 upon flooditg is often iiiore imlportalit ttan the 

pI of the air-dried soil. This is particularly so for the concentration of dissolved 

aluniiintfii. which is directly regulated by pl . 
the oniset of' soil reduction stillThe concentra tiol of dissolved iron after 

reflects the initial aerobic p1l: soils that are initially very acid generally show 

higher levels of dissolved iron 'and lower final JAI values Of tilereduced soil) 

than less acid soils (van Breemnen and Moormann 1978). Although tile overall 
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reduction processes leading to changes in p1-I and in concentrations of dissolved 
aluminum and iron are well understood, little is known about the factors re
sponsible for differences in the kinetics of soil reduction. At present we cannot 
predic: whether a given soil will exhibit slow or fast reduction, and whether 
aluninrin toxicity will persist for a long tine or if and to what extent iron 
toxicity will develop. 

Foil morphology and classification 
The groups of soils discussed in previous paragraphs can often be distinguished 
easily by inspection of soil profiles and a few chemical analyses. Potentially acid 
soils cannot be identified with certainty in the field, bul their p11 usually drops 
to below 3.5 within several weeks of moist, aerobic incubation. The conspicuous, 
yellow mottles of jarosite 1KFe 3lS04),( OHI).6 indicate acid sulfate soils, but 
because jarosite is absent illsolme acid sulfate soils, particularly the highly organic 
ones, it is advisable to measure soil pi 1. 

The distinction between Sulfaquepts (the young and shallow acid sulfate 
soils) and Sulfic Tropaquepts or Sullic l-laplaquepts (their more deeply developed 
counterparts) is agronomically useful: it differentiates soils where iron and 
altllinunL toxicity can be expected froin those where phosphorus deficiency is 
generally most important. 

Strongly feirrolysed soils can also be identified readily by stutdying the soil 
profile in the field. 

RECLAMATION OF ACID WETLAND SOILS AND TIIEIR POTENTIAL 
FOR FOOl) PRODUCTION 

Strategies for reclamation, improvement, and management of acid wetland soils 
depend on the soil type. They will be discussed separately for acid sulfate soils, 
peat soils, and other acid wetland soils. 

Acid sulfate soils 
Measures that counteract directly or indirectly the effects of adverse soil acidity 
inclode leaching. liming, application of' fertilizers and organic manures, and im
proved water management. Growing of cultivars that have tolerance for certain 
adverse soil conditions may also increase productivity. 

In principle, leaching is useful for acid sulfate soils with soluble acidity --alo
niinumu sulfate or sulfuric acid --present at p1l below 4. 1However, low hydraulic 
conlductivity and high groundwater tables often preclude leaching as a practical 
way of removing subsoil acidity. Part of the soluble acidity illsurface soils can 
be removed by lateral drainage of surface water after flooding and puddling. 
The benieficial effect of applying sodium chloride (a few 100 kg/ha) oil acid 
sulfate soils before flooding, as reported by some Thai farmers, may be dile to 
partial Jisplacement of exchangeable aluminum. Leaching by seaw;ter, which 
was partly successful in experiments on very young Sulfaquents in Sierra Leone 
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(Hart et al 1963), has the same effect, but can be applied only in specific con
ditions. 

Liming is necessary for yields on acid sulfate soils with a p-I below 4 in the 
surface soil, but it usually has little or no effect at pH above 4.5. Lime preci
pitates toxic aluminum, depresses dissolved iron concentrations after flooding, 
lowers the peak concentration of hydrogen sulfide, and presumably increases 
the availability of phosphate (Min Suk Yang 1974, Kabeerathumma and Money 
1974, IRRI 1973). Even on soils with a plI of 3.5--4, optimum lime rates rarely 
exceed 3-6 t CaCO 3/ha, and higher rates are often harmful (van Breemen and 
Pons 1978). At still lower pH values, lime rates will be much higher, but no 
experimental data for such soils :,rc available. 

The residual effects of liming are small where subsoils are acid or potentially 
acid; thus applications must be repeated regularly. This is espccially so when 
pyrite is prescnt at shallow del ths (within 50-100 cm) and oxidizes during a 
dry season. 

Phosphorus is usually required to give reasonable or good yields. Rock phos
phate is often effective and has a better residual effect than soluble sources of 
phosphorus. 

In addition to the various amendments, good water supply and water manage
ment are very important. Leaching is only possible with good water management. 
Keeping the water table above the pyritic substratum prevents new acidification. 
Maintaining surface water on the field throughout the crop season prevents 
oxidation of the surface soil and reappearance of toxic aluminum, as well as the 
appearance of toxic iron after reflooding. 

The various reclamation and management practices are usually economic on 
the moderately acid Sulfic Tropaquepts, but not on the more severely acid 
Sulfaquepts where good water management is a first requirement for successful 
crop production. Investments to achieve good water management of lands with 
such soils are rarely remunerative, and soil improvement is slow and usually takes 
many (5-10) years. In the Muda irrigation scheme in Malaysia, where Sulfa
quepts occur in patches among better soils, the effects of improved water man
agement and intensive irrigation are striking (van Breeien and Pons 1978). 
Cultivars tolerant of adverse acid soils can probably be used profitably, even 
without further soil amendment, ol moderate acid sulfate soils such as the Sulfic 
Tropaquepts of the Bangkok Plain, provided they are adapted to drought in the 
early stages and to deep water later. 

Peat soils 
The deep (at least 0.9 in thick) ombrogenous peats of humid tropical Asia 
present such formidablc difficulties that they should not be reclaimed for agri
culture. When they are used at all, drainage and burning of tile surface layer are 
usually necessary; thus, subsidence is unavoidable. If wetland rice could be 

grown on such soils, the problems associated with drainage would be avoided. 
It is unlikely, however, that an economic solution for the extremely poor per
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formance of rice on undrained peats will be found. Local rice varieties are not 
known to grow in deep peats and neither are other grasses (Anderson 1976), so 
there is no basis for breeding programs to produce rices suitable for deep peat 
lands. 

Prospects :,re mucl, more favorable cn shallow peat soils (less than 0.5 in 
deep) and peats with appreciable amounts of mineral material, especially when 
they are only slightly acid or near neutral, as the spring peats and groundwater 
peats in southern Luzon. the Philippines. These, too, need to be drained periodi
cally to increase the availability of many nutrients. Organic soils with acid sulfate 
characteristics are locally common in Indonesia (Driessen and Ismangun 19 73). 
They may be similar to Sulfaquents and Sulfaquepts as regards their prospects 
for wetland rice cultivation, but more field experiments are necessary to evaluate 
their potential. 

Other acid wetland soils 
Other acid wetland soils, including ferrolysed soils, rarely present the extreme 
toxicitics and deficiencies of acid sulfate soils and peat soils. Apart from irregular 
water supply in some cases, the reasons for their relatively low productivity are 
not well understood. Further research is needed to establish whether unfavorable 
supply of soil nitrogen and unfavorable soil physical characteristics due to low 
proportions of 2:1 clay minerals and high kaolinite contents are partially re
sponsible, as suggested by Moormann and van Breemen (1978). If this is true, 
application of organic manures and the use of slow-release nitrogenous fertilizers 
should be helpful. It is unlikely, however that such measures will be economic 
unless the supply of irrigation water is assured. 

RECOMMENDATIONS 

In many areas there is need for increasing the production of many acid wetlands 
that are now used for agriculture. The question is whether we should extend 
cultivation to uncultivated, acid wetlands where the constraints are usually more 
severe than in existing marginal cropland. To answer that question, we must 
evaluate the agricultural potential ofsuch lands as a function of costs of different 
Jegrees of land improvement, the benefits from other uses of the land (forestry, 
conservation), and the prospects and economics of increasing food production 
on existing cropland with fewer limitations. 

In this paper we consider only the first part of that evaluation. We seek the 
boundary between acid wetlands that have potential for food production and 
those that have none under the present socioeconomic conditions. There can 
be little doubt that areas with severely acid sulfate soils and deep ombrogenous 
peats should be left untouched. Neither at present nor in the foreseeable future 
are there rice cultivars that can be grown in such soils in their original, un
amended state; although often technically possible, land improvement is expen
sive. Only certain shallow peat soils with a mineral substratum, and certain 
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clayey peat soils could be made productive if they are 'lot strongly acid or 

potentially acid. P'resent classification systems and stand ard laboratory proce

dures still cannot separate these soils from the peats that are useless for agri

culture. The ranges of characteristics that occur over appreciable areas are not 

known. and the factors that are important for the pIrodtction of* rice and, e.g. 

taro and sago palm on these soils have yet to be identi flied. 

Iithe case of acid sulftate soils, the distinction between Stul'acluepts and Sulfic 
generally unsuit-Tropaquepts appears to be meaningful because the 'orner are 

able and the latter suitable for rice. This conclusion is based on limited data, 

however, and does not take in to consideration the effects ofI' cimte. Stilla

quepts. for example, may pose tewer problems in perhumiid areas than in mon-

We do not know the factors that govern the kinetics of soil reducsoonal areas. 

tion and the changes in the concentrations ot the most important toxins in acid 

sulfate soils, dissolvcd iron and aluminum. Virtually nothing is known about the 

eff'ects of surface drainage and temporary oxidation and acidification on rice 

grown in iron-toxic and altumiiumn-toxic soils. 

We know little about the reasons for lower productivity, even at presumably 

opt imui,i soil and crop management, of rice grown oin acid (but probably on

toxic) soils with low fertility levels. Research is tneeded to find out if and how 

we can improve the productivity of such soils. 

Lastly. there is a.n appalling discrepancy between the attention paid to the 

in the field, greenhouse, and laboratorystatistical relevance of experiments 

geared to increasing food production oilproblem soils, and the (lack of) atten

tion to characterizing and defining the soil conditions and land qualities of' the 

experiments. Only when agronomists, soil chemists, and soil evaluators cooperate 

on such research will it be possible to produce results that not only are relevant 

to the restricted areas studied, but also can be extrapolated to other environ

lenlts. 
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Soil salinity as a constraint 
on food production inthe

humid tropics
 

F. N. PONNAMPERUMA AND A. K. BANDYOPADHYA 

In densely populated South and Southeast Asia, where both food 
and arable land are scarce, about 48 million ha climatically, physio
graphically, and hydrologically suited to rice cultivation lie idle or 
are cultivated with poor results, largely because of soil salinity. Re
claiming the coastal lands (about 30 million ha) for dryland crops
will require costly inputs. Wetland rice is the crop of choice, but 
present yields are low because of soil toxicities, nutrient deficiencies,
lack of water control, and the low yiEid potential of the varieties 
used by farmerE. 

The results of the Genetic Evaluation and Utilization Program and
the International Rice Testing Program theof International Rice
Research Institute indicate that areas where salinity and flooding are 
not severe can becorr, productive rice lands without costly inputs
if modern salt-tolerant arieties with insect and disease resistance and 
adaptation to adverse soils are grown.

There is a need to prepare accurate maps of saline soils in densely
populated countries to demarcate those areas that can be used for 
rice growing without costly reclamation measures. 

IN SOUTH AND SOUTHEAST ASIA where population pressure is high and arable
land is scarce, about 100 million ha of land climatically, physiographically, andhydroiogically suited to rice production lie idl largely because of soil toxicitics
(Table 1). About 48 million ha of this idle land are saline soils in humid parts of 
the region. 

Recent developments focus attention on the problem lands of the region:
• the pressing need for more food for a rapidly expanding population: 

The International Rice Research Institute, Los Bafhos, Philippines; and Central SoilSalinity Research Institute, Canning Town, West Bengal, India. 
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0 the failure of the modern varieties of the green revolution to deliver their 

potential; and 
* the advent of rice varieties with tolerance for adverse soils. 
Because salinity is a widespread soil problem in the region (Fig. I) and be

cause rice is the region's main food crop, this paper discusses soil salinity as a 

constraint on rice production, with special reference to South and Southeast Asia. 

fhe es imated growth rate of Southeast Asia's population is 2.7%/year during 

the next two decades. Food production growth rates are insufficient to keep 

pace with population growth, especially in the poor populous countries (Allaby 

1977, Asian De-velopment Bank 1977, International Food Policy Research Insti

tute 1977, Herdt et al 1977). Thus food importing countries will have to in

crease their imports, and exporting countries, such as Burma, may have to import 

food. 
Small farmers lack the resources to provide the water control, soil amend

ments, fertilizers, and pesticides necessary to extract the potential of the modern 

varieties. In vast tracts with poor water control or toxic soils in India, Burma, 

and Thailand, farmers have not accepted the new varieties (Asian Development 

Bank 1977). Even where the new varieties are grown widely, national yields are 

about a third of experimental yields (Herdt and Barker 1979). 

1. Saline soils (shaded areas) of South and Southeast Asia (sources: Chapman 1976, Collier 
1979, FAO 1974, Sinanuwong and Takaya 1974). 
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Extending the area planted to rice faces obstacles. Arable land in the 
densely populated countries of Asia is limited. In Bangladesh and Indonesia the 
area of arable land per person is only 0.12 ha (Duncan 1977) and the percentage
of farms that are less than 1 ha is 51 in Bangladesh and 71 in Indonesia (Wort
man 1975). The Asian situation was summarized by Willett (1976):

"Tile most crucial population prob!lm is in Asia where population
density is already extremely high, population growth is increasing, and 
underdeveloped land resources are limited." 
Overcrowding, food shortages, and land scarcity are compelling Asian coun

tries to crop land lying idle largely because of soil problems. The most common 
of the soil problems is salinity. 

EXTENT, DISTRIBUTION, AND PRESENT USE OF SALINE SOILS 
About 380 million ha of soils on the earth's land surface are saline. Of the 240
million ha that are not strongly saline (Massoud 1974), about 49 million ha are 
in the humid regions of South and Southeast Asia (Fig. 1, Table I ); 27 million ha
of these are coastal saline soils. The actual area of saline soils in the regions may
be considerably higher than estimated - vast areas of twngrove swamps have 
not been mapped, and about I million ha of saline soils reported in Northeast 
Thailand (Sinanuwong et al 1979) ate not included in Table 1. 

Most of the coastal saline soils are under mangrove vegetation. The trees are
used !'or making pile stakes, as firewood, and as source of tannin. In Thailand 
mangrove areas are cleared for use as fishponds and salt pans, and for production
of rice, coconut, and pineapple (Glopper and Pools 1972).

The Philippine archipelago has about 400,000 ha of coastal saline soils (Guer
rero 1977). Of this area, about 100,000 ha are still under mangrove forests. 

Table 1. Problem soils in South and Southeast Asia. 

Area (million ha)Country Saline Alkali Acid sulfate Peat 
asoils soilsa soilsb soils c 

Bangladesh 2.5 0.5 0.7 0.8 d
 

Burma 
 0.6  0.2 -
India 23.2 2.5 0.4 -
Indonesia 13.2  2.0 16.0
Kampuchea 1.3 - 0.2 -
Malaysia 4.6  0.2 2.4

Pakistan 
 1.1 9.4 - _
Philippines 0.4 e 

- _ 
Thailand 1.5  0.7 0.2
Vietnam 1.0 - 1.0 1.5


Total 
 49.4 12.4 5.4 20.9 
aMassoud (1974). bvan Breemen and Pons (1978). CDriessen (1978). dAuthors' estimate. 
eGuerrero (1977). 
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About 175,000 ha of the cleared coastal saline land are used for fish ponds, and 

tracts where rice is grown have excessiveabout 125,000 ha are largely idle. The 
looding in tile season and salinity due to the intlux of brackish water atwet 
high tile in the dry season. Trials are under way to grow flood-tolerant varieties 

during the wet seIson aind short-duration, salt-tolerant varieties soon after the 

wet season. 
IllIndonesia, Aout 558.000 ha of tidal swamps arc pIutntcd to rice (Table 2). 

areaThe total cropped area of' tidal swampIs and polders is 7'; of the total rice 

cropped per year. B3y June 1979, the government had opened 220,000 ha of' 

tidal swain plaid s Cbr rice iinI transiig ration project alone. It is one of tile 

world's major experiments in the use of mIargiaIJ land (Collier It)7)). Rice yields 

are 0.8- 2.2 i/ha. A vigorous breedilg p)rogramlt to produce rice varieties suited 

to tiletidal swanp areas is under way (Subiyanto et al Nt)77). 

The salile soils of the humid region of South aid Southeast Asia are econo

illically impllorttant becatuse: 
Sthe' are IocatLed in dlCtas, estuaries, coastal fringes, or river basins that are 

climatically, phmysiograplhically, and lhydreoogically stited 	to rice: 
Itleast I rice crop/year;" rainfall is adequate for leaching the soil and goWilg 

o the lands are close to densely populated areas, where the deland for both 

land and food is high: and 
* labor for and know-how ill are avAilable.rice cultivation 

Defiition of saline soils 
Saline soils are soils that contain sufficient salt to impair the growth of crop 

plants. But becauise salt inju ry depelds on species, variety. growth stage, and 

to define saline soils precisely. Currentenvironmental flictors, it is difficult 
ill
definitions are based on measures of' salt content alone or salt content con

junction with texture, mtorpho)logy, or hydrology (FAO/Unesco It)73, FAO 

1974. Nortlhcote aRd Skene 197 2,Soil Science Society of America It)78. US 

Salinity Libolra tory StaTIf 1954). 
For the purpose of this paper, we define a saline soil Isone that has enough 

salt in the root zone of rice to give an electrical conductivity in the saturation 

Table 2. Rice lands in Indonesiaa 

Class
Class 

Area
(thousand ha) 

Rice crops
per year 

Rice area per year
(thousand ha) 

Dryland 
Irrigated wetland 
Rainfed wetland 
Swamps (peat?) 
Tidal swamps 
Polder 

1168 
3893 
1772 
254 
558 

10 

1 
1-2 
1-2 
1-2 
1-2 
1-2 

1168 
6671 
2216 

317 
697 
12 

Total 7704 9913 

aAdapted from Collier (1979). 
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Table 3. Characteristics of some saline soils in India. 

State Texture pH ECea Dominant salt
(mmho/cm) 

West Bengal Silty clay-silty 5.5-7.0 4-35 Sodium chloride and 
clay loam sulfate
 

Orissa Clay loam-clay 5.0-7.5 2-50 Sodium chloride
 
Andhra Pradesh Sandy inam- 6.0-8.8 0.5- 17 Sodium chloride and 

clay loam sulfate
 
Pondicherry Sandy loam- 6.5-8.5 1-50 
 Sodium chloride and 

loam sulfate
 
Tamil Nadu 
 Sandy loam- 6.0-8.2 2-10 Sodium chloride and 

loam sulfate
 
Kerala Sandy loam- 3.5-5.5 1-20 Sodium sulfate
 

loam
 
Karnataka Sandy loam- 5.0-7.5 
 3-10 Sodium chloride
 

loam
 
Maharashtra Clay loam-clay 7.0-8.5 4-14 
 Sodium chloride
 
Goa Silty clay-silty 5.0-6.0 4-15 Sodium chloride
 

clay loam
 
Gujarat Sandy loam 7.5-8.5 
 9-20 Sodium chloride
 
a Electrical conducti ty in the saturation extract.
 

extract (EC) of more than 4 mnmho/cn at 25 0 C. Four mmnho/cm is tilepoint 
beyond which rice yield declines appreciably as the salt content increases (Maas 
and 1-olftTan 1977). 

Ctiar;cteristics of saline soils
 
Saline soils vary widely in their chemical, physical, and hydrological properties.
 
Some properties of some Indian coastal saline soils are given in Table 3.
 

Saltsource. The salt source may be seawater, surface or underground saline 
water, or wind. In arid and semiarid areas salts brought by capillary action, 
surface ru,noff, or intertlow accumulate in the soil profile. In coastal areas salinity 
is due to direct inundation by salt water or upward or lateral movement of saline 
groundwater. In northeast Thailand the source of salt is a geological stratum 
1-2 in below the ground surface (Sinanuwong and Takaya 19 74). 

Content, nature, and dist-ibutionof'salt. The dominant salts in coastal saline 
soils (and also in northeast Thailand) are chlorides, chiefly sodium chloride. In 
inland areas chloride-sulfates (FAO/Unesco 1973) may be prominent. Sulfates 
may constitute a high proportion of the electrolytes present in acid sulfate soils. 
In submeri.ed calcareous soils, the bicarbonates of calcium and magnesium are 
important; strongly acid soils may have high concentrations of' errous and 
manganous bicarbonates when submerged. 

The salt content of' a soil varies vertically, horizontally, and with season. 
Table 4 shows vertical variations in sa!',uity in some coastal saline soils in India. 
Figures 2 and 3 show the seasonal changes in salinity in the soil and floodwater 
in experimental fields on two coastal saline soils in the Philippines. 

http:submeri.ed
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Table 4. Vertical distribution, of salt in coastal saline soils in India. 

ECea (mmho/cm)
Approx 

depth (cm) West Bergal Orissa Andhra Kerala Tamil Nadu 
Pradesh
 

29.4 31.60-15 14.7 5.6 
31.3
 

15-30 12. 
6.4 12.6 25.6 

19.6
15.130-45 

45-60 12.6 13.4
8.9 16.9 

17.660-75 12.1 19.1 

13.475-100 34.4 9.1 

aElectrical cc.nductivity in the sturation extract. 

EC (mmho/cm) 
5 

4 

3 

2 ' 

I -- =" - -. -, -,,- -- 7,,
% Surface water 

0 I II I 
0 4 8 12 16 

Wee's 

2. Trend of EC in the experimental field, Sinacaban, Misamis Occidental, Phil
ippines, 1978 dry season (source: Interrational Rice Research Institute 1979).
 

pH, nature of clays, organic matter content, and nutrient status. The pH 

ranges 'rom 2.5 for saliie acid sulfate soils to 8.5 for saline alkali soils. The soil 

texture ranges 'rom sandy to clayey and the composition of clay varies from 

predominantly kaolinitic to predominantly montmorillonitic. The organic matter 
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wo',, 

0 4 8 12 16 20 24 
Weeks 

3. Trend of EC in an experimental field, Lubao, Pampanga, Philippines, starting 14 Feb
ruary 1978 (source: International Rice Research Institute 1979). 

content ranges from 1 to 50%, and the nutrient status varies from very low to 
moderately high. 

Inland saline soils have a pH >7. They are low in nitrogen and in available 
phosphorus, but are well supplied with potassium. Coastal saline soils may be 
cutric (fertile), dystric (infertile), calcaric (calcareous), thonic (sulfidic and sul
fatic), or histic (organic). Saline alkali soils and calcaric saline soils are deficient 
in available zinc; thionic saline soils may have problems of alminum toxicity 
and iron toxicity as well as phosphorus deficiency; histic saline soils ae deficient 
in the major nutrients as well as in copper and zinc, and have other problms 
(Table 5). 

Hydrology and relief Hydrology and relief are important in determining the 
suitability of saline lands for rice production. The vast coastal saline tracts of 
South and Southeast Asia are in the deltas of big rivers. Most of them ha". an 
elevation 0-10 in above mean sea level. In the tidal area of the Bangkok Plain 
as much as 54 km inland - the elevation is 1--1.5 in above mean sea level 
(Glopper 1971). The tracts are subject to flooding by fresh water during the wet 
season and submergence by salt water during the dry season when the discharge 
from the river system is low and seawater comes up the creeks and canals. The 
goundwater of the tracts is 1 to 2 in below the surface and is saline with an EC 
of 2 mmho in the wet season and 20 mnlo/cm in the dry season (Central Soil 
Salinity Research Institute 1977). 

Coastal saline soils are subject to tidal flooding. The amplitude of tides in 
India varies from 0 to 6 in (Rao and Dhruvanarayan 1978); in the Philippines, 
van Breemen (1979) reported tide levels ranging from I to 2 in above mean sea 
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Table 5. Some saline soil problems for rice. 

Kinds Accessory growth-limiting factors 

Inland saline soils High pH; deficiencies of zinc, nitrogen, and phosphorus 

Acid saline soils Aluminum toxicity, iron toxicity, phosphorus deficiency 

Coastal acid sulfate soils Iron and aluminum toxicities,phosphorus deficiency, 
dcep water 

Neutral and alkaline coastal Zinc deficiency, deep water 
soils 

Coastal organic soils Deficiencies of nitrogen, phosphorus, zinc, copper, molyb
denum; toxicities of iron, hydrogen sulfide, and organic 
substances; deep water; disease incidence (Pyricularia 
oryzae, Helminthosporium oryzae) 

level for four saline tracts. 
Coastal saline soils subject to tides fall into four main zones (FAO/Unesco 

1973): 
1. the strip nearest to the sea subject to daily tides, 
2. a strip several kilometers wide subject to only exceptionally high tides, 
3. an area where tides exercise their effect through rivers and creeks, and 
4. a wide zone not intluenced by tides but by the upward thrust of saline 

water. 
Zones 3 and 4 are suited to rice production without high inputs on reclamation. 

In the Philippines, coastal saline soils fall into four broad types (Fig. 4). 
1. The first type (not shown in Fig. 4) is wet throughout the year, and is 

not excessively saline. 
2. The second type is flooded with fresh water during the wet season and is 

saline in the dry season because of the intrusion of brackish creek water. 
3. The third type is saline in the wet season because of upwelling or seepage 

of brackish water. 
4. The fourth type derives its salinity directly from tides. 
The first type can grow 2 salt-tolerant rice crops/year. The second type needs 

flood-tolerant varieties in the wet season and short-duration salt-tolerant varie
ties in the dry season. The third type is suited to the present salt-tolerant 
varieties. On the fourth type, salt injury can be severe and rice growing is risky 
(IRRI 1979). Some characteristics of the four types arc summarized in Table 6. 

Salinity and plant growth 
Strongly saline soils are barren. Less strongly saline soils in arid areas are charac
terized by patchy growth of halophytic grasses and shrubs (FAO/Unesco 1973), 
whereas coastal saline soils of the humid tropics and subtropics are characterized 
by the presence of mangrove species (Chapman 1976). 

Most plants suffer salt injury at EC values exceeding 4 nimho/cm at 25 0 C 
(US Salinity Laboratory Staff 1954). But Boyko (1966) states that many crops 
can stand much higher concentrations than generally supposed if the solution 
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Type 2 

Ace,O' 

flood-fed bn 

WETSEASON 

I.f 

DRYSEASON 

L _mL0p 

Type 3 

R-,-

Inst0ut 1979). 

consists of physiographically balanced salts as in seawater. Epstein and Norlyn(1977) grew tomato in sand dunes irrigated by seawater. According to Maas and 

Hoffman (1977), crop yield decreases markedly with increase in salt concentra
tion, but the threshold concentration and the rate of yield decrease vary with 
the species. They describe the effect of salt concentration on yield by the 
equation 

Y = 100 - B (EC - A)e 

where Y is relative yield. A is the salinity threshold value, B is the yield decrease per unit of salinity increase. 

Rice is moderately susceptible to salt injury (US Salinity Laboratory Staff 
1954, Maas and Hofflnan 1977). Susceptibility, however, depends on several 
plant and environmental factors (Ponnamperuma 1977). Salt injury may be due 
to osmotic stress, specific ion effects, ionic antagonisms, toxicities caused by 
ions released by cation exchange, and effects of ionic activities. In flooded soils, 

,salt displaces K%NH4* , Fe +, Mn' +, Ca +, Mg2 + from the exchange sites into the 
soil solution (IRRI 1973). If the salt concentration is not high, this is beneficial 
for rice (IRRI 1978); but in strongly acid soils iron toxicity may esult. 
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Table 6. Some characteristics of six coastal saline soils in the Philippines. 

Deep EC e Organic Iron Zinc Highest
Site Salt source Dep Ee toxicity deficiency (tlha)dyield : 

flooding (mmho/cm) pH matter 
Wa(%) 

Sinacaban, Misamis Occidental Seawater seepage No 2-S 4.4 15.4 Yes No 5.6 0 

Calapan, Mindoro Seawater No 1-12 6.8 6.9 No Yes 4.0 0 

Lubao, Pampanga Creek Yes 6-12 6.9 2.0 No No 1.0 

Taal, Batangas Creek No 1-5 7.8 2.4 No Yes 2.5 0 
7.5 Yes No No 

Aparri, Cagayan Seawater Yes 6 3.9 C

experiment 

Sabang, Camarines Sur Groundwater No 5-8 7.4 3.2 No Yes 3.6 " 

0 
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Most rices are severely injured in submerged soil cultures at an ECe of 
8-10 nilho/cn at 250 C. At an ECe of 8-10 mmho/cm seawater is less injurious 
than sodium chloride, and injury is more severe on acid soils than on calcareous 
soils (IRRI 1975). 

The symptoms of' salt injury in rice are stunted growth, rolling of leaves, 
white leaf tips, white blotches in the leaves, and drying of the older leaves. Salt 
injury at the initiation of the reproductive plhase causes severe sterility. In the 
field, salt injury may be in patches because of uneven salt and water distribution. 

Reclaiming saline lands 
To convert saline soils into productive agricultural land the following operations 
are necessary:
 

pprevention of the influx of' salt water, 
* leaching of salts from tie root zone, 
• surface drainage in areas prone to flooding, 

* addition of' soil amendments to correct soil toxicities such as strong acidity 
or strong alkalinity, 

• correction of nutrient deficiencies, and 
* growing of' adapted, salt-tolerant crops. 
Rice is the crop best suited to saline soils because standing water is necessary 

f'or reclamation. Standing water benefits rice by: 

* diluting the salt; 
* increasing the availability of iron, manganese, nitrogen, phosphorus, and 

silicon; 
* conserving nitrogen and enhancing biological nitrogen fixation; 
* eliminating water stress; and 
* increasing the p1-I of acid soils and decreasing that of alkaline soils. 
Bhumbla and Abrol (1978), Elgabaly (1975), Moormann and Pons (1974) 

and Van de Goor (1966) recommend rice as a desalinization crop. 

Salt-tolerant rice varieties 
For centuries, farmers have grown salt-tolerant rice varieties in the saline tracts 
in India, Burma, Thailand, Indonesia, and the Philippines. But yields were only 
about 1 t/ha. Varieties selected and bred for salt tolerance during the past few 
decades have not fared better. Recognition of the potential of saline lands for 
rice production has prompted an international effort to breed salt-tolerant varie
ties with disease and insect resistance and high yield potential (lkeliashi and 
Ponnamperuma 1978). 

During 1975-78, the International Rice Research Institute (IRRI) screened 

25,800 rices for salt tolerance: varieties from salt-affected regions in Asia, elite 
lines from the breeding program, and the progeny of the salt tolerance hybridiza
tion program. Of the total, 1,495 had an acceptable degree of salt tolerance. 

In replicated field experiments on the coastal saline soils of tilePhilippines, 
the lines IR9884-54-3, IR4619-48-3, and IR4630-22-2 yielded 3.5, 3.2, and 
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1.0-2.2 t/ha for three IR varieties. IR42, although not 
2.6 t/ha, compared with 

gave 5.6 t/ha on a moderately saline soil reclaimed from 
bred for salt tolerance, 


a coastal saline swamp only a year before.
 

On saline soils, rice is exposed to many hazards other than salinity. To sample 

the environments. IRRI has the International Salt and Alkali Tolerance Observa-

Testing Program. In
its InternationalNursery (IRSATON) within Rice 

tional 
IRSATON tests, the following performed well: IR4-1 1, IR2053

1977 and 1978 2
3 4 3 - , iR4763-73-1, Getu, Nona 

436-1-2, IR2058-78-1- , IR4227-10 - , IR4630-2 2
 

Bokra, Nonasail (sel.), and Pokkali.
 

RECO IMENDATIONS 

* The nearly 30 million ha of coastal saline soils in South and Southeast Asia 

potential rice lands. But the distribution and area of saline soils 
offer promise as 

In densely populated countries where 
in the regions are not accurately known. 

is scarce, accurate mafs of salt-affected lands should be made and 
arable land 

their suitability for different crops indicated.
 

* Because saline soils vary widely in characteristics, accessory growth-limiting 

factors should be considered in preparing land suitability maps. 

0 Varietal tolerance for salinity and accessory growth-limiting factors should 

The use of improved, salt
in bringing marginal land under rice. 

be exploited 
tolerant, disease- and insect.resistant rice varieties, coupled with the correction 

will enable farmers to double or triple their present 
of nutrient deficiencies, 

rice growing into surrounding uncul
to expandyields on saline soils and also 


tivated land.
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Phosphorus deficiency in 
tropical soi!s as a constraint on 
agricultural output 
B. DABIN
 

Highly weathered soils in the tropics, such as Ferralsols, Acrisols, 
and Luvisols are generally deficient in phosphorus. The amount of 
phosphorus adsorbed by soils is highly correlated with exch-,ngeable 

aluminum, total iron, organic matter, and low pH. In highly weathered 

soils, the phosphorus is mainly in the organic and occluded forms. 

Iron-phosphorus is dominant in an active form. 
Because the availability of phosphorus in soils is a function of the 

quantity-intensity relationship, estimates of the phosphorus require

ment can be obtained from adsorption isotherms. 
Various soil tests can be used to estimate phosphorus availability. 

Among ordinary chemical tests, the amended Olsen method has gen

erally given high correlation with plant growth for drained soils as 

well as for flooded soils under acid or alkaline conditions. The critical 

limits of phosphorus availability are related to the total nitrogen 
content of the soil 

P - 1 
N 40 

and increases with high fixation capacity. 
Recent trends in phosphorus fertilization are the conservation of 

excessively soluble phosphates by mixing tnern with rock phosphate 
and improving the technology of placement, additional amendments, 
and management practices. Research is needed to determine methods 

of more efficient application of fertilizer. 

ABOUT 100 MILLION t of complete (NPK) fertilizers are used annually in the 
world -- about 25 million t in developing countries (von Peter 1978). Of the 
constituents, phosphate accounts for 25'/,, potash 25%, and nitrogen 50%. Fer-

Office de la Recierchc Scientifique et Technique Outre-Mer, France. 
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tilizer consumption figures vary considerably from one region to another. Some 
African countries use small amounts, but many Asian and Latin American coun
tries have made substantial gains in fertilizer use and themselves produce fer
tilizers. 

It is difficult to give a global assessment of phosphorus requirements because 
they depend on crop density and yield, and variable soil requirements. The 
requirements are also related to the type of soil, length of time and intensity of 
uptake, and to other inputs. 

Tropical soils that have reached an advanced degree of' development seem to 
have the highest phosphorus deficiency probability. A survey by IMPItOS and 
GERDAT (Roche et al 1978) shows that Ferralsols and Acrisols (FAO classifi
cation, ferrallitic soils in the French classifcation) and Luvisols (tropical ter
ruginous soils), as well as Gleysols and Vertisols, in most cases (about 66%) show 
serious to very serious phosphorus deficiencies. Carubisols (soils with inorganic 
reserves) show average phosphorus deficiency, and Fluvisols (alluvial soils) and 
Nitosols (well-structured clayey soils) often show low to no deficiency. The 
nature of the parent rock, pH, the presence of fixing compounds such as ses
quioxides, and the organic reserve are essential factors in the phosphorus resources 
of soils. Over vast areas of the Sahel, soils low in organic matter content are also 
low in phosphorus, but this deficiency is often obscured by an even greater 
nitrogen deficiency. Large yield increases connected with nitrate fertilizer, 
manure, and organic amendments require the addition of phosphorus. Phos
phorus contents of soils in moist regions, which are high in humus, are variable, 
and the N-P2 05 ratios and fixation capacity of those soils - -e predominant 
factors in phosphorus fertilizer requirements. 

CHEMICAL FIXATION OF PHOSPHORUS 

Buffer capacities of soils 
The supply of phosphates to plants depends on the concentration of soluble 
phosphate ions in the soil solution, as well as on the soil's capacity to maintain 
this concentration. The buffer capacitJ, of the soil is represented by the ratio 
of quantity (Q) to intensity (1) and is related to the soil's phosphorus fixing 
capacity (Schofield 1955). 

A graph of adsorbed phosphorus (Q) against phosphorus in solution (I) pro
vides isothermal curves. With it, Olsen and Watanabe (1970) showed that the 
buffer capacity affects phosphate supply to plants, and that for a proper supply 
to roots a low Q-I ratio requires a high concentration, and vice versa. 

Phosphorus concentrations of the soil solution ranged froi 0.3 to 3 ppm 
(Mengel and Kirkby 1978, -lossneret al 1973), but levels of 0.05 to 0.08 ppm 

frequently occur in tropical soils and are regarded as adequate for optimum 
growth of rice plants (Katyal 1978). 

In most acid tropical soils with high levels of iron and aluminum oxides, 
phosphorus adsorption is high and the solution concentration is low. Conse
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quently, the quantity factor must play a major role in plant nutrition. In addition, 
the high temperature in tropical soils leads to a faster replacement of solutions, 
accompanied by a quicker decomposition of organic and inorganic reserves of 
iow solubility. Measurement of the fixation capacity of soils remains an essential 
factor in evaluating tiie levels of exchangeable or assimilable phosphorus so as 
to ensure adequate phosphorus nutrition. 

Not all measu rements of fixation capacity a,: standardized. They depend on 
the ratio of soil to solution. Gachon (1969) defined this capacity as the quantity 
of phosphorus (P2 0) needed to obtain a 2 ppm concentration in equilibrium 
in a 1-4 soil-solution ratio. The percentage of phosphorus in solution can also 
be measured inl a 1-4 ratio of soil to liquid. Examples of measurements (Oliver 
1972, Le Buanec 1973) are shown in Table 1. 

Fixation rates are more or less constant for solutions of between 200 and 
1,000 ppm of an NH4CI extract on air-dried ferrallitic and ferruginous soils 
(lDabin 1970). 

Juo and Fox (1977) determined the requirement as 0.2 ppm phosphorus in 
an equilibrium solution after 6 days. 

Factors affecting phosphorus fixation capacity
 
Effect ofoxidLes. Phosphate ions in the soil solution depend on pH:
 

S|-I211O4 = for highly acid solution, 
SIPO4 = for medium-acid solution, and 

* P04 = for alkaline solution. 
The ions react with exchangeable aluminum or aluminum hydroxide in accor

dance with the following formulas: 

AI+ + H2PO4 - + 22 H20 - Al (01) 2 1-2 P0 4 (insoluble) + H 

OH OH 
A <OH +H 2 PO4 - ,Al<OH +OH-

OH \ H2PO4 

Table 1. Fixation of phosphorus by various soils based on an initial phosphorus concentra
tion of 200 ppm. 

Final conc %remaining 

Soil after 24 hours in 

(ppm P) solution 

Hydromorphous soil, medium organic 
(Madagascar) 0.105 0.05 

Ferrallitic soil on gneiss 
(Madagascar) 0.65 0.3 

Ferrallitic soil in forest land 
(Ivory Coast) 20 10 

Central grassland soil 
(Ivory Coast) 34 17 

North grassland soil 
(Ivory Coast) 62 31 
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on the ratio of 1,20 3 	 to P2 0 5. Clay and allophanes fix 
Fixation depends 

P0 4. The 1: 1 clays fix more than 2:1 clays via the hydroxy groups on the surface: 

X-OH + H12P0 - X-H 2 P0 4 + Oil-. 

is fixed by goethite via 	 reaction with FeOH 
Similarly, in dilute solution P04 

groups on the iron oxide surfaces. 
tile start and then increases slowly with ttle. 

Phosphorus fixation is rapid at 
fixation and can be determined

Physical fixation is distinguished from chemical 

using 0.1 N soda, citrate dithionine, or bicarbonate. Chemically fixed 
by extracts 

through a porous material (Ryden et al 1977).
forms include those that diffuse 

with have shown 	 that as the adsorption period
Isotopic exchange tests P-32 

of adsorbedisotopic exclnge capacity
lengthens. ease of desorption and tile 

isotopic exchange capacity of physically
phosphorus decreases with time. The 

for chemically fixed phosphorus. In 
fixed phosphorrus is 10 times higher than 


Andosols. the complexes containing allophane and imogolite possess tile highest
 

15.000 mg1)205/I '000 	g soil): similarly, iron and 
fixation capacity (8.000 to 

humus, compounds related to allophane, and gelwith 

materials rich in alumina also contribute to phosphorus fxation. 
between the fixation capacity 

alhlinomtt combined 

Correlations established (Roche et al 1978) 

(1 "J69) and other factors measured in 114 soils of various 
according to Gachon 

origins are as follows:
 

with clay and fine 
Fixation capacity with 	 regard to phosphorus correlated 

matter (0.7), total aluminum (0.63), exchangeable aluminum 
silt (0.51), organic 

(0.86), total iron (0.55), all significant at 0.1 ,;.
 

r = 0.3 1, significant
Presence of m1ontmorillonite, vermiculite, illite, chlorite, 


at 17'.
 
= 

Presence of gibbsite, r 	 0.4 significant at 1I,4. 
a correlation with fixation capacity, r = 0.54, signi

Ferralsols-Acrisols have 

ficant at 14'5. 
Effect of pH-value on fixation capacity. The fixation capacity of iron and 

below pHt 5.5; it decreases between pV. 5.5 and 7,
Al. hydroxides is greatest 

is least at pH 7. Above plt 7.5, phosphorus is fixed by calcium and mag
and 
nesium. Tests in Colombia (Gildardo Marin 1977) with 3 t lime/ha on soils of 

with fixation capacity, produced wheat yield increases
volcanic origin, high 


equivalent to those obtained by 160 kg P2 0 5 /ha.
 

Fixation of soluble phosphorus by the solid soil phase 

Chang and Jackson's (1957) fractionation method has been used for studies of 

fixation of soluble phosphorus by the solid soil phase. 

Phosphorus is extracted by means of various successive reagents. Tile quan

itt the various extracts represent soluble phosplhorus and fractionstities of P043 

conventionally as
linked to alutinunlt, iron. and calcium, whic'. are shown 

soluble P, Al P, Fe F, and Ca P, although tlhase are not clearly defined chemical 

of widely differing soils show a good
or mineralogical species. Many analyses 
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relationship between the distribution of soluble phosphorus fractions and soil 
physical and chemical properties. In acid, oxide-rich soils, the Fe P and Al P 
forms predominate. The proportion of Ca P is greatest in calcareous soils. 

Distribution among active forms, occluded forms, and organic forms of phos
phorus in the solid soil phase depends on the degree of evolution of the soil. 

In young soils and intcalcareous or calcic soils, apatite (Ca 1P)predominates. 
As the original materials weather, a large quantity of phosphorus dissolves and 
is lost; another part is fixed in an adsorbed or active inorganic form (non
occluded), and a large fraction evolves toward occluded forms (occluded P) and 
the organic form. 

In a tropical soil at a medium stage of evolution. organic, occluded inorganic, 
and adsorbed inorganic forms of phosphorus each account for about one-third 
of the total. In highly evolved soils, adsorbed active forms diminish in favor of 
organic and occluded forms. For example, in acid Nigerian soils (Alfisols, Ulti
sols, Oxisols, Vertisols; p1. 4.5 to 6), Fe P represents 60',4 of the active form 
when the Fe2 0 3 content ranges from 2-7;(. Ca P is the lowest, and Al P is less 
than I', (Udo and Ogunwale 1977) occupies an intermediate positiol except 
when Fe20 3 is less than 1%. 

Short-term and long-term phosphorus fixation 
Chang and Chu (1961) have shown that when a soluble phosphate is added to 
soils of average moisture content and p1i values from 5.3 to 7.5, fixation after 
3 days is mainly in the form of Al P or Ca P depending on the pI value. In a 

Fixed P2 05 ( ppm ) 

AvailableP 

(modified Olsen) 

600 

Al F 
400

- Soluble P 

Fe P 
~Co P 

200 400 800600 1000 
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1. Chang and Jackson fractionation on enriched soil Sandy hydromorphic soil, Chad. 
3 days contact - soluble phosphate. 
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soil suspension the form Fe 1)may predoniinate even in a short time. After 
100 days, Al P and Ca P decrease and Fe P increases. The increase is particularly 
rapid in a very moist soil. 

In short-term (3 days) fixation test with soils with medium to high fixation 
capa.ity. Dabin (1970) found that tle quantities of phosphorus fixed between 
0 and 1,000 ppm P)205 in various foruis (soluble P,Al 1), Ca P,Fe P) increased 
linearly in relation to the quantity added. The slope of ie lines measured tile 
reactivity of each form. 

In most acid soils with sesquiG:ides, it is Al P (Fig. I) that shows the highest 

i'eactivity; Fe P has a slightly less steep slope, and Ca P a very slight slope. In 
moist goethite-rich forest soils (Fig. 2), it is the Fe P fixation slope that is steep
est. because of its reacuvity in the surface horizon. In soils with a p-I value of 
less than 5.5, soluble phosphorus is very slight; between pI 5.5 and 7.5, soluble 
phosphorus incveases steadily. In humus-bearing calcic soils of p11 7.5, soluble 
phosphorus is extensive, and the Ca P is greater than Al P or Fe P. 

Biological phosphorus fixation 
In soils with high organic content and a high carbon-phosphorus ratio, biological 

fixation of phosphorus in microbial bodies may occur. This fixation is reversible. 

Phosphorus tixation in the case of submerged soils 
Fixation of phosphorus in submerged soils depends on alterations in the forms 

of fixing compounds caused by the drop in El (redox potential). 
Ponnamperunia (1972) showed that the p1t in acid soils grows steadily, and 

tends asymptotically toward pi- 6.7 to 7.2 in high hunmus, iron-rich soils; in low 
humus, iron-poor soils, it levels out at less than p1i 6.5. In calcareou and sodic 
soils, on the other hand, the pit tends to decrease because of accumulation of 
the carbon dioxide ions. 

In submerged soils, iron as ferric oxide is reduced to the ferrous form. making 
it more soluble and likely to migrate. Similarly, Mn+++ is reduced to soluble 

Mn + . Soluble iron and manganese move toward oxygenated surfaces where 

they precipitate again in oxidized form. Iron reduc .. below pH 6,on is greatest 
and slows considera oly at pi1 7 and Aove. Because of the reducing substances 
that organic matter contains, its presence contribtes to "k-lubilization of the iron. 

In an acid nedium-moist soil (pll of 5.4). iron phosphle is insoluble. Under 
flooding the solubility of Fe P (00 kg P2() 5/ha increases from 4 to 12 ppm 
after 10 to 75 days flooding: it reaches a maxiiuuu on the 75th day, then 
decreases between 75 and lO5 days (Kar el 8l1t77). lhe p11 may teach 6.1 at 
the end of the period. The sohlbility of ,,ipcrphtosph ;'. . is very soluble 
(16 ppm) at the beginning of'fluoding. dlCcreaw ,,,-, '.. '., lime and becomes 
less than that of iron phosphate after -15 days v!ibit.,of Fe P isJ....
cmr~e 
parallel to that of iron. 

In slightly calcareous soils, submersion decreases lliophortis fixation and the 
addition of organic matter incre ,ses phosphorus solhbility after 32 days. In 
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2. Chang and Jackson fractionation on enriched soil. Ferrallitic soil, Cameroun. 
3days contact, soluble phosphate. 

calcareous soils a drop in p1-I from 7.4 to 7.1 was probably due to the effect of 
carbon dioxide on calcium carbonate (Slhantamallaiah 1976). Ca P is released as 
the pH drops, and Fe Pand Al P are released when it rises. 

Moisture conditions altered phosphorus fixation (Mandal and Khan 1975). 
The increase of Fe P in acid soils submerged for 30 days was lower than in soils 
kept at field capacity. In neutral soils, on tile other hand, phosphorus fixation 
at various sites remained high regardless of moisture conditions. 

Black clayey calcic soils (Vertisols) present a special case. When they are 
adequately drained (e.g. as for a cotton crop), n,) serious phosphorus deficiency 
occurs. When flooded (rice paddy), however, phosphorus deficiency is frequent. 
These calcium-rich soils of neutral p-I contain fairly large quantities of iron and 
manganese in the clay. 

Fixation capacity, which is not very high in a dry soil because of the neutral 
pH and favorable structure, increases under flooding through an increase of 
contact surfaces with clay and oxides. 

METHODS OF MEASURING AVAILABLE PHOSPHORUS IN SOIL 

There are many methods of measuring available or assimilable phosphorus. (Ac
tually, use of the term labile P is preferred.) Different methods give variable 
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results, according to the type and concentration of extraction reagents, die soil
solution ratio, agitation time, and temperature. Consequently, the results must 
be accompanied by the name of method used. In addition, the data must be 
calibrated with crop tests. 

The best measurement methods are those that give the highest correlations 
with plant growth and yields. Historically, the different methods developed in 
different countries have been found most suitable for conditions (soil, climate, 
plants) in the area where they were developed. Many authors have tried to com
pare the methods and define their conditions of use more clearly. Others have 
done more fundamental research on phosphorus dynamics in soils, using the 
isotope 32P. 

Commonly used techniques 
The traditional techniques using chemical reagents are listed: 

* Organic extracting solutions 
Dyer - 2% citric acid 
Joret Hebert - 0.2 N ammonium oxalate 
Morgan - 0.75 N sodium acetate in 0.5 N acetic acid, pH 4.8 
Egner - 0.1 ammonium lactate in 0.4 N acetic acid, pH 4. 

* Acid inorganicextractingsolutions 
Truog - 0.002 N I 2SO 4 buffered to pH 4.8 with ammonium acetate 
Mehlich or North Carolina method 
0.025 N H2SO4 in 0.5 N HCI 
Other methods using H2 SO4 or FIC at higherconcentrations,0.2 N or 0.5 N. 
Bray I - 0.03 N NH4F in 0.02 N HCI 
Bray 2 -0.03 N NH4 F in 0.1 N HCI 

" Alkaline reagents 
Olsen - 0.5 N NaHCO 3 at pH 8.5 
Saunder - 0.1 N NaOH 
Modified Olsen - 0.5 N NaHCO3 + 0.5 N NH 4F buffered to pH 8.5 by 

NaOH (Dabin 1967) 
0.5 N NaHCO3 + EDTA 

" Water and very dilute saline solution 
Distilled water 
0.01 M CaCI 2 Schofield - equilibrium potential (Aslyng 1964)
 
Anionic resin and soil suspension in water
 

Isotopic methods 
E value - Isotopic exchange with P-32 without using plants (MacAuliffe) 
L value - Isotopic exchange with P-32 using plants (Larsen) 

Many scientists have adopted the isotopic techniques. The traditional tech
niques are most often used as routine laboratory methods. Other methods are 
research tools for learning more about phosphorus dynamics, particularly its 
rate of desorption in relation to i:ue. This is the case with Fardeau's isotopic 
methods and also the use of adsorption isotherms. Phosphorus extracted by a 
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strong acid (concentrated nitric acid or perchloric acid) is routinely used for 
tropical soils. 

Comparison of methods 
Many reports provide comparison among methods. Soils in 43 different regions 
on all 5 continents have been tested by 43 authors using the techniques men
tioned earlier. Recent studies of soils of both temperate and tropical regions
include van Raij's comparison (1978) of 12 different methods. The selection 
criterion is restricted to results of pot tests with measurement of the phosphorus 
extracted by test plants in the absence of phosphate fertilizers but with all other 
conditions for plant development. 

The Olsen and Bray methods are frequently used and show fairly consistent 
correlations with pot results; the results of other chemical methods vary more 
from one region to another. Of all chemical methods Olsen's appears to give tie 
best results. One reason for its overall superiority is that, unlike other methods, 
it gives good correlations for both submerged and aerobic soils, even with air
dried soils. 

Acid reagents appear to be less effective for tropical soils high in sesquioxides, 
where labile phosphorus consists mainly of Al P and Fe P. Better extraction is 
obtained by Olsen, Bray, and resin methods. The Olsen method is also effective 
for acid and saline soils. 

Roche et al (1978) used 168 different soils, graded according to the FAO/ 
UNESCO classification, to show correlations between phosphorus uptake in pot 
tests and the results of analyses of soil phosphorus using a number of methods. 
The best correlations for all soils (0.884) were by the Gachon (1969) index. 
The L value (0.796), Dabin-modified Olsen method (0.633), and the Saunder 
method (0.613) are all significant at 1%. 

Other methods are. more difficult to use. Anionic resin gives the best results; 
isotopic techniques (E and L values) give satisfactory results but they are slightly 
inferior to those using resin. 

Relations between assimilable phosphorus methods and Chang and Jackson
 
fractions
 
Chang and Juo (1963) correlated results obtained by routine assimilable phos
phorus analysis techniques with forms of phosphorus. Acid extracts represent
 
assimilable phosphorus better when Ca P predominates; alkaline extractants 
are 
better when Fe P and Al P predominate; mixed extractants (Bray, amended 
Olsen), which contains NH 4 F, are better when the different forms are balanced. 

For rice grown in pots with soils where Fe P predominates, alkaline extracts 
give the best correlation with the response to phosphate fertilizers; the correla
tion is not so good with acid-fluoride extract, and poor with an acid extract. 

Alban et al (1964) investigated the reduction in certain fractions in pot tests 
in correlation with uptake of phosphorus by plants in reddish-brown lateritic 
soils in Oregon. The quantity of Al P (NH 4 F extraction) lost during crop growth 
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showed the closest correlation with phosphorus taken up by oats and clover. 

Maida (1978) made a recent comparison of nine methods on Malawi soils. 

These methods correlate significantly with one another. Aslyng P and Morgan P 

variations correlate with the phosphorus fraction related to soluble phosphorus: 

Al P is in correlation with Dyer, North Carolina, Olsen, Bray 1, resin and acetic 

acid. Fe P is the second variable contributing to total variation of phosphorus 

extracted by 0.1 N NaO-l, Olsen P, North Carolina P, resin, and Dyer, in decreas

ing order of importance. Fuleky (1977) shows that lactate solutions mainly dis

solve Ca P, and alkaline solutions to a lesser degree dissolve Al P and Fe P. 

Using 73 Indian soil samples, Kanwar and Tripathi (1977) compared Bray, Olsen 

and Morgan. and forms of phosphorus extracted by Cliang and Jackson. Ca P 

formis have little effect on Olsen and Bray 1, but partly explain results with 

Mogan; Al P, and Fe P fractions contribute significantly to Bray I and Olsen 

extractions, which are similar in their phosphorus form extraction diagrams. 

Some characteristic levels of phosphorus in soils 
Total phosphorus in tropical soils ranges from 50 to 2,000 ppm P20. The poorest 

are the sandy savannah soils in arid regions, and the richest are those formed 

from volcanic rocks in humid regions. 
In 1956 a relationship between the total nitrogen (Kjeldahl ) and total phos

phorus content was established (Dabin 1950) in the upper horizon of numerous 

tropical African soils. A linear relationship exists between nitrogen and phos
a0.1':' P2Os, with 

N-P2 05 ratio of about 2. Above 0.1V N and 0.05% P2Os, the increase in phos

phorus is less than proportional. The N-P2 05 ratio can reach 4 for 0.8/ , N. Em

pirically, the average representative curve of N against P2Os corresponds approxi
to 

phorus, between 0.02 and N and 0.01 and 0.05% of total 

mately to critical levels of 1320s below which phosphorus deficiency begins 

appear. 
These results have been confirmed for a number of crops: with nitrogen levels 

of 0.025, 0.045, and 0.1 to 0.14%, P2 0 wasO.012/7 forpeanut in Senegal (aridic 

or rice in the Niger Delta (alluvial soils,sandy soils), 0.02 to 0.025(/ for cotton 
Gleysols, Vertisols), and 0.05 to 0.07% for cotton or corn in the Ivory coast 

(Alfisols, Luvisols, Acrisols). 
In 2 soils in rice in Madagascar, total P20, ranged from 0.075 to 0.17% for 

respective nitrogen contents of 0.15 to 0.46% (Pichot et al 1976). The first soil 

responds to 100 kg P2 O5/ha, but the second reacts only to larger amounts because 

of its high fixation capacity. This relationship between total phosphorus and 

plant response may be due to the fairly constant percentages among the various 

forms of phosphorus in highly weathered tropical soils: 

* Active forms (Soil P, Al P, Fe P, Ca P) 10 to 20% of total
 

" Organic forms 10 to 30% of total
 

* Occluded and residual forms 50 to 80% of' total 

Soils formed from basalt rocks are often richest in phosphorus because of the 

phosphorus content of such rocks, and also mainly because of the high iron and 

organic matter content in soils formed from basic rocks. 



Phosphorus deficiency in tropical soils 227 

Available phosphons. Critical levels of available phosphorus are the amounts 
in the soils when the ratio of the yield from complete fertilizer minus phosphorus 
to the yield with complete fertilizer exceeds 80'; of maximum yield. This value 
depends on the method of' measurement, sometimes on the crop, but mainly on 
the absorbing capacity of the soil it also depends on other conditions such as 
physical properties. 

When measured by the amended Olsen method (0.5 NalICO3 +0.5 N NI-14F) 
with cotton on ferruginous soils in the Ivory Coast. 48 to 60 ppm P205 
(25 ppm P) gave 86 to 89/%of maximum yield and a level of"0.36% P in leaves 
(Dabin 1970). The figures were confirmed by Fritz and Vallerie (1973) for 
cotton on various soils in northern Cameroon. 

Working with corn in northern Ivory Coast, Le Buanec (1973) reported a 
critical level of 26 to 32 ppm P in low-fixi., soils, and 72 ppl P in a ferrallitic 
soil with high fixation capacity. Pichot and Le Buanec (1978), working with 
ferrallitic soils derived from gabbros in the Ivory Coast, calculated correlations 
of 0.2 to 0.351,'V = 0.778) between corn yield (2--6 t/ha) and phosphorus con

=tent in leaves: for the Saunder method (r 0.799), amended Olsen (r = 0.739), 
=total phosphorus (r 0.473), and L value (r = 0.786). Critical levels were leaf P, 

280 ppm: L (Larsen), 30 to 35 ppm P; amended Olsen, 60 ppm P; Saunder, 120 
to 135 ppni P. 

Pichot et il (1976) studied two Madagascar rice-growing soils with nitrogen 
contents of 1.55%and 4.6/, Gachon fixation levels ot'485 ppm and 1,050 ppm P, 
total P of 377 and 875 ppm, Olsen 25 and 268 ppm, Sander 166 and 402 ppm, 
Truog 0 and 5 ppm, Larsen 33 and 69 ppm. One soil produced an additional 
1 t/ha with 100 kg P20: the other soil responded only to higher alnounts. 

In fertilized plots, correlations between yields and all analytical methods, 
except Truog and Sa1under, are highly significant; modified Olsen and total phos
phorus are more suitable for rice (Gleysols). 

Synthetic data relatingto criticalphosphonis levels. Roche et al (1978) pro
vide critical levels for different methods for a large group of soils. The levels 
range from 250 to 450 ppm for total P,70 to 780 ppm for Saunder, 10 to 17 ppm 
for Bray 2, 30 to 70 ppm for amended Olsen, ;0 to 140 ppm for carbonate 
(Dalal), 15 to 40 ppm for L value, and 4 to 9 ppm for Gachon index. The levels 
are lowest for Luvisols and highest for Gleysols, which correspond to the group 
with high fixation capacity. 

For modified Olsen P, the following empirical rule is generally given: for 
average to low fixation capacity, the minimum critical phosphorus level is esti
mated at 2.5;/ of the total nitrogen rate; for a high fixation capacity that level 
can be doubled. For a very high fixation capacity the level can be increased even 
further. 

Using NH4CI extract of air-dried soil after the addition of 100 ppm of soluble 
phosphate, an average fixation capacity is less than 10% of the phosphorus re
maining in the extract; a high fixation capacity is less than 1% and very high 
is less than 0.1%. 
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PHOSPHATE FERTILIZATION 

A large number of experiments have illustrated the effectiveness of phosphorus 
fertilizers. The main probfertilizers, particularly in combination with nitrogen 

lems involved are diagnosis of fertilizer requirements and quantities to be used, 
and applicationdetermination of most efficient forms of fertilizers, placement, 

dates, and economic factors. 
be diagnosed by soil analysis, or by subtractive pot and fieldDeficiencies can 

tests. The effect of fertilizers on increasing or decreasing nutrient levels can also 

be determined by analysis. 
The quantity of phosphorus needed depends on the kind of plant and the 

desired yield. One ton of wheat take3 up 20 kg P2 05 , and a ton of rice takes up 

at harvest can provide a basis for estimating25% of that. Crop composition 
annual fertilizer needs, but tests with tracers have shown that about 20% of 

80% remains in the soil.phosphorus fertilizer is used by the plant and about 

Forms of fertilizers have variable levels of solubility, and give different reaction 

products with the soil. 
iron content, 86% of the phosphorus inIn flooded soils with a high active 

but naturalsuperphosphate was converted in 15 days to a low available form, 

phosphates or basic slag maintained a higher availability level. Most quantitative 
as anmonium phosphatesfertilizer tests have been done using soluble forms such 

the determination of quantitiesor superphosphates, with the initial objective 

the highest yields. The response curve method (Chaminade 1964) conthat gave 
sists initially of deternmning the quantity of nitrogen providing maximum yield 

in the presence of excess phosphorus and potassium, then invest,.ating tie effect 

of increasing amounts of phosphorus in the presence of the optimum amount of 

nitrogen, etc. 
The amount of phosphorus corresvonding to the maximum yield or potential 

be the basis for a corrective application, after which ferfertility of the soil can 
tility can be maintained by minimum applications based on yields. This method, 

which has given spectacular results in Madagascar, involves high investment costs 

and is not always suitable for small holdings. 
Methods that determine previously maximum quantities of fertilizers to be 

applied involve investigating the best balances among elements. Examples are 

the systematic variant method applied by Braud et al (1959) to cotton crops, 
are still used. These methods, appliedand the so-called factorial methods, which 

in experimental :enters, have facilitated the establishment of fertilizer formulas 

for various crops throughout large regions. 

In many developing countries local products are used with techniques that 

will ensure maximum efficiency in the use of expensive imported fertilizers. 

There has been progress in research into methods of application, placement, date 

of application, position in crop rotation, and the use of supplementary products. 

Maertens' (1978) investigations of fertilizer placement have shown that roots 

can absorb 15 to 20 times the plant's needs, but placement must not slow down 
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the development of other roots and adequate water supply must be ensured. 
Absorption increases in relation to the concentration of soluble phosphorus in 
the soil and proper placement increases fertilizer efficiency in a soil with high 
fixation capacity. A small number of roots in a rich soil can feed a whole plant. 
Another factor is the level of absorption of phosphorus by young roots at the 
beginning of growth, on which complete nutrition of tie plant may depend. 
Finally, by reducing contact between soluble phosphate fertilizers and the mass 
of soil, fixation is reduced. 

Submerged soils 
In connection with soluble superphosphates for rice crops, Katyal (1978) noted 
that fertilizer broadcast on the soil surface is more efficient than the same fertil
izer placed at I 5-cin depth. Fertilizer applied in one operation (50 kg P2 0/ha) 
at the beginning of cultivation is more effective than that applied late or in split 
applications (60 kg P2 05 /ha in three 20-kg applications). 

Dipping the rice roots before planting in a mixture of soil and superphos
phate reduces by 50'/, the quantity of phosphorus needed for the same increase 
in yield (Katyal 1978). The dip mixture can be made with superphosphate or 
nitroplhosph ate. 

Placement is different if rock phosphate of low solubility is used. The effec
tiveness of rock phosphate depends on its fineness and solubility in citrate 
(Hammond et al 1977). The effectiveness increases as the amount applied in
creases and is incorporated in the soil. 

Absorption by plant roots of phosphorus from fairly insoluble phosphorus 
sources depends partly on the probability of the roots' growing near enough to 
phosphorus particles to absorb them from the surrounding solution. According 
to Blanchet (1978) the effective distance is only 1 mm for phosphorus compared 
to 5-10 mm for potassium. 

Comparison of soluble phosphates and rock phosphates 
Superphosphates and hyperphosphates, like amnioniumn phosphate, are used 
widely throughout the world. In most soils, particularly those with low pH, crop 
response is better than with most rock phosphates, mainly in short-term tests. 
Over longer periods, for example after 14 years' application, the increase in 
labile phosphorus is higher for rock phosphate and residual effects on crops are 
high (Mandal 1975). In a soil of p-I 5 after 8 years of fertilization, superphos
phate increased Fe P, but rock phosphate increased all fractions. In lateritic and 
acid soils in India, citrate-soluble phosphate fertilizers and rock phosphates can 
replace water-soluble phosphates, but applications have to be at least twice the 
amount of superphosphate on the basis of 1320s content. 

In flooded rice soils, where the phosphate is incorporated into a humid soil 
3 weeks before flooding, Ca P (citrate-soluble and slowly-soluble) is converted 
into A] P, thus increasing P availability by hydrolysis and solubilizing Fe P by 
reduction. These changes do not occur in neutral or calcareous soils and in this 
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case the addition of organic matter may have a beneficial effect. 
For many crops, rock phosphate may be as effective as superphosphate in 

quantities of 100 kg/ha after 3 years' application. For higher levels of natural 

phosphate, the available phosphorus is significantly higher. Another series of 

experiments has shown that it may be better to apply a certain quantity of 

superphosphate in addition to rock phosphate, e.g. 33 the first year, 25% the 

second year, and none the third and fourth years. Rock phosphate may also be 

partly acidified wth li 2SO4, 113P0 4, or HNO 3. Phosphoric acid is best but 

20% HN0 3 is also cffective. In general, phosphate fertilizers containing 20 to 

50% soluble phosphorus were as effective as those completely soluble. 

Amendments improving the effectiveness of phosphate fertilizers 
It has been found that liming acid ferrallitic soils improves phosphate uptake by 

plants. Organic matter encourages plant growth and rooting, thus causing greater 

phosphorus mobility. It may, however, increase the phosphorus fixation capacity 

of oxide-rich soils, which become more reactive in the presence of organic matter. 

Loss of organic matter in the surface horizon of soils causes loss of phosphorus. 

In calcic or calcareous soils, organic matter increases phosphorus solubility. 

CONCLUSION 

Tropical soils usually possess limited phosphorus reserves and have high absorb
reservesing capacity. Economic application of fertilizers should allow these to 

be increased economically and gradually to improve general soil fertility. Future 

research could cover better integration of the results of analysis of phosphorus 

with other soil properties - morphological, physical, and chemical. Because 

phosphorus fertilization depends on general plant-rooting conditions related to 

multiple factors as well as to phosphorus content, computer models may help. 

Regarding laboratory research, the dynamics of phosphorus desorption in tropical 

soils must be defined. More sensitive techniques for measuring phosphorus in 

solution should be developed. 

The action, as well as the residual effects, of organic matter and of phosphate 

fertilizers must be defined in long-term experiments. 
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Sulfur deficiency in soils

in the tropics as a constraint
 
to food production
 
G.J.BLAIR, C. P. MAMARIL, AND M.ISMUNADJI 

Soils of the tropics generally have low levels of organic sulfur, and 
adsorbed sulfur is often the major reserve of this element. The addi
tion of lime or phosphate to soils decreases sulfate adsorption and 
may significantly reduce their sulfur status. 

Responses to sulfur are widespread in the tropics and have been 
recorded in 40 tropical countries with 23 different crops. Suggested 
reasons for the widespread nature of the deficiency are presented. 

Published information indicates no association between sulfur defi
ciency and soil or climatic factors that would be useful for predicting 
areas of likely deficiency. 

The major problem encountered in examining published data on 
soil and tissue tests was that of chemical methodology. Although soil 
and tissue tests for sulfur have been extensively used in temperate 
areas and on some tropical crops care is needed in deriving acceptable 
criteria for diagnostic purposes, a suggested approachand to this 
problem is presented. 

There is an urgent need for experiments that examine the effects 
of sulfur fertilization on the yield and quality of tropical crops and 
pastures if this constraint to food production is to be reduced. The 
experiments must examine sulfur in its own right and not simply as 
a secondary component of other fertilizers. 

ALTIOUGII [1IIE ESSFNTIALITY of sul 'ur as a plant nutrient has been known for 
ltore Ilhan 100 veis. the clement has received relatively less attention in labora
tory. greehllos,e anld ield research than that received by the big three - nitrogen, 

Department of Agronomy and Soil Science, University of' New England, Armidale,
N.S.W., 235 1,Australia; Cooperative CRIA-I RI Program, P.O. Box 38, Ujung Pandang,
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phosphorus, and potassiumi. This is explained ill oart by the fact that, in many 
instances, the use of nitrogen and potassium fertilizers containing sulfur has 
masked a detficiencv of sulur. Moreover. given the current state of the art, sulfur 
analysis in biological material is dilTicult. 

In general, plants contain as much sulfur as potassiumi .-. :" 0.25',(). 
The ratio of nit rogen-sulfur in plant protein is generally considered relatively 
conlslalt at 15:1. 

Sulfur def'iciency affects not only plant yield hut also protein quality through 
its effects ol the synthesis of the amino acids cystine. cysteine, and nlethioninc. 
Since methiollille is all essential amino acid for humans, decreases ill grain 
methionine levels as a result of sull'ur deficiency may have serious implications 
for human nutrition and health. Zake (I972) found that sulfur fertilization ill
creased lhe inethionine level of finer millet such that the quantity needed to 
meet the daily sulfur amino acid re(luireCnnt of' an adult was i'educed frol 
1,32i g/cav to 725 g/dav. 

Sulfur present in soils as the anion .;ulfate undergoes many reactions, similar 
to those of nitrate and phosphate, and its strength of adsorption to surfaces is 
intermediate between that of the two ions. 

While some complete studies of sulfur have been conducted in temperate 
areas of' the World, little research on sulfur in the tropics is available. 

SOILS OF TIE HUMID TROPICS 

The great variation in the age and character of soil parent materials in the tropics 
gives rise to a wide range of' soil types. The intensity of' weathering is generally 
high because of the high-intensity rainfall and high relatively constant soil tem
pera tures. 

The highly weathered soils from the tropics contain mostly 1:1-type clays 
(kaolinite and halloysite). which have a low cation exchange capacity and gen
erally high uxide content. Most of these soils are tIme Oxisols and Ultisols which 
cover large areas of the humid tropics. The pI is generally acid with the most 
acid soils found ill the rainy regions of time area. Acid soils of comparable age 
and parent material of' the low rainfall or wet-dry areas, in general, have higher 
p1-I than those in wet areas partly because the organic matter is generally higher 
in soils from the latter area, and tile bases fron this source help to maintain soil 

plI levels. As cropping depletes the level of soil organic mat ter, the supply of 
bases declines as does the soil p1H. 

Soils of the humid tropics are 'ormed under conditions of high moisture per
colation, and removal of' bases f'om the profile is rapid. As the bases are leached 
from the profile, they carry with them the anions of chlorine, nitrate, and sulfate. 
In experiments by Pearson et al (1962), 90, of' the water-soluble bases were 
leached as sulfates from the acid Latosol and Ultisol profiles; chlorides and 
nitrates accour-ed for only about 6% and V;(. 
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Soil sulfur 
Tropical and temperate soils differ in both the total amount of suilur and its 
form. As with phosphorus, soils of the temperate region show a,decline in total 
sulfur content with the degree of weathering. Jordan and Reisen ater (1957) 
report average values of 540 ppm sull'ur for Mollisol and 2110 ppn for Altisol 
surface soils from the temperate areas. Generally, the total sulfur content of 
tropical soils is lower because of their lower organic matter content. A stimImary 
of data on total sulfur contents of topsoils from tropical areas is piven inl Table I. 
Althotlgh the ranec is realt. the mean (106 ppm) is well below the average values 
for temperate soils given by Jordan and Reisenatier (1957). 

Sulfur is found in soils as a variable mixture of primary minerals, sulfate ions 
in solution, adsorbed sulfate, organicallv bounot ester sulfates, and organic sulfur 
Compoun ds. 

Although sulf'r da(kta ontropical soils are limited, those available sugest some 
important differences between the forms of stulfur present in tropical and tem
perate soils. These imay be suummarized as follows: 

1. Adsorbed sulfur is generally higher in tropical soils (Fig. 1). In this state 
it caniuot be leached from the profile. 

2. Organic sulfur and ester sulfate, which may be thought of as reserve S, aie 
generally lower ill tropical soils. 

3. Environmental conditions in the tropics are generaliy conducive to a rapid 
mineralization of organic matter, which leads to iiih turnover rates of- sulfur. 
An exception is the volcanic soils (Andepts) in which adsorption of' organic 
matter on the particles of allophane retards mineralization. 

SULFUR DEFICIENCY IN TIlE TROPICS 

In his review of sul fur in world crop production, Coleman (1966) reported sulfur 
deficiency in 12 tropical countries. He noted that the number of reports of 

Table 1. Total sulfur values for a range of soils from tropical regions. 

(n. en 
(no.) Mean Range 

Location Soils Total S (ppm)RneReference 

Malawi 14 66 35-139 Laurence et at (1976) 
Nigeria 3 43 38-52 Bromfield (1972)
W. Indies 8 248 110-510 Haque and Walmsley (1973)
N. Cameron, Chad, 31 70 20-300 Dabin (1972) 

Ivory Coast 
Brazil (virgin) 4 103 40-251 McClung et at (1959)
Brazil (cropped) 6 49 27-67 McClung et at (1959) 
Nigeria - - 18-132 Watson (1964) 
Zambia and Rhodesia - - 60-100 Grant et at (1964)
Brazil 6 166 43-298 Neptune et at (1975)
 

Mean 106
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Plant available Immobilization Organic sulfur
 

sulfate Mineralization compounds
 

Brazil 

Soluble (8) I 
Adsorbed 11) Ester OrganicH(85) (62) 

Iowa 

Soluble (14)
 
Adsorbed (0.3)
 

Ester Organic 
(174) (131)
 

I. Soil sulfur pools in samples from Iowa tUSA) and Brazil. Tite numbers in brack
ets represent ppm (drawn from the data of Neptunc et a) 1975).
 

sulfur deficiency was increasing because of: 
1. tile increasing use of iigh-analysis, low-sulfur fertilizers; and 
2. the increased sulfur demand brought about by increases in yields obtained 

as a result of other technological advances. 
A greater nluber of expeliilents have been conducted where sulflr has been 
studied as a nutrient in its own right. Ii many early experiments, responses to 
fertilizers such as ammotlium sulfate, potassium sulfate, zinc sulfate, and single 
sttperphospiate have been at tributed to tile nitrogen, p0tassitml, zinc, and phos

pliortis components of the fertilizer, and the potential response to sulfur has 
been ignored. 

Response to sulflr has been reported in 40 countries of the tropics (Fig. 2). 
Figure 2 reflects the availability of published information rather than the litlita
tion of the deficiency to those countries. 

The available data are insufficien, to permit an estimate of the actual area 
that may be sulftur deficient in tile tropics or of the expected magnitude of' 
sulfur response. The small amount of published data, however, suggests that the 
problem is widespread and severe. A summary of' these data follows. 

Kenya- 133 pot trials; 71% showed yield depressions of >20'/ without 
sulfur (Miellich 1970). 

EastAfrica - 202 field trials; 18(/%showed yield depressions of >30% with
out sulfur (Brand 1970). 

Brazil -- 21 pot trials; 81% showed yield depressions of >25% without suilfur 
(McChung et al 1959). 

Nigeria - 45 pot trials; 17 )%showed yield depressions of >20% without sulfur 
(Enwezor 1976). 



t 

2. Countries marked with a dot are those where sulfur deficiency has been recorded (Blair 1979). 

0 
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Senegal - 29 field experiments showed an average sulfur response of 7 1 kg 

peanut yield/ha in a total fertilizer response of 522 kg/ha (Brockelee-Morvan 

and Martin 1966). 
Indonesia - 28 field trials with rice: yield responses >20A at 77% of sites 

(Blair et al 1979a). 
The reasons for a soil's deficiency ill sulfur can be grouped broadly into three 

areas: I) inherently low initial sulfur status. 2) low availability of sulfur

containing soil organic matter, and 3) the result of agricultural practicLs. 

Inherent sulfur status 
As indicated earlier, the highly weathered soils that occupy large areas of the 

tropics have low total sulfur contents because of low sulfur in the parent materials 
or to extreme weathering and leaching losses, or to both. 

Few data are available on the sulfir status of virgin tropical soils. McClung 

et al (1959) found that all five soils collected from under virgin hardwood 

forests were responsive to sulfur and that tile deficiency became severe after 

cropping. In contrast, Eiiwezor (1976) found that two soils collected from 

virgin lowland rain forests ill southeastern Nigeiia were nonresponsive to sulfur. 

Low availability of sulfur-containing soil organic matter 
Sulfur deficiency frequently occurs in soils derived from volcanic parent
materials. In such soils, which are common in Central America (Fitts 1970), tile 

organic matter is closely associated with allophane and the mineralization of the 

allophane-bound organic matter, i.e. the rate of release of sulfate S is vciy low. 

Plants ol such soils are often sulfur deficient despite the fact that the soil is high 
in organic sulfur. 

Agricultural practice 
Sulfur deficiency often develops in the tropics after a period of agricultural 

exploitation. Tho major factors that contribute to its onset are crop removal, 

organic matter losses, leaching and erosion losses, and fertilizer use and manage
iment. 

Crop remo'al. Cropping intensity affects the amount of a product or products 

removed in a cropping system; the more intensive tile cropping system, the 
greater the product removal and sulfur demand. 

The typc of crop grown (annual or perennial) and its total sulfur requirement 
will govern the tota amount of' soil sulfur utilized. The net requirement is 

governed by thL. amount of sulfur removed in the product and the fate of the 
plant residue. 

In a iatural bush ecosystem the sulfur demand is low b-,'ause of the low 
growth rates and the efficient cycling of sulfur in the system. When this vege
tation is replaced by an agricultural crop, the sulfur demand increases con

siderably. The magnitude of the increase will depend on both the sulfur content 
of the product and its yield, and tile fate of crop residues. 
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An example of variable crop removal is found in published data for rice. 

Sulfur contents of the rice grain vary fron 0.034% under deficiency conditions 

to 0.16% in a nonresponsive situation, and rice grain yields may vary from 0.75 

to 8 t/ha. The sulfur demand thus ranges from 0.26 to 12.8 kg/ha. 

A further factor to take into account when considering the effect of crop 

removal on sulfur demand is the zone of removal in the soil. The generally deeper 

pattern of rooting of perennial crops enables them to utilize sulfur that has been 

leached into lower soil zones, particularly on soils with a clay or oxide layer at 

depth within the rooting zone. 
The values in Figure 3 are for average crop yields; they represent the material 

actually exported from the field and include residue that may or may not be 

returned to the field. The removal of the residue contributes significantly to 

losses in some situations (sorghum, millet). 
Incorporation of crop residues back into the soil may, in some instances, 

decrease plant-available sulfur. Stewart et al (1960) found a net immobilization 

of soil sulfur when wheat straw with less than 0.15% sulfur was added to the 

02Z Rubber 

3.0 Maize 

33 Cotton 

3.7 Coffee 

49 Banana 

5.6 Cocoa 

10 Peanut 

105 Pineapple 

11Sorghum 

5 Coconut-13 
............. ...... 20 Millet
 

_______________________________________________20 Palm oil 

3. Sulfur uptake by different craps of average yields. Htatched areas represent product 
that may or may not be returned to the field. The number before the crop name istotal 
removal in kg/ha (Martin-Prdvel 1972). 
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soil. In a review of published literature, Blair et al (1978) found only two cases 
where the sulfur content of rice straw was above that level. This aspect of straw 
management requires further sttdy. 

The recycling of sulfur illcrop residues is important in livestock systems
where the residue material is used as an animal feed or bedding. Decau (1972) 
preseuted returns from various straw management systems that varied from 7V(
from grazed forage down to 50'1' where grain was sold and straw used as a manure. 

Organic matter losses. One major consequence of cropping a tropical soil is 
the loss of organic matter. Since organic matter acts as a reserve of sulfur ill 
soils, the losses have serious implications for the soils' sulfur-supplying power. 
Experiments by McClung el al (1959) showed that cropping reduced the organic 
sulI
fur levels in four Brazilian Ultisols from 115 to 42 ppm.
 

In many parts of the tropics, burning of plant matter, which is an integral
 
part of'farming, can be an avenue for sulfur loss. When carbon is burned ofTby

combustion, there is a concentration o sulfur in the ash. Bromfield (1974) has
 
shown that the sulfur content of ash can be 2 to 10 times higher than that in
 
dried plant material. The actual values depend on the ignition conditions and
 
plant species. In sulfur studies in northern Nigeria, Bromfield (1974) found in-
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4. Fertilizer product consumption patterns, 1955-80 (after 
Hignett 1971). 
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puts of 0.05 to 0.25 kg/ha fron ash during the dry season. In areas of prevailing 
winds, sulfur loss may be high, but in regions of variable winds tile gains may 
equal the losses. One additional consequence of burning is that organic forms of 
sulfur are converted to inorganic forms which, at tile beginning of the rainy 
season when fields are bare, are susceptible to leaching losses. No data are avail
able on this form of loss. 

Sulfate in readily soluble fertilizers and produced by the mineralization of 
organic matter enters the soil solution where it is leached if it is not taken up or 
adsorbed. In Nigerian field studies, Bromfield (1972) observed sulfate move
ments in soil. Sulfate that was mineralized from organic matter moved down 
the profile and accumulated at depth. 

Losses from leachingi and erosion. Data on losses of sulfur due to erosion are 
not readily available. Since a large proportion of the sulfur present in the soil is 
in the organic matte and this is often accumulated on the soil surface, losses 
from wind and water erosion may be high in some circumstances. 

Fertilizer use anl mnawgement. Direct inputs from sulfur-containing fertil
izers are major sulfur sources in agriculture. Fertilizer sulfur additions are 
generally made as a secondary component of ammonium sulfate, single super
phosphate, potassium sulfate, or compound NPK fertilizers, but in some places
sulfur is applied as a primary fertilizer. The declining use of conventional sulfur
containing fertilizers is a major concern in the tropics (Fig. 4). 

Since adsorbed sulfur is a majoi source for plants in weathered tropical soils, 
the use of nonsulfur-contlining phosphatic fertilizers may aggravate the sulfur 
problem by replacing adsorbed sulfate with phosphate. In this regard two aspects
of sulfate adsorption are important. 

First, phosphate ions will replace sulfate ions on charged surfaces. This effect 
is shown in the work of Barrow (1969); in the soil used in his experiment, sul
fate adsorption showed an almost linear decline with added phosphate, i.e. 
where phosphatic fertilizers are added to a soil, the phosphate ions would be 
expected to remove sulfate ions from the clay, oxide, or organic surfaces. The 
displaced ions are then free in the soil solution and can be leached into the pro
file and either lost in percolating water or readsorbed at a lower depth. This 
appeared to be the case in the experiments of Bromfield (1972) where the 
sulfate level in the 0 to 7.5-cm layer declined from 10 ppm where ammonium 
sulfate and single superphosphate had been applied. The reduction occurred 
despite the addition of an extra 277 kg of S in superphosphate/ha over the 
19-year period of the experiment. In this work most of tile applied sulfur was 
retained in the top 180 cm of the profile, but the zone of major accumulation 
was below 20 cm. 

1he second major effect of other fertilizers on sulfur nutrition is that brought 
about by pH changes. The adsorption of sulfate depends on concentration and 
pH (Kamprath et al 1956), i.e. the application of fertilizer materials (rock phos
phate) or soil amendments (lime) that increase soil pH may decrease sulfate 
retention. 
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ENVIRONMENTAL FACTORS AND SOIL AND PLANT ANALYSIS
 
IN DIAGNOSIS OF AREAS DEFICIENT IN SULFUR
 

In attempts to identify areas that may be sillfur deficient or to indicate areas
 

where the problem may arise, an association between sulfur status and some
 

factor in the environment would be extremely useful. Alternatively, the analysis
 

of soil or plant samples may be useful. The discovery of such relationships could
 

obviate or reduce the necessity of conducting costly Field experimclts and lead
 

to aii !iilier recognition of problem areas.
 

Environmental factors and sulfur status
 

Rainfall. II northern New South Wales. Aust ralia. McArthur and Spencer (1970)
 

found that sullfur responses were lowest oil soils 'rom areas of highest rainfall.
 

Soils from such areas also had the greatest sulfur adsorption capacity and re

tained stillfa te against leaching. Although rainfall and sulfate adsorption capacity
 

have been related, the relationship varied between soil types (Barrow 1970).
 
The relationship between adsorption capacity and rainfall can be complicated 

by other factors. Negative correlations between rainfall and pI and rainfall and 

sulfur response and a positive correlation between rainfall and sulfate adsorption 

were found on the Dorrigo soils used by McArthur and Spencer (1970). They 
may not indicate a cause-and-effect relationship between sul fb r responsiveness 

and the imeasured parameter. Sulfate adsorption occurs by reaction with surface 
altinuml and iron. In some soils the amount of reactive aluminul is closely 

related to pH1 and both have been related to rainfall (Barrow 1970). 
Rain fll is a major source of suiltur in industrialized temperate and tropical 

areas: the annual accessions are often in excess of 20 kg S/ha (Coleman 1966). 

In such areas sull'ur deficiency is unlikely. Few data are available on the amount 
of' suil fur in rainfall in tropical areas, but indications are it is low. Bromfield 

(1974) estimated that the mean annual sulfur input from rainfall was only 

1.14 kg/ha in Nigeria. 
Sulfur inputs from rainfall are generally higher near the sea than inland. Fox 

et al (1965) recorded 5 ppm S in rainwater 0.5 km from the sea on tile island of 

Kauai, Hawaii, but only 0.8 pptn 8 km inland. Probert (1976) measured annual 

inputs of 6.0 kg/ha 9 kill away from tile sea near Townsville. Australia, and 
3.2 kg/ha 40 kml inland. 

The insufficient data available for establishing a direct relationship between 

rainfall and sulfur status suggest that it may be dangerous to generalize, as is 

often done in temperate areas, that areas near the sea in the tropics may be free 

of' sulfur deficiency. 

Irrigationwater. Irrigation water is a source of' sulfur for crops. Yoshida and 

Chaudh ry (1972 ) suggest that irrigation water with a sullfur content of' 2.7 ppm 
would SUpIply the needs of a rice crop. But Wang et al (1976) suggest a value of 

6 ppn. Severe suulfutr deficienciCs in Soutth Sulawesi, Indonesia. in rice paddies 
supplied with water containing 2.8 ppm S suggest that the sulf'ur contribution 
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from irrigation water needs reassessment. 
Soilfactors. Little work has been done in the tropics to relate sulfur defi

ciency to soil factors. A survey of information from Australia was made by 

Blair and Nicolson (1975). and much of' the discussion that follows conies from 
that source. 

Ali early attempt to relate sulfur responses to various measurable fact os was 

carried out on 32 virgin soils collected from eastern temperate Australia 

(McLachlan 1955). No relationship was found between responses and climatic 

a1nd soil factors apart from p-I. In an examination of' 40 Northern Tableland 

soils from New South Wales (Spencer and Barrow 1963), no relationship was 

found between pl-I and sulfur response. Tile p-I range was narrower than that of 

soils tested in the previous survey, and the pH11relationship noted earlier may 

have been Unduly influenced by a small number of soils of' high p 11(>8.0). 

The color of' basaltic sedentary soils in northern New South Wales was found 

to be significantly correlated with sulfur status (r= 0.92), the reddest soils being 

the most deficient (Spencer 1966). There was no relationship between soil pH1 

or redox potential. The red soils were probably high in exposed iron oxide, 

reflecting better aeration and drainage and greater sulfur leaching. The coni

parative natu re of such an assessment fives it limited value in delineating sulfur 

responsive areas. 
The lack of' success in establishing a meaningful relationship between the 

occurrence of sulfur deficiency and some predictable factor in tie soil or 

climatic environment means that we must either conduct more studies of asso

ciations in various areas, or revert to agronomic response data of soil and plant 

tissue testino, or do both, to delineate areas of' sulfur deficiency. 

Soil testing for sulfur status 

The major problem encountered in studies of'soil sulfur in temperate areas is 

the variability in size of soil sulfur pools over short periods of' time. This is 

brought about by the nature of' the sulfur sources present. Since such a large 

proportion of tilesulfur is in organic form or associated with organic matter 

(ester S). it can undergo rapid mineralization or splitting to plant-available forms 

or both. This is a major problem in areas with marked short-term fluctuations 

illmoisture and large seasonal temperature differences. In those areas of' the 

tropics where short-term temperature and soil moisture fluctuations are not as 

great, soil testing may be of more use. 

Sulfur extraction. The methods used to extract sulfur from soil can be 

grouped into four basic categories: soluble sulfates, soluble and adsorbed sulfate, 

total and organic sulfur, and microbiological methods. 

The first two categories involve the removal of sulfur by one of' several 

chemical extractants. Not all extractants perform equally well on all soils. Those 

that remove soluble-plus portions of adsorbed sulfate tend to be better correlated 

with sulfur status than those removing only readily soluble sulfate. Adsorbed 

sulfate is removed by netItral and slightly alkaline extracts and by extractants 
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containing a strong replacing ion such as phosphate. Excellent prediction of' 
response in field trials in isolated -areas of the temperate zone has been reported 
for extractants that remove soluble, adsorbed, and portions of the organic sulfur. 
Included are the acetic acid-phosphate solutions employed by Cooper (1968) 
and Hoeft et al (11973) and the p11 8.5 sodium bicarbonate solution used by 
Bardsley and Kilmer (1963), which is commonly used as an extractant for avail
able phosplhorus. 

Solutions containing phosphate .are most commnonly used as still'ateextrac
tants because the phosphate effectively replaces stillfate on tileadsorption 
complex. Of the phosphate extractants ,alcium Phosphate is generally the most 
acceptable because the divalent calcium does not cause dispersion of the clay 
and or-,an ic mat ter, which may occur when potassiutmi or sodium is used. For 
these reasons, calcium phosphate (500 pi11 P) should be one of tileextractants 
in aly proposed testing program. 

Relationshi s between total sulfur or hir and plantorganic stIl response have 
generally been poor or nonexistent itt soils from the temperate areas. IHowever. 
one study of' tropical soils, where the sulfur released on incubation (organic S) 
was related to plant response, should be noted. In a study of 45 soils from 
Nigeria, Enwezor (1976) found that soils mineralizing <6 lppm of sulftur (ex
tracted by sotliul acetate) gave responses to sul fur in a pot trial with corn 
grown for only 45 days. More field work using the Miethod with crops grown 
to maturity is needed. Perhaps inareas with marked wet-dry selsons this tie tltod, 
applied to samples taken ioward the end (it tie dry season, would be useful. 

Microbiological nmetiods have never really gained much acceptance, because 
they allegedly are impractical nid(ttime-conisuming. This may be a bias on the 
part of' soil chemists rather than a true indication of*the worth of the tests. In 
,)ne study of 28 topsoils from Kenya. Melilich (1970) cotmpared the response to 
sulfur of gruenhouse tonmatoes and Cunniglhamella and found good agreement 
in their growth. The nethod requires minimal equipment and is worthy of' 
further investigation inthe tropics. 

Once tile sula'te has been extracted from the soil and all the snlf'tr illthe 
plamt sample has been oxidized to sul fate, the sulf'ur content of the sample must 
then be determined. Beaton et al (1968) list some 107 methods of' extraction 
and analysis of' soil sulf'ur and 66 combitat;ons of ashing and atialy tical iiietlio(s 
for plant material. The most accurate and sensitive method for determining 
sulfate --that of'Johnson and Nisltit~i (1952) -- involves its reduction to hydrogen 
sul fi6d and its adsorption in zinc-sodiuni acetate. This method is accurate, Liut 
tite-cotisumiig and costly. The eqttipnlent required is specialized, and the avail
ability of chemicals and nitrogen gas limits its use in less developed tropical areas. 
For laboratories with limited equipment. the barilni sufate turbidime tric method 
of Chiesnin and Yien (195 1) is the most practical. The use of stabilizers - Tween 
80 (Ouin and Woods 1976), poly-vinyl-alcohol (Rocks et al 1963) - has over
come the nmajor problem of' iostability in the barium sulfate precipitate expe
rienced in this method. 
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Table 2. A comparison of ashing methods for sulfur determinations in plant material 
(adapted from Sansum and Robinson 1974). 

Method Sulfur %) 

Dry ashing 0.150 

HN0 3 /HCIO 4 0.207 

HNQ 3 /HCIQ 4 + 1-hour digestion after clearing 

The extraction of soil with sodium bicarbonate and digestion of plant material 
with magnesium nitrate plus perchloric acid allow the simultaneous determina
tion of phosphorus and sulfur in soil and plant material. For this reason, these 
methods should further be evaluated in the tropics. 

Researchers have listed the critical altes proposed for soil sulfur by various 
extractants (Ensminger and Freney 1966, Reisenauer 1975), and their findings, 
dlong with other published data from tropical soils, have been tabulated by 
Blair (1979). The data cover a wide variety of crops and soil types. The great 
variability in critical le'ek a:.mong the studies contradicts the findings of Rei
senauer (1975) that -:h1e values agree surprisingly well and indicate a high level 
of dependability in these tests." 

This variability does not render the soil test procedure useless; instead, it 
serves to emphasize the need for correlation studies in limited areas with specific 
crops, soil extracts, and methods. 

Tissue testing for sulfur status 
A tabulation of data showing critical levels but without a sprcification of the 
method of digestion and determination, such as that made by El.ton (1966), is of 
little value for set ting levels of adequacy. 

Of the methods available to oxidize organic sulfur to sulfate, wet ashing using 
nitric/perchloric acid plus dichromate and mietavanadate and a I-hour digestion 
beyond color change appears the most acceptable (Sansum dnd Robinson 1974, 
Table 2). A second method worthy of investigation is the magnesium nitrate/ 
perchloric acid method proposed by Quin and Woods (1976). Both methods 
require a minimum of equipment and, with trained personnel, are rapid and 
reproducible. 

Often critical levels are established on shaky evidence. The example in Figure 5 
is taker, from De Freitas et al (1972) who conclude from these data that "about 
200 ppm SO42--S in coffee leaves indicates adequate S nutrition." However, on 
examination of the correlation data, it was found that 10 samples had a relative 
yield of >901/( with an S content below 200 ppm, and 27 samples a relative 
yield >90% with an S content above 200 ppm. The wide spread of data indicates 
this criterion to be too insensitive for use as a diagnostic tool. 

Many researchers have suggested that the nitrogen-sulfur ratio can be used as 
a diagnostic tool (Dijkshoorn and Van Wijk 1967). Lott et al (1969) concluded 
that sulfate-sulfur was more sensitive than total sulfur as an index of deficiency 
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5. Relative yields (%) of coffee as related to the concentration of sulfate-sulfur in
leaf samples at various seasons of the year (De Freitas et al1972). 

for coffee. This criterion is not satisfact ory on its own -- sulfates may accttmulate 
under conditionts of molybdenittm deficiency even in circumstances where sulfur 
is deficient (Anderson and Spencer 1950,. 

Fox et A (1977) have shown that the critical level of sulfur in cowpea (Vigna
utwictulata IL.J Walp) varies between cultivars. in their solution culture experi
niett, the critical value varied between 0.032'1 total sulfur in cultivar Sitao Pole 
:rod 0.064",; in TVU76-2E. This cultivar-specific variation makes the setting of 
critical levels even more difficult. 

The use of multiple criteria of nitrogen-sul fum ratio, sulfate S,and total sulfur 
in cereals has been suggested by Blair and Crofts (1970) for overcoming tile 
deficiencies inherent in the single-factor classification system. This approach has 
been extended to published rice data (Blair ef al 1978). The criteria used are 
given in Table 3. Any attempt at setting critical levels should consider the use 
of multiple criteria. 

Ensminger and Freney (1966) list the effect of age on sulfur contents in 
several species. Because it is necessary to select a plant part that has a relatively 
constant sulfur content, the effect of maturity on the sulfur content of the plant
part(s) should be examined to determine sensitivity to sampling time. 
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Table 3. Preliminary classification of nitrogen (N) and sulfur (S) status of whole rice tops 
sampled from tillering to flowering stages (BI Jr et al 1978). 

Category Nitrogen()()N Sulfur :S Status
 

W N S
 

1 >1.6 <0.10 >15 Adequate Deficient 
II > 1.6 0.10-0.15 >10 Adequate Marginal 

III > 1.6 >0.15 <10 Adequate Adequate 
IV <1.6 >0.15 <10 Deficient Adequate 

V <1.6 <0.10 Variable Deficient Deficient 

SULFUR USAGE TRENDS AND SULFATIC FERTILIZERS
 
OF THE FUTURE
 

To date, the major fertilizer sources of sulfur have been single superphosphate 
and sulfate of ammonia (Fig. 4). They have generally been used as primary 
nitrogen and phosphorus sources with sulfur applied incident ally. 

Where sulfur deficiency has been recognized and fertilizers have been used 
to correct the I<iciency. elemental sulfur and gypsum (CaSO 4.2H 0) are two 
of the major sour,:es used. 

ALcording to data on new fertilizer production facilities (Table 4) (FAO 
1975). the trent.d away from sitlfur-containing phospho0 ru s forns of fertilizer is 
likely to continue at least until 1980. The data show that phosphorus production 
will increase by 1.19 million, while sulfur usage in these Ibrlns will increase by 
only 36.216 t. The changes in consumption are a major contributing factor to 
the increased incidence of sulfur deficiency. 

Future sulfatic fertilizers for the tropics 
In tropical areas of the world, capacity has been established to produce large 
quantities of Urea. triple superphosphate, monoanitnoniuum phosphate, and diam
,motiul phosphate, which are devoid of or low in sulfur. It seems that future 

Table 4. New fertilizer pr iduction facilities to start or planned to start production before 
1978 in tropical areas of the world (FAO 1975). 

Planned production capacity It P)

Region
 Phosphoric acid TSP2 

Single MAP + DAPb 

superphosphate 

Africa 144,084 0 26,820 0 

Central and South America 518,704 52,200 0 0 

Asia 433,560 0 0 19,800 

Total 1,096,348 52,200 26,820 19,800 

aTriple superphosphate. bMAP = monoammonium phosphate, DAP = diammonium phos

phate. 

http:0.10-0.15
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additions of sulfur in tropical agriculture will be primarily as admixtures of sulfur 
to these four products. Many such products developed to date must be evaluated 
as multiple nutrient sources under tropical conditions. 

Elemental sulfur added to the soil as a fertilizer undergoes oxidation to form 
plant-available sulfIte. Because the process iesults in increased acidity, there is a 
need to stUdy this aspect of sulfir fertilization in modified fertilizers to avoid 
or minimize lon1g-term detritnental chalges in soil pHl. 

The addition of elemental sulfur to triple superphosphate - rock phosphate 
offers an at tractive, low-cost way of adding sulfur to existing fertilizer materials. 
Rock-phosphate reactions in the field are slow, and it has been demonstrated 
(Swaby I1975) that mixtures of rock phosphate alld elcmental sulfur are successful 
in increasing the phosphorus release rate from rock phosphate under tropical 
conLditiols. lormulations of this material with different rock sources should be 
made and evaluated as phosphorus and sulfur sources under tropical conditions. 

The reactions of triple supjerphosphate with soil constituents are rapid, and 
often the applied phosphorus is fixed into less available or unavailable plant 
forms before an active plant root system has been developed. Coating triple 
superplhosphate granules with elemental sulfur would slow the release rate of 

phostfhortms from the granules. In addition, it will supply sulfur to the plants. 
Su i r-coated fertilizer material should be developed and tested under tropical 
coitditions. 

Experiments in Indonesia (Blair et al 1979b) have shown that elemental sulfur 
is a satisfactory source of sulfur for flooded rice. Not enough is known of sulfur 
transformations in rice paddies in the presence of plants. Basic studies should be 
conducted to evalunate elenmn tal stilfur for rice and to evaluate the nutritional 
value of sulfur in sulfur-coated urea. 

Because of the wide and varied range of available sulfur-containing fertilizers 
and the problems inherent in the use of triple superphosphate and rock phos

phate in tropical soils, modifications to ex:sting sulfatic fertilizers rather than 
radical new developments may be expected. The materials developed must be 
evaluated in the tropical environment, in tropical soils, and with tropical plants. 

Research priorities 
There is a paucity of information concerning sulfur in the tropics and this review 
suggests five areas of sulfur research that should be undertaken: 

I. Coordinated investigations of the effect of sulfur fertilization on the yield 
and quality of tropical crops and pastures; 

2. Reactions to fertilizer sulfur in upland and wetland soils to determine the 
agronomic effectiveness, residual value, and long-term effects on soil pH; 

3. Chemical methodology of sulfur analysis in soils and plant tissues; 
4. Differences in tolerance for sulfur deficiency within and between species, 

to reduce the need for sulfatic fertilizer; and 
5. Ways of incorporating sulfur into fertilizers that tropical countries are 

committed to, e.g. urea, triple superphosphate, rock phosphate, and armimonium 
phosphate. 
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Potassium deficiency in soils
 
of the tropics as a constraint
 
to food production 
G. KEMMLER 

With the change to intensive cropping with high yielding cultivars, 
the potassium requirement of plants increases and application of 
potassium fertilizers becomes necessary in areas where potassium 
deficiency was not a problem. 

Generally speaking, available potassium is lower in soils in the 
humid tropics than in those in the semiarid tropics because of more 
intensive weathering and continuous leaching in the humid tropics. 
Sandy soils and soils with predominantly kaolinitic clay may show a 
fair level of exchangeable and soil solution potassium, but potassium 
buffering is poor; thus, high yields can be maintained only with 
repeated potassium application. Heavy soils with illite and mont
morillonite types of clay usually have a high content of exchangeable 
potassium and a low but well-buffered potassium concentration in 
the soil solution. They provide the plants with large amounts of 
potassium, even from nonexchangeable sources. When the soils are 
exhausted, they need heavy rates of fertilizer potassium to overcome 
fixation. Effective availability of potassium is reduced by low soil 
moisture, high pH, and, in submerged paddies, by strongly reducing 
soil conditions. 

As potassium deficiency of soils growinj food crops is aggravated 
under intensive cultivation, response to potassium application is ob
served notably in long-term fertilizer experiments. Responses to 
potassium have likewise been obtained in numerous field trials with 
irrigated and rainfed crops. To identify soils and crops that need 
potassium fertilization for increased food production, modifications 
of soil tests (or soil test interpretation) and soil test-crop response 
studies are suggested. 

BUnteweg 8, 3000 Hannover 71, Federal Republic of Germany. 
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WITI THE CHANGETO more intensive farming and the introduction of modern 

varieties in the tropics, tile potassium requirements of crops have increased. In 
maniy cases, potassium needs can no longer adequately be met by the supply 

from the soil. 
In tile soil four fractions of potassium are usually distinguished (Wiklander 

1954). 
1. potassium as a structural element ofsoil minerals, 

2. fixed (or nonexchangeable) potassium, 
3. exchangeable potassium, and 
4. potassium in tie soil solution.
 
Fractions 3 and 4 are often called available potassium.
 

POTASSIUM STATUS OF TROPICAL SOILS 

Detailed information on soil potassium in tropical Asia is available for India 
(Ghosh and Hasan 1975), Southeast Asia (Kawaguchi and Kyuma 1977), and 
China. In most cases the available, or exchangeable, potassium is extracted by 
ammonium acetate. The value obtained is not sufficient to describe the status 
of potassium availability in soils that differ in texture and clay composition, but 
the graphs and tables contained in the publications cited give an idea of the 
geographical extent of potassium deficiency. Table I shows the soil test rating 
in the three areas. Figure 1 is a reproduction of the map by Ghosh and Hasan 

Table 1. Potassium status of tropical soils based on soil tests in India, Southeast Asia, and 
China. 

Southeast Asiaa 
IndiaStatus of 

(N ammonium-acetate)available K (N ammonium-acetate) = (kg K/ha = mg K/100 g soil) (meq/100 g mg K/100 g soil) 

Very low 
Low <110 <5 <0.15 <5.9 
Medium-low 0.15-0.30 5.9-11.7 
Medium 110-280 5-17 0.30-0.45 11.7-17.6 
Medium-high 
High >280 >17 0.45-0.60 17.6-23.4 
Very high >0.60 >23.4 

ChinacChinabStatus of 
available K (N ammonium-acetate) (boiling N HNO 3 ) i

(mg K2 0/100 = mg K/100 g soil) (mg K2 0/100g= mg K/100gsoil) 

Very low <4 <3.3 <8 <6.6 
Low 4-8.3 3.3-6.9 8-20 6.6-16.6 
Medium-low 20-40 16.6-33 
Medium 8.3-15 6.9-12.5 40-60 33-50 
Medium-high 60-90 50-75 
High 15-20 12.5-16.6 90-140 75-116 
Very high >20 >16.6 >140 >116 

aKawaguchi and Kyuma 1977. bNanking Institute of Soil Science 1978. CNanking Insti
tute of Soil Science, unpublished. 
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I. Available potassium status of Indian soils (Ghosh and Hasan 1975). 

(1975) on the available potassium status of Indian soils. Of the 310 districts for 
which soil test information was available, 20% were classified as low in available 
soil potassium, 53% as medium, and 27% as high.

Table 2 gives a summary of exchangeable potassium in paddy soils of South
east Asia (Kawaguchi and Kyuma 1977). Although the number of samples ana
lyzed was too small to allow definite conclusions, the table indicates that 
Bangladesh, Cambodia, Sri Lanka, and Thailand have areas of rice-growing soils 
with very low contents of exchangeable potassium. 

The map of China (Fig. 2) on the status of slowly available potassium (Nan
king Institute of Soil Science, unpubl.) shows clearly that soils in the tropical 
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Asian countries.a 
Table 2. Excha.,geable potassium in paddy soils of some 

Mean xchangeable K 
Samples U change- Standard (mg/100 g soil)

Country (no.) able K deviation . . . .. . 

(mg/100 g soil) Min Max 

Bangladesh 53 11.7 7.8 tr 31.2 
Burma 16 15.6 7.8 3.9 27.3 
Cambodia 16 7.8 7.8 tr 31.2 
Indonesia 44 15.6 11.7 3.9 46.8 
W. Malaysia 41 15.6 15.6 3.9 70.2 
Philippines 54 19.5 11.7 3.9 66.3 
Sri Lanka 33 7.8 7.8 tr 27.3 
Thailand 80 11.7 15.6 tr 101.4 

Total or mean 337 13.26 10.92 3.9 50.31 
aSource: Kawaguchi and Kyuma 1977. 

areas with high rainfall anld intensive farming (3 or more crops/year) have very 
low to low potassiufli Contents. 

Potassium availability as related to climate and soil 
Generally speakinug. soils in tile humid tropics will have less of available potas
sium than soils in semiarid or arid areas. That is a result of more intensive
Weathe rigll, leaching of nutrients into lower lavers. or their complete loss (Pagel 

1972). 
III a climatically uniform region. time soil potassium status varies according 

to the composition of the parent material. Soils derived from sandstone con
sisting mainly of (ILartz are very deficient in potassium, while sandy soils of 
young volcanic origin may have a high colent of available potassium. 

Oxisols of thc humid tropics (ferrallitic soils) are usually deficient in available 

ipotassitml (Boyer 19)72). In China. soils classified as Latosols and Lateritic Red 
Soils (Nanking Institute of Soil Science 1978) have low to very low contents of 
slowly available pot aSsium (soluble in N IIN0 3 ) as iodicated in Figure 2. 

Fifty-cight samples of ferrallitic soils (Oxisols) fronm Ghina and Tanzania 
(Pagel 1972) show,\ed average values of exclhangeable potjassium around 8.2 nig/ 
100 g soil. Tie did not differ too much from other soils, but their poor potas
sitmin supplying power is demonstrated by a comparison of their values for 
slowly available potassilunl With those of soils from other clinatic areas (Table 3). 

Apart from tile Oxisols, the soils of' tile semihutmid to semiarid tropical 
regions, particularly those continuously cropped. may also develop potassium 
deficiency (Kanwar 1972, 1974). 

In tile case of' hydronmorphic soils additional factors, which influence tile 
availability of potassium, come into play. 

Potassium availability as related to soil texture and clay mineral composition 
Soil test values, such as of exchangeable potassium, often do not correlate well 
with crop responses in field experiments, notably when soils differ in clay con
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2. Status of potassium nutrient in thc soils of China. 

Table 3. Average contents of exchangeablea and slowly availableb potassium in some soils 
of the humid and arid tropics.c 

Soils Kind of soil 
(no.) (country of origin) 

73 Arid and subarid soils (Yemen, 
Sudan) 

29 Vertisols, Paravertisols 
(Sudan, Cuba, Ghana) 

33 Ferrallitic and similar soils 
(Sri Lanka, Cuba, Ghana, 
Zanzibar) 

58 Fierrallitic soils - Oxisols 
(Ghana, Tanzania) 

pH 
Clay 
(W) 

CECEC 
(meq/

100 g) 

7.4 12.9 19.4 

7.0 40.2 39.0 

6.0 27.0 12.2 

4.5 32.3 10.2 

15 Rendzina-type soils - Rendolls 
(Zanzibar, coral-limestone) 6.8 14.9 27.1 

aN ammonium acetate-soluble. bSoluble in boiling N HNO 3 . 

Exchangeable K HNO3 - solubll K 
mg/ CEC soluble K

100 g (%) (mg/100 g) 

25.7 3.4 126.5 

11.3 0.7 33.7 

10.2 2.1 20.8 

8.2 2.1 8.8 

8.6 0.8 25.2 
CSource: Pagel 1972. 
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tent and clay composition (Jankoviq and Ndmeth 1974, Kenmler 1974a, Gos

wami et al 1975, Grimnic 1975). This is not surprising. Plant roots take up 

nutrients from the soil solution. As the potassium concentration in the solution 

increases, more potassium ions canl reach the plant roots within a given time and 

the alount of potssium ions that can be taken up by the plant increases (Grimme 

et al 1971, Jankoviq and Ndmeth 1974, Ndmeth 1975). 

But the soil solution concentration is not simply a function of exchangeable 

potassium. Figure 3 shows exchangeable potassium versiis potassiurn concen

tration Ior two soils that differ in clay content but not in clay composition 

(Grimme et al 1971 ). At eclual content of exchangeable potassium, e.g. 20 Iug K/ 

100 g soil, the clay soil has a much lower potassiumn concentration in the soil 

solution than the sandy soil. 
The relationship illustrated in Figuro 3 refers to soils with mica-derived clay 

minerals (illite type) which adsorb lotassium selectively (Schouwenburg and 

SchufflClen 1963). Soil mon tmorillonitic clays --as opposed to pure nlontmo

rillonite --have a selectivity similar to that of illitic clays (Schwerd tmann 1962). 

This is especially true of the montmorillonites in Vertisols. 

Kaolinitic clay mni,,als, on the other hand, have no specific binding sites 

for p)Otassium and show a, low cation exchange capacity. Thus, they are similar 

to sand and soil orcanic matter as far as their behavior toward potassitum is 

concerned. They rave, however, a higher water-holding capacity and. therefore, 

do not obtain as Iiigh potassium concentrations as sandy soils. Figure 4 shows 

the change of potassium colicen trlat ion in the soil solution with increasing 

exchangeable potassium in two soils of' similar clay content but with different 

clay minerals (Nmeth 1971 ). 

Kcohcn insaturation extract (meq / liter) 

6 

4- 3% cloy 

2 5% clay 

0 
0 50 100 

Exchangeable K(mg/lOg) 

3. Change of potassium concentration in the soil solution with increasing exchange
able potassium in two soils differing in clay content. 
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4. Change of potassium concentration in the soil solution with increasing exchangeable
potassium in two soils differing in clay mineralogy (source: Nemeth 197 1). 

Most soils contain a mixtutre of clay minerals. Even in lateritic soils in India 
illites have been found, in addition to kaolinite, as dominant clay minerals 
(Mohanti et al 1974). 

In most cases, therefore, the soil test ratings mentioned in Table 1should be 
modified to consider the clay content (or tie inorganic cation exchange capac
ity) and possibly other parameters, as outlined in the following sections. 

BUFFERING, RELEASE OF NONEXCHANGEABLE POTASSIUM, 
AND POTASSIUM FIXATION 

Buffering 
Th,. concentration of th, soil solution is an important characteristic of the 
effective nutrient availability. But it is only an indicator of momentary avail
ability. For optimal crop production the important factor is whether the con
centration of the soil solution decreases rapidly during the growing period or is 
maintained at a fair level, i.e. well buffered (N6meth 1972). Sandy soils show 
poor potassium buffering even though their initial potassium concentration may 
be high. Clay soils possess a better potassium buffering capacity; they can main
tain the potassium concentration of the soil solution at a similar level for a long 
time. Thus, the optimum concentration of potassium in the soil solution can be 
lower in a clay soil (containing illite or niontmorillonite) than in a sandy soil. 

Release of nonexchangeable potassium 
The soil solution potassium may be replenished from exchangeable and non
exchangeable potassium sources. In the immediate vicinity of plant roots, the 
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potassium concentration of the soil solutior' can become extremely low. If the 
transport rate of p)otassiul from the adjacent soil is not sufficient to meet the 
uptake requirenlentl s of tile plants at the time of fast vegetative growth, non
exchangeable potassium will be the source of' potassium (Mengel 1978).

These phenomena may explain the apparent contradiction between: 
* the observation that the uptake of originally nonexchangeable potassium 

cart be a major flactor in crop production (Sclieffer et al 1960, Grimme 1974, 
Singh and Brar 1977), and 

* the ftindiv, that plants take u1p their nutrients from the soil solution and 
that the uptake rate depends orl the ntutrient concentration of tire solution 
(Mengel et al 1960, Nye 1972). 

le rate of po tassi urn release from the nonexchangeable fraction is rather 
low - diffusion cocfficients For release of' potassium from mninerals are in the -order of 10I1 to 10-23 cm2 /second against 10 -6 to 8 -8 c1 2 /second in the 
moist or dry soil (Nye 1972). Thuis the SrlJpply from this source is not sntflick itt 
to sustain high crop yields. 

Reliance on the release of m,rexchangeable potassium leads to gradual de
cline in soil fertility (von Boguslawski and Lich 1971, Singh and Brar 1977).
Potassium-deplCerd minerals represent a strong sink for soluble potassium, and 
as sooni as tie competition of the plant roots for soluble potassiumr is stopped,
tire potassiru-depleted iinerals will remove potassium from tile soil solution 
(Mergel 1978). This call lead to strong fixation of applied potassium. 

Potassium fixation 
CoInsiderable research on potassium fixation in India is summarized by Grewal 
and Kan war (1973). Generally, soils containing clay minerals of'high selectivity
for potassiurr, surchr as illite, fix potassiulm more strongly than sandy soil or soils 
with kaolinite as the dominrant clay mineral. According to Mitra et al (1958) 
pure clay nirierals fixed potassium as follows: 

* Bentonite 9.9 8 inel/ 100 g 
" Illite -- 10.93 meq/100 g 
" Kaolinite 0.33 neq/100g
The relationship between clay content and potassium fixation in 23 soils of 

lunjab, Haryana, and Ilinachal Pradesh, India. with illites as donminant clay
minerals, is shown in Figure 5. Drying favors potassium fixation. Various Indian 
authors found highest values for potassium fixation after alternate wetting and 
drying of soils (Grewal and Kanwar 1973). As NH 4

+ and IT (I-130 + are very
" similar to K in ionic radius, both ions cLn conmpete with potassiutl for fixing

sites in the clay minerals (Bartlett :.nd Simpson 1967. Rich and Black 1964).
Accordingly, several Indian researchers who determined pot assium fixation by
various soils after saturation with different cations found lower values for K 
fixation in H- and NH 4 -soils and higher values in Ca-, Mg-, and Na-soils (Grewal
and Kanwar 1973). These results explain why K fixation is usually less impor
tant in acid soils than in neutral or alkaline soils. 
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5. Relation between clay content and potassium fixation in 23 soils of 
Punjab, Haryana, ,'nd Ilimachal Pradesh, India (Grewal and Kanwar 1967). 

Fixation of potassium can be of considerable impoctance in agricultural prac
tice. A fixation capacity of I meq K/100 g in a soil containing 20% clay (Fig. 5) 
means that the soil has the capacity to fix more than 1,000 kg KO/ha. Poor 
responses to potash application on potzssium-deficient soils may be due to the 
high potassium fixation capacities of those soils (Grewal and Kanwar 1973). To 
obtain satisfactory yields on such soils, high fertilizer rates are required to over
come the fixatic~i of potassium by th,; ' minerals. 

INFLUENCE OF SOIL MOISTURE, pH, AND OTHER NUTRIENTS ON 
EFFECTIVE POTASSIUM AVAILABILITY 

Soil moisture 
According to Nye (1972), diffusion is the main factor for the tranport of 
potassium toward the roots. That it is strongly influenced by soil moisture was 
confirmed in laboratory experiments where potassium diffusion took place from 
the soil into an ion exchanger (Grimme et al 1971). In moist soils, diffusion rate 
was higher, potassium depletion greater, and the distance of potassium move
ment longer than in drier soils. At an equal level of exchangeable potassium, 
therefore, the effective availability of potassium is higher at optimum soil 
moisture. 
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To fild tileillluence of different soil moisturc levels ol potassium avail
ability to corn plants, a split root teclhiqtue was us,!d to measure variations in 
potassium availability caused by valiationS in ';oil water content but without 
subjecting the plants to moisture stress (von Bratns,.hweig and Grimme 1973). 
At each of the potassium levels tested, potassi um iuptake (and corn yield) 
increased with increasing soil moisture. Because all growth factors except potas
sium availability were kept constant, the differenles were attributed solely to 
tile
effect of soil moisture ol potassium availability The reduction of' potassium 
availability caLused by low water content could be compensated by increasing 
the potassiuln concentration in the Soil so1lulion. 'le oil water contents applied, 
between 20 and 40'; (by volume), and corlesponding ?o water tensions of 0.1 to 
0.5 bar. would be well within the limits of good water supply. Thus, the nutrient 
tranlsport in tile at moisture levels at which plants do notsoil is already reduced 

suff.er fron water shlortaoe (Meneel and von lBraunschwei- 1972).
 

pH 
Soil p1t has a definite inlluence on potassium availability. At equal levels of 
cxchallgedle potlssiuni (or potassium stluration of the inorganic cation exchange 
capacity ICEC] ),the potassium coincentration of the soil solution decreases with 
an increase in tile plt insoils with illitic clay minerals (N~nmeth and Grimme 
1972. 1974a). Thus, liming to correct soil acidity (lp to about pll 6) reduces 
time effective availability of potassium in these soils. This is due to an increase 
not only of tile effective CEC but also of the number of K-selective sorption 
sites, occupied by Al-hydroxo-polyniers at lower pl. 

Other nutrients 
Application of inineral fertilizers increases concentration of all cations in time 
soil solution. including some not added with fertilizer. The concentration of 
magcesinum in the soil solution is increased by potassium fertilizer application 

(N6methi and Gritnie 1975). This does not contradict the observation of 
potassiml-lnagnesiul, antagonism, which occurs in soils deficient in available 
niagnesiuli (Kaisal and Seklion 1974. Randhawa and Pasricha 1975), notably 
when such soils have a low effective CEC as. e.g., many Oxisols and Ultisols in 
Lotin America (Villachia 1978). In any case. the ma,nesium and calci ul content 
in the plant decreases with increased potassiumlavailability in the soil. Plants are 
able, however, to take up sufficient magnesium and calcium, even in the presence 
of a high potassium level, provided tile and calcium supplythat magnesiuml 
meets plant requirements (Grinime et al 1974, Johansson and Hahlin 1977). 

POTASSIUM AVAILABILITY INSUBMERGED RICE SOILS 

It is well-known that potassium availability increases after soil flooding (Pon
namperuma 1964) because the conditions for nutrient mobility are more favor
able than in a dryland soil. Gorantiwar et al (1973) found the following amounts 
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of available potassium (Olson) after the cultivation of rice: 17 mg/100 g in a 
submergrd soil, 23 mg in a soil of Cbar water tension, 33 Ing in asoil of0.7 bar 
water tension (where plant growth had been very poor). 

The increase in potassitum availability in a flooded soil results illhigher potas
sium uptake by the rice plants, compared with uptake in dryland soils. Conse
quently potassium exhaustion in submerged soils will be faster. 

Some potassium is supplied with the irrigation water, but it cannot replace a 
fertilizer treatment, considering the potassium requirement of high-yielding rice 
varieties. Irrigation water potassium has the effect of saving potassium because 
it hlps compensate for losses due to leaching or runoff. 

In submerged soils the uptake of potassium can be impaired by reduction 
processes in the rhizosphere if such processes lead to the accumulation of 
hydrogen sulfate, butyric acid, and other products of anaerobic fermentation. 
These substances inipede the respiration of the roots and, consequently, hinder 
the absorptioth of nutrients. Physiological disorders, such as Akioclhi or Akagare, 
are closely reated to potassium deficiency (Baba 1963, Takahashi 1970, Park 
et al 1970). 

Because of their oxidizing power. healthy rice roots have the lbility to raise 
the redox potential in the rhizosphere, causing precipitation of Fe3+ at the root 
surface. Under strongly reducing conditions and high concentrations of Fe2+ in 
the soil solu1tion, the roots may lose their iron excluding power so that the rice 
plants suffer from iron toxicity (bronzing). According to Tanaka amd Tadano 
(1972). potassium deficiency reduces the iron excluding power of rice roots. 
This can be explained. by the findings of Trolldenier (1973, 1977) that the 
oxidizing power of the rice root largely depends on the potassium supply of 
the crop. 

CROP, YIELD LEVEL, AND CROPPING INTENSITY AS FACTORS OF 
POTASSIUM DEFICIENCY OR SUFFICIENCY 

Many crops take up similar or higher quantities of potassium than of nitrogen 
(Table 4). For some crops the potassium requirements are evi;ccially high, e.g. 
root and tuber crops, vegetables, and fruits such as banana and pineapple. As 
long as yield levels are generally low, potassium will be alimiting factor only on 
soils inherently deficient in potassium. On other soils, yields of I t wheat/ha or 
2 t rice/ha can be obtained continuously without applying any potash fertilizer. 
This is one reason a high percentage of early fertilizer experiments in the tropics 
did not show asignificant response to potash application. 

However, with a gradual increase in farming intensity, and the introduction 
of high yielding varieties, plus the increase of nitrogen fertilizer application and 
other yield improving inputs, potassium deficiency becomes noticeable in areas 
and on soils previously considered as well supplied with potassium (Kanwar 
1974; von Uexkilll 1976, 1978). 

The amounts of plant nutrients contained in grain and straw at harvest time 
are usually lower than at the time of maximum dry matter production. This is 
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Table 4. Uptake of plant nutrients by some cereal crops based on kilogram nutrients per
hectare contained at harvest in grain plus straw. 

Crop and country 
Grain 
yield 

Nutrient uptake (kg/ha) 
Source 

(t/ha) N P2 0 5 K20 MgO 

0What 
lidia 

Local 
Kalyan Sona (5 places) 

3.0 
5.0 

80 
109 

39 
42 

90 
182 

Roy and Seetharaman 1977 

Sonalika (4 places) 5.0 117 48 173 
Germany 6.0 165 72 155 29 Sturm and Jung 1973 

Maize 
India 2.7 114 47 105 FAI 1978 
Nigeria 
India 
France 

4.4 
5.0 
8.0 

142 
134 
175 

30 
51 
75 

106 
107 
150 35 

Bromfield 1969 
Khera and Tyagi 1972 
Loud 1963 

USA 9.5 187 85 230 40 Barber and Olson 1968 

Rice (paddy) 
India 

Tall 2.8 82 23 123 FAI 1978 
Padma, kharif 5.0 87 22 140 
Jaya, " 6.1 84 25 147 
IR8, " 6.3 95 25 149 . 

Korea 5.0 103 23 117 Kim and Park, 1969, pers. 
comm., Institute of Plant 
Environment, Office of 

Sorghum 
Rural Development 

India 1.1 52 18 86 FAI 1978 
Niger 1.8 89 19 132 30 Bertrand et al 1972 
USA 9.0 207 90 289 24 Vanderlip 1974 

particularly true for potassium. Because of leaching and leaf fall, a wheat crop 
in England lost, by harvest time, half or more of the potassium contained in the 
plants at flowering (Cooke 19/2). Most crucial for cereals is the time just before 
flowering, when the daily uptake by high yielding rice, corn, or wheat may 
amount to 2--6 kg K2 0/ha (Mengel and Kirkby 1978, Kemmler 1974b). If the 
soil cannot maintain that rate of supply, there will be poor grain filling. After 
flowering an interruption of potassium supply has no detrimental effect on grain 
yield (Forster 1973). 

Another aspect of tie potassium supply for cereal plants is that most of tie 
potassium contained in the crop at harvest time is present in the straw. In 
countries like China where the straw is used for the preparation of compost, 
its potassium content plays a major role in the nutrient supply to the following 
crop. In countries like Bangladesh, India, or Pakistan where the straw is used 
mostly as cattle feed and the cow dung later used as fuel, the supply of potas
sium becomes a constraint to higher yields unless potassium is added in the form 
of mineral fertilizer. 
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POTASSIUM RES: u,;SE IN FIELD EXPERIMENTS 

To pinpoint the areas where potassium deficiency is a problem, and tilecrops 
that may respond to the application of potassium fertilizer, many countries use 
soil testing and fertilizer trials. In many cases, annual trials show a fair response 
to the application of nitrogen, but the response to phosphorus and potassiuam
becomes visible only in the second or third year of experimentation t,hen the 
amounts easily available in the soil have been exhausted by increased plant
growth, accelerated by the repeated application of nitrogen. 

Long-term tria!s 
Fertilizer experiments carried out over 5 to 10 years are needed to find out the 
gradual changes in soil fertility that make the application of potassium necessary, 
even on soils where it is initially well supplied. The following examples with 
irrigated wheat from India and paddy rice from the Philippines illustrate the 
change. The four sites (Table 5) comprise soils of low to very high potassium 
availability status. 

In the wheat experiment at Ludhiana, India, on alluvial sand of low potassium 
status, response to 37.5 kg K20/ha was immediate with 150 kg N/ha and 75 kg
P205 /ha. The 5-year average amounted to 15 kg grain/kg K20 applied (NPK 
minus NP). 

On the New Delhi soil a positive response to fertilizer potassium was obtained 
from the third year on. The soil was initially classified as medium in availab!e 
potassium. After 5 years of intensive cropping without potassium application, 
the anmonium acetate-soluble soil potassium had dropped to 5.9 ing K/100 g 
or a potassium saturation of 1.4%. In the NPK-treated plots, the potassium 
status gradually improved (Table 6). 

On the Vertisol of the Rice Research and Training Center, Maligaya, Phil
ippines, rice would not be expected to respond to potassium application because 
of an initial soil analysis of 17.8 mug available K/100 g soil. However, on this 

Table 5. Soil potassium status and response to potassium application at four long-term
experiments in India and the Philippines.a 

Ludhiana New Delhi Maligaya IRRI 
(India) (India) (Philippines) (Philippines) 

Clay content (%) 7 4614 48 
CEC (meq/100 g) 5.1 10.6 36 45
Initial available K 4.0 7.1 17.8 60.2
 

(N armmonium acetate,
 
mg/100 g)


K saturation (%)of CEC 2.2 1.7 1.3 3.4
 
r"oP Wheat Wheat Rice Rice 
K response in 1st year yes no no no 
K response later yes yes yes no 
aSource: Kemmler 1978. bCation exchange capacity. 
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Table 6. Changes of soil potassium status at four long-term experiments in India and the 
Philippines.a 

Ludhiana Now Delhi Maligaya IRRI(India) (India) (Philippines) (Philippines) 

Initial available K 4.0 7.1 17.8 60.2 
(N ammonium acetate, 
mg/100 g)


Available K determined 5 yr 5 yr 7 yr 10 yr
again after
 

Available K at NP plot 3.4 
 5.9 4.3 46.3 
(mg/100g)


Available K at NPK plot 5.3 8.2 6.5 47.4 
(mg/100g)


Average fertilizerrate 44 40 60 30
 
(kg K2 0/ha per crop)


Kg N/ha 107 
 87 105 100 
Kg P205/ha 63 53 60 
 30
 
No.of crops/year 3 3 2 2
 
aSource: Kemmler 1978.
 

heavy clay soil with a CEC of 36 mcq/ 100 g,the potassiuml saturalion amounted 
to not more than 1.3W' of the CEC, indicating a very low potassium concentra
tion in tie soil solution. Thus, potassium became a major yield-limiting factor 
within a few years. In the dry season the response to potassium increased from 
zero in the first 2 years to 15 kg paddy rice/kg K20 in the fifth vear (De Datta 
and Gomez 1975). In the treatnients witlhout potassium there was a severe 
deterioration of the potassium status during 7 years of experimentation. In 
1974--75 (av of 2 samplings) the available potassitum level under continuous NP 
treatment was as low as 4.3 nig K/100 g soil. Even the application of 60 kg
K2 0/ha per crop (2 crops/year) was not sufficient to maintain the original level 
of 17.8 rug K/100 g (Table 6, personal communication, S.K. De Datta, IRRI). 

At IRRI the soil is so high in available potassium and so well buffered with 
regard to potassium that no response to potassium application has been observed 
since the initia ion of a long-term fertility experiment in 1964-65. However, 
sone decrease in the soil potassium status in the plots with intensive nitrogen 
treatment has taken place (Table 6). 

In view of the importance of long-term fertilizer experiments in determining
suitable fertilizer recommendations and in monitoring changes in the soil fer
tility status, IRRI has started international long-term fertility trials within the 
International Network on Fertilizer Efficiency in Rice (INFER). 

Trials in farmers' fields 
In developing countries long-term fertilizer experiments with intensive crop
rotations are few. Yet numerous simple trials in farmers' fields for just one 
season show that, in general, balanced fertilizer application is significantly
superior to NP only. In this case potassitum deficiency is a constraint to higher
yield. The sunimary of results of trials onl irrigated rice in six Asian countries 
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(Table 7) reveals that potash fertilizers - applied in addition to nitrogen and 
phosphorus - increased average paddy yields by 4 to 14 kg/kg K20. The 
effects of potassium differ with season (in India, higher in rabi [winter season] 
than in khlrif [sumnmer season] ) and with locality (in the Philippines, high on 
calcareous soils in Mindoro, negative on Vertisols in Iloilo). 

The responses of rice to potassium on different soils in India, obtained in 
such simple trials, are shown in Table 8 (Goswami et al 1975). Responses to 
potassium were highest on red and yellow soils (Ultisols), and lowest - surpris
ingly - on lateritic soils (Oxisols). 

Under dryland conditions the average response to 30 kg K2 0/ha in 465 
wheat trials was 235 kg/ha or 7.8 kg grain/kg K2 0 (Goswami et al 1975). The 
magnitude of' response to potassium ii, nonirrigated agriculture is not surprising, 
considering the reduced availability of potassium at suboptimum soil moist
tire conditions. 

Similar results as those obtained with rice and what have been reported for 
other food crops (UNDP/FAO 1971, Kanwar 1974, Goswami et al 1975). The 
importance of potassium as a major yield-limiting factor in root and tuber crops 
has been known for a long time (Jacob and von Uexkill 1958). Potassium 
application is indispensable for high yields. The same is true for estate crops such 
as sugarcane, banana, pineapple, oil, and coconut palm or cocoa cultivated under 
intensive management (de Geus 1973, Ng 1972, von Uexkiill 1972, Mainstone 
and Thong 1978). 

Nitrogen-poiassium interaction 
In maly of the simple trials in farmers' fields, fertilizer nutrients were tested at 
only one level. In experiments with increasing rates of nitrogen, higher removal 
figures for potassium are observed (Singh et al 1977). Consequently, strong 
nitrogen-lotassium interactions are expected and have been found in numerous 
cases (Munson 1970, Loud 1978). Recent results from a long-term experiment 
ai Varanasi, India, were summarized by Singh and Singh (1978). Potassium ap
plication increased rice yields at all levels of nitrogen application. However, the 
responses to potassium were largest at the highest nitrogen rate. At 200 kg N/ha 
the application of 100 kg K20/ha increased the yield by I t/ha. But this potas
sium rate was not sufficient to prevent a gradual decline in the soil status of 
availablepotassium. 

Soil test-crop response studies 
Although the results of thousands of field trials suggest that potassium deficiency 
is widespread in arable soils of' the tropics, blanket recommendations of fertilizer 
potassium application are not useful. Even recommendations based on soil tests 
may be misleading. The average response to 90 kg K2 0/ha applied to rice in 59 
trials - kharif 1971-72 in five Indian districts - on heavy soils was much larger 
(728 kg vs 398 kg/ha) on soils testing high in available potassium than on soils 
with a medium potassium status (Kemmler 1974a). The opposite result would 
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Table 8. Response of rice to potassium in India, by soil class, kharif season 1968-69 to 
1973-74 a 

Response to potassium
Soil class Trials Av yield t/ha) 

(no.) No NPb Kg Kg grain/ 
fertilizer grain/hac kg K2 0 

Alluvial 675 2.37 4.17 234 3.9
 
Red and black 419 3.59 5.49 218 3.6
 
Medium black 301 2.92 3.89 280 4.7
 
Red 349 3.12 5.16 311 5.2
 
Red and yellow 282 3.14 4.77 400 6.7
 
Coastal alluvial 412 3.05 4.59 266 4.4
 
Lateritic 556 3.58 5.13 174 2.9
 

aSource: Goswami et al 1975. bN= 120 kg/ha, P20 5 =60 to 120 kg/ha. CK2 0 =60 kg/ha. 

have been expected. Careful examination of crop response in relation to soil 
test data is necessary and already done in tile on-going projects of' long-term 
fertilizer experinents. 

SUGGESTED APPROACHES TO SOLVE POTASSIUM
 
DEFICIENCY PROBLEMS
 

Modifications of soil interpretation 
As discussed earlier tile usual soil analysis does not satisfactorily describe the 
actual availability of potassium. Information on the exchangeable potassium 
status (quantity) does not reveal anything about the potassium concentration in 
the soil solution (intensity). To improve soil test interpretation, the soil analysis 
report should at least contain details on soil texture, better clay content (or clay 
plus silt), inorganic CEC (as an indicator of clay mineral composition), and pH. 
As an example, the potassium soil test rating chart for southwest Germany 
(Staatl. Landw. Untersuchungs- 11ud Forschungsanstalt Augustenberg 1977) is 
shown in Table 9. The classification of the values for sandy soils (<10% clay) 
corresponds more or less to the rating by Kawaguchi and Kyuma (Table 1). A 
clay loam (>25.,' clay) with a soil potassium level of 12 ing K/100 g would be 
rated as low; a sandy soil with the same level would be high in available potas
sium. Determination of the nonexchangeable potassium would provide informa
lion on the potassium reserves (Table 3). 

The only nethod, to my knowledge, which provides a thorough insight into 
the potassium dynamics (and that of' other nutrients) of soils is the method of 
electro-ultrafiltration (Nmeth 1972, 1978, 1979). It measures the desorption 
rate and its change with time by applying an electric field to an aqueous soil 
suspension. From the results one can infer tile potassium concentration in the 
soil solution, the quantity of exchangeable potassium, potassium fixation, buff
ering, and potassium reserves. With this method some data concerning tropical 
soils are already available (Nhmeth and Grimme 1974b, Thiagalingam and 
Grimme 1976). 
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Table 9. Potassium soil test ;ating for arable soils in southwest Germany in relation to soil 
texture. 

Potassium content (mg K/100 . soil)a in soils 
Rating with clay contentL) of 

<10% 10-25% >25% 

Low 0- 6 0- 9 0-12 
Medium 7-10 10-21 13-25 
High 11-21 22-33 26-41 
Very high >22 >34 >42 
aExtracted with calcium acetate solution. bPotassiumlactate selective clay minerals pre
dominant. 

To obtain a fair picture of the potassium status of important agricultural 
regions, projects of systematic soil mapping are suggested, using fie modified 
soil test criteria. 

Soil test data must be calibrated by field experiment before they can be 
utilized for fertilizer recommendations. This should be done in replicated long
term trials conducted on permanent sites, with the same treatments applied to 
the same plots throughout the rotation for several years. Determination of the 
soil potassium status in each of the treatment plots before the experiment and in 
consecutive years permits the monitoring of changes in soil potassium availability 
caused by continuous applicailon or nonapplication of potassium. 

A further step in soil test-crop response correlation studies would be the 
establishment of' a potassium fertility gradient and subsequent determination of 
crop response to additional potassium application. 

Adjusting potassium applications to crop requirement 
Because potassium is the cheapest of the three major plant nutrients, its applica
tion is profitable wherever a yield response is observed. On those soils and for 
those crops where the beneficial effect of potassium fertilization on the yield 
has been established, experiments on levels and timing of the potassium applica
tion should be carried out. On light soils and undct heavy rainfall, splitting of 
the potassium doses is advisable to avoid leaching losses and to secure best 
utilization of the fertilizer potassium. On potassium-fixing clay soils, placement 
of potassium and splitting of higher potassium rates should be tried as a possible 
solution.
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Micronutrients in soils of 
the tropics as constraints to 
food production 
A. S. LOPES 

Although micronutrients have been the subject of many studies, their 
role in food crops production in the tropics has not been evaluated 
in a systematic and definitive way. In most of the studies, lack of 
precise soil characterization prevents extrapolation of the results with
in and between soil groups. In many cases, only local names are given 
to the soil, or sometimes only the test site, pH, organic matter, and 
texture are presented as background characterization. Broad general
izations can be made only on the geographic distribution of micro
nutrient-related constraints to crop production and only limited ones 
on their extent in broad soil orders. 

Zinc deficiency is definitely a serious limitation to food crops 
production on campo cerrado soils in Brazil and soils from the lanos 
orientales in Colombia. Relatively low rates of zinc fertilizers are 
necessarv to overcome this limitation. 

Alkaline soils from Colombia (Mollisols) have shown severe defi
ciencies of boron and zinc. Acid Ultisols from the Amazon jungle in 
Peru can present limitations in boron, copper, and molybdenum, but 
3 kg copper and 1 kg molybdenum/ha + lime, nitrogen, phosphorus, 
potassium, sulfur, and magnesium have been adequate for the change 
from shifting cultivation to improved agriculture, with reasonable 
yields of rice, soybean, and corn. In volcanic ash soils (Andosols) in 
Latin America micronutrient deficiencies, mainly molybdenum, in-
Lrease on the older soil. 

Calcareous soils in Africa are very responsive to iron fertilizers; 
however, studies on sources and rates are lacking. Molybdenum defi
ciency is a serious limitation identified in Africa, mainly in acid sandy 

Departamento de Ciencias do Solo, Escola Superior de Agricultura de Lavras, Caixa 
Postal 37, 37.200 Lavras, M.G., Brazil. 
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soils and organic soils in northern Senegal, Ghana, northern -Nigeria, 

and Egypt. 
Micronutrient evaluation for wetland rice in Asia is more advanced 

than for other food crops. Knowledge of the kinetics of micronu

trients in wetland soils has led to considerable improvement of micro

nutrient deficiency and toxicity problems. Zinc deficiency is probably 

the most widespread micronutrient disorder for wetland rice in the 

tropics. It is primarily associated with the calcareous soils in India, 
Pakistan, Japan, and the Philippines. Zinc deficiency is also common 

in Mollisols for other food crops in India. Iron deficiency is wide

spread in calcareous and alkali soils and flooded soils where organic 

matter is too low to produce soil reduction. Iron toxicity occurs in 

wetland rice when certain highly weathered acid Oxisols, Ultisols, or 

Sulfaquepts are flooded. Under practical field conditions, only liming, 
drainage of Oxisols and Ultisols to reoxidize the ferrous iron, or use 

of tolerant varieties seems satisfactory. Manganese deficiency and 

toxicity are not considered a problem for rice production in Asia, 

but information concerning other food crops is meageFr. Even though 

flooding increases molybdenum levels in the soil solution, molyb
denum application has been shown to be helpful to the nitrogen 

metabolism in lowland rice. 

MOST OF TilE AREAS in the tropics have been tinder traditional agriculture, with 
shifting cultivation as a major system (Table 1). Under that system the long 

fallow period in the forested and savanna areas generally regenerate macro and 
micronutrients sufficient for subsistence crops through the return of plant 
material. 

Once the traditional agricultural system gives way to modern agricultural 
technology, with high yielding varieties and high rates of macronutrients applied, 
the need for one or more micronutrients often arises. Evidence of these needs 
has been obtained for large areas in South America in the campo cerrado in 
Brazil, llanos orientales in Colombia, and in the Amazon jungle. In other areas 
of the tropics a similar trend has recently been observed. The tendency for the 
use of hioher analysis macronutrient fert:lizers will accelerate micronutrient needs 
in the tropics (Sauchelli 1969). 

Micronutrient problems in tropical soils in general were reviewed by Drosdoff 
(1972). and those in tropical Latin America by Cox (1972). The broader aspects 
of micronutrients in agriculture were extensively covered by Mortvedt et al 
(1973). Micronutrient limitations in acid tropicai rice soils were extensively dis
cussed by Ponnamperunla (1974). 
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Table 1. Agricultural management systems in the tropics? 

System Area (%) 

14Nomadic herding 
11Livestock ranching 

Shifting cultivation 45 
12Subsistence tillage 

Subsistence tillage (rice) 5 
4Plantation agriculture 

Nonagricultural area 9 

aSource: Sanchez 1976. 

This paper summarizes current information on micronutrients for food crop 
production in the tropics to: 

* identify the occurrence of micronutrient constraints in terms of geographic 
distribution and soil taxa; 

* evaluate the possibility of extrapolation of data between different soil taxa; 

:-nd 
* describe management methods used to c,-rect micronutrient constraints. 

GEOGRAPHIC DISTRIBUTION OF MICRONUTRIENT CONSTRAINTS 

One of the main points clarified in recent years is that tropical soils are not 

uniform and, consequently, the macro and micronutrient problems would not 

be the same all over the tropics. Sanchez (1976) presented a summary of the 

approximate extent of major soil suborders in the tropics (Table 2). 

Despite the considerable variation of soils at the order and suborder levels, it 

appears that no systematic Studies have evaluated the role of micronutrients in 

food crop production in the tropics as a whole, except for rice production on 

tropical acid soils (Ponnamperuma 1974) or evaluation of molybdenum and 

copper in soils of the arid and humid tropics (Prasad and Pagel 1976, Pagel and 
Prasad 1975). 

Considerable responses to micronutrient applications have, however, been 

obtained in the last decade for various food crops cultivated in different soils 

and in diverse climates in tropical regions. I present a summary of those results. 

TROPICS IN GENERAL 

Few studies on a worldwide basis have been conducted to evaluate the general 

micronutrient status in tropical soils. Mosi works are restricted to regions within 

a country or are on a country basis. Estimation of available micronutrients in 

relation to soil properties that affect their content, with detailed soil description 

and climatic conditioi., can be an adequate approach to extrapolation of scien

tific knowledge. A series of papers by Prasad and Pagel (1970, 1976) and Pagel 

and Prasad (1975) gave analytical results for 196 soil samples comprising both 
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Table 2. Approximate extent of major soil suborders in the tropics.a 
Order Suborder Area (million ha) AreaAfrica America Asia (%)Oxisols Orthox 370 380 0 15.0Ustox 180 170 0 

All 840 50 10 
7.5Aridisols 

18.4
Alfisols Ustalfs 525 135 100 15.4Udalfs 25 15 0
Ultisols Aquults 

0.8 
0 40 0 1.0Ustults 15 35 50 2.2Udults 85 125 200 8.2Inceptisols Aquepts 70 145 70 6.0Tropepts 0 75 40 2.3Entisols Psamments 300 90 0 8.0Aquents 0 10 0 0.2Vertisols Usterts 40 0 60 2.0Mollisols All 0 50 0 1.0Mountainareas 0 350 250aSource: Sanchez 12.21976, from calculations by Drosdoff based on the maps of Aubert and 

Tavernier (1972). 

surface and proliles from different geographical locations (Yemen, Sudan, Tanzania, Ghana, Cuba, and Sri Lanka) and climf.tic regions (from arid to humidtropics). Besides a complete characterization of the soils involved, they give available zinc by CH3 COONH4 at p1H 4.0, available copper by 0.43 N HNO3, aidavailable molybdenum by aninonium acetate pH 4.0. The main conclusions of 
these studies were: 

* Available zinc was higher in soils of the humid regions (1.66 ppm) than ofthe arid regions (0.364 ppm) and tended to decrease in the order of Fersialliticsoils (Alfisols and Ultisols), Ferrallitic soils (Ultisols and Oxisols), Vertisols, and
Rendzinas (A-C soils and Aridisols).

* Available zinc showed significant positive correlations with clay (and silt)and humus and negative correlation with p11, exchangeable calcium, sulfur, and 
T values. 

T The average content of available copper decreases in this order: Fersiallitic(9.0 ppm) >Vertisols (6.4 ppm) >Ferrallitic (4.8 ppm) >arid and suba!rid soils
(4.6 ppm) >Rendzina type soils (2.6 ppm).

* Considering sandy soils with <2.0 ppm copper as deficient and loam andclay soils with <1.5 ppm copper as deficient, the percentage of samples withsufficient content would be 84 in Vertisols, 70 in Fersiallitic soils, 65 in arid andsubarid soils, 47 in Ferrallitic soils, and 36 in Rendzina-type soils.0 The highest amount of available molybdenum was in arid and subarid soils(0.216 ppm) and in Rendzina-type soils (0.226 ppm). The lowest content(0.045 ppm) was found in Ferrallitic soils of the humid tropics. 
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0 Available molybdenum was significantly positively correlated with soil pH, 
base saturation percentage, CEC, and exchangeable calcium, and negatively cor
related with clay content. 

* With 0.14 ppm molybdenum as the critical limit with pH below 6.3, and 
0.05 ppm molybdenum with pH above 6.3, the proportion of samples with low 
molybdenuml content was 40% in Vertisols, 64% in Fersiallitic soils, and 89% in 
Ferrallitic soils. Deficiency of molybdenum was less in arid and subarid soils 
(24% of the samples). 

Manganese forms and their equilibrium in soils from Central America were 
studied by Fassbender and Roldan (1973)who worked with 62 samples (10 from 
Guatemala, 10 from El Salvador, 12 from Honduras, 11 from Nicaragua, and 
19 from Costa Rica) mainly Fluvisols (21) and Andosols (17). The soils showed 
little variation with iespect to manganese forms. The Fluvisols contained an 
average of 2.64 ppm water-soluble, 13.18 ppm exchangeable, and 333.0 ppm 
reducible manganese. Andosols showed corresponding values of 2.64, 13.18, and 
333 0 ppmn. In general the soil groups showed great variation in manganese 
content. 

Comparison of sources of micronutrients is important for some areas of the 
tropics where different sources have different commercial values and different 
agronomic effectiveness. One such case is that of zinc sulfate and zinc oxide, 
where the zinc sulfate is considerably more expensive in most cases. The effec
tiveness of zinc sulfate applied and mixed thoroughly with soil was compared 
with zinc oxide also applied and mixed thoroughly with soil, banded with fer
tilizer, coated with fertilizer, and coating the seed. Corn was the test crop. There 
were no significant differences for the first three treatments in relation to yield 
(greenhouse conditions) and zinc concentration (ppm) in the plant. The soil was 
a paraferrallitic sand, with p11 4.1, and was limed (1.000 ppm dolomitic lime) 
to pH1 5.6 (Nalovic and Pinta 1972). 

LATIN AMERICA 

Centr Plateau 
ZinW. Among the several micronutrients, zinc has one of the most widespread 
deficiencies in the Central Plateau (campo cerrado) area in Brazil (Oxisols, Ulti
sols, and some Entisols). Responses to zinc fertilizers have been observed in 
several greenhouse and field studies with various crops (Igue and Gallo 1960, 
Freitas et al 1960, Britto et al 1971, NCSU 1974, Souza and Hiroce 1970, 
Santos 1971). 

A comprehensive study conducted by Lopes (1975) with 518 tropical soil 
samples of the campo cerrado area (Table 3) indicated a range from 0.2 to 
2.2 ppm and a median of 0.6 ppm zinc using 0.05N HCI + 0.025N H2SO4 

extraction. A critical level of 1 ppm Zn has been suggested (NCSU 1974) for a 
sensitive crop like corn. By that criterion 95% of the 518 samples were below 
the critical zinc level, suggesting a high probability of response to zinc fertilizers 
in the highly weathered, acid, low CEC soils of Central Brazil. 
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In recent years evidence of dramatic responses to zinc as zinc sulfate in the 
campo cerrado has been accumulated. In an area limed to pH 6.4 in the first 
year of cultivation, rates of 3 kg Zn/ha increased maize yields from I to 6 t/ha in 
a clayey dystrophic Dark-Red Latosol (Acrustox) at Brasilia (NCSU 1974). The 
same experiment has been maintained to study the residual effects of zinc. Nine 
kg zinc/ha applied in 1972-73 maintained yields of maize, sorghum, and soybean 
above 90%' of relative yield for as long as 5 years (Lopes and Galrao 1979). By 
the missing-clement technique in greenhouse and field studies only the treat
mhent without zinc showed significant reduction in dry matter of maize and dry 
matter and grain yields of upland rice (CPAC 1978. 1979; Galr~o et al 1978). 

Copper. Data from T:,ble 3 (Lopes 1975) show a range from 0.0 to 9.7 ppm 
extractable copper. Specific studies to evaltiate the ehlecti of copper fertilization 
in these soils are lacking but considering I ppm Cu vs a critical level, 70'/( of the 
saniples would be deficient in copper. Most greenhouse and field experiments 
with copper include other micronutrients. In the few cases where the individual 
effects of micronulrients have been studied, no henefici,! effecl from copper 
fertilization was observed fbr upland rice and maize (CPAC 1978, 1979;Gairiio 
et al 1978). 

Iron antd manganese. Availability of iron and manganese scem to be ade
quate I'Or most food crops in the campo cerrado. The range for extractable ironi 
varies from 3.7 to 74.0 ppm with a median at 32.5 ppm (Table 3). No attempt 
has been made to evaluate the ciitical level of extractable iron in the campo 
cerrat!( soils. Virtually no iron fertilizer has been used in the region, and no 
response to iron stulfate was obtained for corn and upland rice (CPAC 1978 
1979; Galr5o et al 1978). Iron toxicity o-, the well-drained, leached Oxisols and 
Ul tisols ias been observed only in very small localized areas of' poor drainage. 

The median for extractable manganese in campo cerrado soils was 7.6 ppm, 
with a range from 0.6 to 92.2 ppm (Table 3). According to Cox (1972) there 
are ordinarily two sta:es for developing manganese deficiency in acid soils: first, 
reducing conditions to produce Mn and its subsequent leaching, and second, 
deficiency induced by overliming. Neither condition is common in campo cerrado 

Table 3. Summary of the range of some micronutrients observed in 518 topsoil samples 
under cerrado vegetation in Brazil (includes 16 samples under forest vegetation).a 

Accepted Samples t%) 
M icronutrienth critical below a geM d acriticalritical Range Median 

leveIc critical (ppm) (ppm) 
(ppm) level 

Zinc 1.0 95 0.2-2.2 0.6 
Copper 1.0 70 0.0-9.7 0.6 
Iron ? - 3.7-74.0 32.5 
Manganese 5.0 37 0.6-92.2 7.6 
aSource: Lopes 1975. bExtracted by 0.05 NHCI + 0.025 NH 2 SO4 . CAccording to soil test
ing services in Minas Gerais state, Brazil. 
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soils. A value of 5.0 ppm extractable manganese (0.05N HCL + 0.025 N H2SO4 
extraction) has been suggested as acritical level for asensitive crop like soybean 

(Cox and Kamprath 1973). Because most campo cerrado soils have pH between 

4.8 and 5.2, tile critical level tor manganese would be less. No attempt has been 

made to evaluate the critical level of manganese in these soils. By using 5.0 ppm 

as'a critical level, only 37.3/, of the samples were considered low. The data sug

gest that Oxisols and Ultisols in the Central Plateau of Brazil are well supplied 

with available manganese (CPAC 19 78, 1979; Galrfio et al 1978). 
Boron, cobalt, and mol;'bdtlnum. The availability of boron, cobalt, and molyb

denum in the campo cerrath soils has not been evaluated in any survey. Maize 

and upland rice have shown no response to the three micronutrients (CPAC 

1978. 1979; Galr-io et al 1978), but dry beans have shown considerable yield 

response to molybdenum and cobalt (Netto et al 1977). 
Most of the experiments with micronutrients for leguminous crops in the 

campo cerrado area use mixtures of microntitrients, leading to uncertainty as to 

which elements are limiting for those soils. In a study with dry beans on a pod

zolic soil (Ultisol) in Minas Gerais state, applications of 12.9 g molybdenum ha 

and 0.25 g cobalt/ha to moist seeds increased grain yields by 100 and 130%. 
Together, lolybdenum and cobalt were as efficient as ordinary superphosphalte. 

Similar Studies are highly recommended for the cerrado area. 
No on-going study is evaluating the ability of the campo cerrado soil to 

suppo't advanced food crop prodUCtion withomt the addition of micronutrients 

other than zinc. With intensive crop production, other micronutrient problems, 

beside zinc deficiency, may soon occur. 

Lower Amazon 
Considerable responses to micronutrients have beel observed in other areas of 

Litin America. In the lower Amazon jungle at Yurimaguas, Peru, with annual 

rainfall of 2.000 im and no definite dry season (red yellow podzolic soils, dys

trophic Paleudults. p1l 4.4, low CEC, and low in baces), deficiencies of boron, 

copper, and molybdenum may be limiting to crop production (Sanchez 1977). 
With the use of the Inissing-eleIment technique, copper deficiency was demons

tra ted in greenhouse tests for maii.e dry matter production (NCSU 1974). Later, 

in a field experiment with soybean and corn, soybean yield increased lron 0.59 
to 2.4 t/ha with two sprays of' a mixture of micronutrients (zinc, manganese, 

iron, copper. boron, and molybdenun). The experimental area had 4.4. 4.8, and 

0.1 ppm Olsen-extractable mantganese, zinc, and boron, respectively (NCSU 
1975). A nlicronutrient response was clear, but because the micronutrients were 

applied together, it was not possible to identify which was responsible for the 
increase. 

With 4 t lime. 160 kg P205' 180 kg N, 150 kg K20, 50 kg MgO, 24 kg S, 

3 kg Ci. and I kg Mo/ha at Yurimaguas, it was possible to obtain 3 crops a year 

(rice, soybean without nitrogen, and maize), with yields of 3 t rice, 2 t soybean, 
aid 4 t niaize/lia, contiutously (Sanchez 1977). 
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Colombia 
Zinc. Zinc deficiency is frequently seen in Colombia in areas under cassava 
cultivation, both in acid and alkaline soils. However, the ideal management 
system for overcoming the problem in the two soils is different. In an acid 
(p14 4.5) Oxisol (Typic Ilaplustox. clayey, kaolinitic, isohyperthermic) at Cari
magua, 5 kg Zn/ha as zinic sulfate increased cassava yield from 8.3 to 12.7 t/ha
for variety M Mex 59, and 1.7 to 8.4 t/ha with variety M Mex 23. The zinc 
content of the leaves increased from 25 to 35 and 21 to 34 ppm. There was no 
significant difference between using zinm sulfate in band or zinc oxide as broad
cast, but foliar application or stein cutting treatments were less effective. But in 
a Mollisol (p11 6.7 to 8.0) at CIAT, the best treatment was to submerge the 
stem cuttings for 15 minutes in a suspension of 4%; ZnO or in a solution of 
4'7 ZnSO 4 (CIAT I 978a). 

?!nc deficiency for cassava is comnmon on acid, highly weathered Oxisols in 
Colombia when high rates of lime are used. An application of' 20 kg Zn/ha was 
effective in overcoming zinc deficiency induced by the use of 6 1 lime/ha for a 
cassava crop. The treatment NPK + 20 kg Zn/ha gave the same Yield (16 t/ha) as 
NPK + Zn + Cu + Nb + Mn, showing that the limiting micronutrient was zinc 
(Iloweler et al 1977). 

oguron. On a high-plH Mollisol in the Cauca Valley of Colombia, bean (Phaseo
his vulgaris) yields were seriously limited by boron deficiency. Boron applied
directly before seeding at the rate of 2 and 4 kg/ha gave optimum yields for 2 
and 3 successive crops. Critical levels were 20--24 ppn boron in leaves and 
C.65 ppmi as hot-water-soluble boron in soil. Toxicity occurred above 40 to 
45 ppm in leaves and 1.3 to 1.5 ppmn in the soil. In the same area lung bean 
(Vigna radiota) was high ly tolerant and responded negatively le boron applica
tion (Ilweler et al 1978). This shows the neel for different plant species when 
evaluating critical levels of iicronutrients in soils and plants. 

Other Latin American countries 
Responses of food crops to microntrient applications tunder diverse soil types
and climatic conditions have been observed in other countries in Latin America. 
Working in a typic Ouartzipsanment ini Guyana, Saxena and Locascio (1975) 
obtained increases in dry bean yields (216-1.800 kg/ha) from application of 
45 kg FTE 503/ha at reasonable levels of nitrogen, phosphorus, :ind potassium
fertilization. In a greenlhouse, maize on an Inceptisol from the subtropical zone 
in Peru (pll = 4.9. low (EC, extractable Mn in Nall('0 3 OSM -- pH1-8.5 plus
EDTA 0.01 NI 61 ppm) showed a negative yield response to manganese (Villa
chica and (Cbrejos 1974). These data show that the limits for deficiency and 
toxicity of icronutrients nust be carefully evaluated to develop criteria for 
their adequate matagement as a crop production constraint. 

Alicronttrients in rol'ani' ash soils. Volcanic ash soils (Andosols) from Latin 
America seem to diffcr in available micronutrients according to geographic dis
tribution and age of' ash material. Working with three acid volcanic ash soils 
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(plI 5.0-5.4) from the Afeseta Central in Costa Rica, Marinho and Igue (1972) 
found that zinc absorbed by maize p!ants was better correlated with 0.01 M 
EDTA-extractable zitc than with zinc extractable with 0. IN HCI. The levels for 
extractable zinc in the three soils were 1.8, 1.3, and 0.7 ppm by 0.01 M EDTA, 
and 8.'1, 4.3, and 2.2 ppm by 0.1 N lCI. The levels were considered low. 

A similar result was obtained (Martini 1970) in 17 soils and subsoils (recently 
formed, volcanic ash) from Costa Rica that did not show crop responses to a 
mixture of copper. zinc, manganese, iron, molybdenum, and boron. Volcanic 
ash soils from Chile have shown considerable effect on the proportion of legurn
inot's )lants in pasture from molybdenum application (200 g/ha) mainly in older 
ash ,;oils (Weinberger and Wenzel 1973). Availability of copper, zinc, and iron 
seemed adequate, but there was a potential manganese deficiency I nine volcanic 
ash soils from southern Chile (Schalscha et al 1908). Boron deficiency is reported 
for sovei'lI crops oil volcanic ash soils from Ecuador (Tollenar 1966). 

AFRICA 

In his review of soil micronutrients in Africa Drosdoff (1972) observed that 
inure and more micron otrient deficiencies are oeing recognized in a wide range 
of crops and of soils. lie stated that apparen ly deficiencies of molybdenum, 
zinc, and boron are the most prevalent, but those of copper, manganese, and 
iron have occasionally been identified. 

Little has been added to the knowledge of miLitonot rients specific for food 
cr'p production during the last decade in tropical Africa. Studies about the 
elTecti 'ss of inicronutrient extractors, calibration for various soils and crops, 
and methods to eliminate micronutrieill constraints are almost lacking. Heath
cote (1972) indicated that Nigerian fertilizer practices with reference to potas
silif and trace elements will have to be drastically amended to maintain high 
yields of maize, sorghium, and gronudnuts in intensive systems of agriculture. 
A similar trend woUld he expected in other African countries now changing their 
agricultural system. 

Manganese and zinc 
Although bean. soybean. and groundnut are on acid soils that are high in 
manganese, manganese toxicity in those crops in a ferrallitic soil (Oxic Quart
zipsammenlts) in Madagascar (Ngo Chan Bang et al 197 1 ) has been reported. The 
interaction of' liming and manganese and zinc availability in highly weathered 
soils from Africa seems quite similar to that observed in highly weathered Oxisols 
amd Ultisols from South Amo c ica. In two Ultisols from southern Nigeria (Us
toxic Palenstult and Oxic Paleudult). considerable reduction in yield and man
ganese and zinc upt ake by maize was observed when the soils were limed to p14 
above 6.2 and 5.6. respectively ( io and Uzu 1977). Overliming of highly 
weathered, low ClC soils seems to have more deleterious than beneficial effects. 
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Boron 
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Recently, further evidence of tie response of maize and leguminouts crops to 
molybdenum has accumulated in Africa. In , field experiment in South Africa, 
seed treatment of 125 u Na2 MoO 4/ 00 kg maize seed increased grain yield by 
11, <and almost doubled the molybdenun concentration in the grain (0.043 to 
0.072 ppm). Similarly. Ashour and lassan Moawad (1975) observed illsandy, 
calcareous soils (pll 7.9) in Egypt a positive eftect from soaking gioundmut, 
b:oad beansmd lupine seeds in a 2.10 M Na2MoO 42112) soltit hefore sowin. 

-However. a similar seed trealment with 2.10 N ZnSO4 ' 711,0 and 2.10-2 
CoSO 4 ' 71120 gave positive effect from zinc only for groundnut ind horsebean, 
antd from cobalt for lupine only. The highest yields were obtained by a seed 
treatment that COltubilued trlce eleutls :.alldnodule bacteria. These data indicate 
that although molybdenum deficiency can be a serious problem illsandy soils 
ild organic soils intAfrica. liming as well as seed treatment has been effective 

ill reducing the constraint for production ot soine loud crops. 

ASIA 

micronutrients 
during the last decade has been in Asia, and primlarily in India and Ihe Philippines 
With wetland rice. Two survevs covering rice-rowing soils were contduIcled during 
1976: one involving landform,.hydrology, genesis, taxonoly, ald suitahility: the 
other emtnphasizing checmical prolleis of cutrrellt and potential rice-growing soils 
(IRRI 1977). A sumtmlary of the latter survey indicated about 100 inillion ha of 
land in South atnd Southeast Asia physiographically alnd clinlatically suitable for 
rice prod !ctln biut uicultivated largely because ot soil prohlei'..is such as salinity, 
alkalinity. tiroiig acidity. or excess of organic matter (Table 4). The different 
kinds of soils indicate possible differences in microutrient coistraints --iron 
toxicity OilSltonclV acid soils (acid sulfate soils) atlld oil 

Most of the research otil for food crops production in the tropics 

ZiiC deficiettcy alkaline 
soils. organ ic soils, and \wlet soils. 

Zinc 
Zinc deficierlc'y is probably the most widespread licrolnutrient constraint to 
wetland rice Prod uct ion ill tropics. It illth1e occurs parts of India, Pakistan, and 
the Philippines and is generally associated vith calcareotus soils (Tanaka and 
Yoshida 1970: Yoshida and Forno 1971 IRRI 1972, 1973. 1977). Ini Asia, zinc 
deficiency is regarded a Major lilitine factor rice aboutas for wetland otil 2 
million ha (Ponnamperunia 1974). The prol)lel is aggravated for wetland rice 
because flooding depresses zinc availability (IRRI I1967, 1909: Sanchez 1976) 
and high levels of organic inatter ill zinIc deficiency (YOshIidatlte soil accelerate 
ald Tanaka 196L). IRRI 1969). 

Zinc delficiency itnsubmerged soils has been explained by studies ,t)the 
kinetics of micronutrients. Alfter studying tilekinetics of water-soluble copper, 
zinc. boron, and molybdenutm il subtmerged Louisiana clay, Ponnamperutna 
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Table 4. Problem rice soils (current and potential) of South and Southeast Asiaa 

ExtentKind of soil 
(million ha) 

Saline 62.5 
A:kali 2.2 
Acid sulfate 9.8 
Organic 29.0 
aSource: IRRI 1977. 

(1974) observed that the concentrations of zinc and copper decreased, the con
centration of manganese markedly increased, while the concentration of boron 
remained more or less constant (Table 5). More recently, studies of 12 organic 
soils in the Philippines showed that zinc concentration ranged from 0.02 to 
0.07 ppm 6 weeks after submergence despite a p1-I change of less than 0.3 (IRRI 
1977). 

Dramatic responses to zinc fertilizers have been obtained o saline-alkaline 

soils in India (Abrol et a] 1972, Singh and Dhar 1973, Forne -t al 1975a) 

and on calcareous soils in India (Varma et al 1977), Pakistan (Kausar et al 197A, 
Chaudry et al 1973), Japan (Yoshida and Tanaka 1969), and the Philippines 
(Yoshida and Forno 1971 ). Not all calcareous or saline rice soils are deficient in 
zinc. Lockhard et al (1972) observed that addition of zinc did not increase rice 
yields in three Luzon soils with p-i 6.4-7.4, 1.5-2.0'/ organic matter, and 
0.80-1.65 ppm 0.]N 1ICI extractable zinc. It has been observed that coastal 
saline soils in West Bengal, India, 1!,,d total and available zinc, copper, and 
manganese adequate for normal growth of rice (Bandyopadhya and Adhikari 
1972). 

Considerable research in Asia has evaluated zinc extractants, rates of zinc 
fertilizers and methods of overcoming zinc deficiency for several crops and soils. 
Most of the research did not have enough information about soil characteristics 
to allow decisive and precise extrapolations. 

Results of conventional soil tests are well correlated with rice plant zinc 

content and yield responses. The critical level of zinc is 1.5 ppm by the method 
of Trierweiler and Lindsay (1969) according to Ponnamperuma (1974). How-

Table 5. Kinetics of water-soluble copper, zinc, boron, and molybdenum in submerged 
Luisiana clay.a 

Concn (ppm) in soil solutionMicronu trient Owk 1 wk 2wk 3wk 4wk 

Zinc 0.29 0.20 0.25 0.10 0.05 
Copper 0.14 0.12 0.09 0.04 0.03 
Boron 0.24 0.22 0.24 0.27 0.26 
Molybdenum 0.01 0.02 0.1R 0.39 0.47 
aSource: Ponnamperuma 1974. 
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ever, several extractors have shown considerable varia'ion ill predicting responses. 
Working with peaty. red and alluvial soils Iromi India (p1[ 3.3- 8.5.0.39--7.42"'( 
organ ic matter. 0.05 1.2, CaCO 3 , C1 4.77 icq/100 g0, andq23.42 Tiwari 
Mohan Khnmar 11974) concluded that dithlizone-anmloniin acetate extracling 
solution was suitable for estimating available zinc for rice plantS. Similar results 
were obtained by Mithyanlia et al (1971) in some soils of Mysore state in India. 
and by Rai et al (1)71 ) also in India. I)itliiz.one /inc extraction was highly cor
related with wheat yields and uptake of zinc., while zinc extracted by I N N11 4 OAc 
(p1l 4.6). 0.2'; EDTA. and 2N MgCI, were .,ignificanltly corel'." and ncor
related with 0.1N IICI. A critical level of 0.55 ppm dithizoiC extractable zinc 
was suggested (Grewal ct al l968). 

After testing I I zinc extractants on alluvial, red. and lateritic soils (p11 8.3
8.4, 5.3 7.0. 5.4 - .2; and organic carbon 0.15 0.14, . 0.89 2.6';, 0.82
2.28';. respectively ). Ivengar and Deb (1970) concluded Iliat NI14 OAc (p11 4.6), 
EDTA-NII 4,OAc. DIPA. an11dIDTA (NI14)2C0 showed a very high degree of 
correlatioii With zinc uptake by maize and mnlg bean in India. 

Several mincth ods have shown efficiency in overcoming zinc deficiency for rice 
in various soils in India. Varma ct al (1977) observed that soaking of rice roofs 
in 4: ZnO sUspensiol resutlted in an increase of dry mat ter, coimpared to direct 

3 

application of 2.5 ppil ZTISO 4 ill calcareous soils. In saline-alkaline soil (pl I10.6),
.45 kg ZiSO4 ia before sowing the rice increased rice yields about 30', 
(1,000 kg/ha) (Abrol et al 1972). Foliar spraying (1O, 25. and 50 days after 
transplanting) of a zinic sulfate sotlution (15 ppm Zn)signi icant ly increased the 
rice yield on a saline soil (p11 9.1) accordine to Singh and Dhar (1973). Ilow
ever, 100 anid 200 kg ZnSO4 'ha applied to the soil produced significantly higher 
rice yields than 10. 15. or 25 kg ZnSO4 /ha, which was foliar sprayed (Singh and 
Pandey 1972). Ponnai peruma (1974) stated that zinc deficiency in transplanted 
rice is easily correc ted by dipping tie roots of the seedlings in a 2',; suspension 
of zinc oxide in water before planting. In direct-seeded rice, the application of' 
50 kg ZnSO4 • 711 20/1'a has been eftective in preen ting zinc deficiency. 

Breeding varieties with improved resistance to adverse soil conditions (includ
ing zinc deficiency) is another alternative. Ilowever, little has been done on this 
subject concerning micronotrien ts in tropical Asia antd also in other areas of the 
tropics. The possibility of this alternative has been discussed by Ponnamperuma 
and Castro (1972) and Forno et al (1975b) in tile Philippines for rice, and by 
Sa faya and Singh (1977) for cowpea in India. 

Considerable responses to zinc Iertilizers have been obtained for other food 
crops in tropical Asia. Kapur and Gangwar (1975) obtained significant increase 
in the dry weight of the soybean shoots with application of 5 ppm zinc it a 
typic Haplaquoll (p1l 7.1, 2.2',; organic matter. and 0.5 ppm ditlhizone extract
able zinc) in India. A similar rate of zinc (5 ppm) combined with 100 kg 
P205/ha increased the yield of maize dry matter in a loamy coarse sand soil 
(p-I 7.1, 0.49'/ organic matter, 0.52 ppm ditlhizone-NI14OAc extractable zinc) 
in India (Rajagopal and Melta 1971). In other studies, lower rates (20 kg 
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ZnSO4/h:a) resulted in maize grain yield of 5 t/ha, compared to 4.5 t/nla with 
10 kg ZnSO4/ha and 3.8 t/ha in the control (Rathore et al 1972). 

Iron 
Iron deficiency was one of the first nutritional disorders to be recognized in 
rice. It is widespread in calcareous and alkali soils under both dryland and wet
land conditions and is also found in some flooded soils where organic matter is 
too low to produce soil reduction (Sanchez 1976). It is widespread in Central 
and Northern India, the Philippines, and part of' Japan (Tanaka and Yoshida 
1970. OkaJima et a! 1970). 

Although iron deficiency is common in calcareous soils, rice on such sois 
does not always expetience iron deficiency. Sanchez (1976) observed no iron 
deficiency symptoms but noted prominent iron coatings in calcareous soils of' 
pH 8.3 throughout the coastal area of Peru. 

With the possible exception of bleached sands, acid soils in the tropics are 
well supplied with iron; consequet'tly, iron deficiency is rare in upland crops 
wilh their reducing rhizosplieres. However, iron deficiency has been observed in 
acid soils with plI around 5.0 in the Philippines and in Brazil, when dryland rice 
was under periods of water stress (De Datta ct al 1975, Costa and Souza 1972). 
A possible explanation for this behavior inl acid soils was given by Sanchez 
(1976) who reported that although tilesolubility of iron was high. the crystal
linity of the forms, or sheer water stress, could induce iron deficiency. 

Iron deficiency for rice can be corrected by applying ferric sulfate, ferrous 
sulfate, or iron oxides to the floodwater or by incorporating them with the soil 
(Sanchcz 19Q76). But the simplest Way is to lower the redox potential to less 
than 0.2 V at p-i 7.0 through submergence. saturation, or even partial saturation 
of the soil (Ponnamperunma 1974). But because little water control is possible 
on !pland soils where rice is grown, the use of varieties tolerant of iron deficiency 
may be the oly other practical solution besides iron fertilizers incorporated into 
the soil (Pomamperuma 1974). Varietal differences in relalion to iron defi
ciencies have been identified P(onnamperuma and Castro 1972; IRRI 1972. 
1973). 

Acid tropical soils are normally well supplied with iron. Iron toxicity occurs 
when certain highly weathered Oxisols. Ultisols, or Sulfaquepts are looded. 
Within a fev liours after flooding the redox potential of most soils fall below 
0.2 V at pit 7 and iron comes into solution as Fe2'. The rate of formation of 
water-soluble Fe : , tite peak height, and the subsequent rate of decline depend 
on p1i. the organic matter content of tilesoil, tile nature and content of Fe (Il1) 
oxide hydrates, and the temperature (Ponnamperunta 1974). Fe2+ concentrations 
that exceed 300 ppm can be observed on strongly acid Ultisols and Oxisols, and 
Sulfaq ,cpts can have concentrations as high as 5.000 ppm, a few weeks after 
submergence. 

Ponnamperuma (1974) summarized the treatments that have alleviated iron 
toxicity for rice growing in pots as follows: liming, drainage, presubmergence, 
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late submergence, midseason soil drying, ; pplication of manganese dioxide, and 
avoidance of organic matter. Under practical field conditions, however, only 
liming, soil drainage to reoxidize the ferious iron, or use of varieties tolerant of 
iroi toxicity seems to be satisfactory (Ponnampermma 1974, Sanchez 1976). 

Little work his been done on ii on deficiency in soils for other food crops in 
Asia in the last decade. Lodha and Baser (1971) studied available copper, boron, 
and iron in seven representative soil groups ill Rajasthan. India, and observed 
maximum available iron in desert and mixed red and black soils and mininum 
amounts in grey brown soils. Deep back soils of Madhya Pradesh, India, were 
only slightly deficient in soluble iron ( Rai et al 1970), but iron-carrying fertilizers 
helped wheat yields on black soil in the same area (Subba Rao and l)atta Biswis 
1971). 

For other food crops grown in iron-deficient soils, application, of iiol
carrying tertilizers or foliar sprays are reasonable alternatives. lowever, little 
research has been done on the management of these alternatives in tropical Asia. 

Manganese 
Studies concerning evaluation of the status of olher inicront trients in Asia are 
fewer than those for zinc and iron. Manganese deficiency seems not to be a 
severe problem for rice production in Asia. 

Tanaka and Yoshida's survey (1970) of nutritional disorders of rice inl Asia 
observed no sVmpt oms of manganese deficiency. Samples of black soils, alluvial 
soils, and saline soils in India revealed that available manganese was adequate for 
crop growth (Rai et al 1970; Bandyopadhya and Adhikari 1968. 1972). -low
ever, manganese deficiency would be expected in slightly acid or alkaline soils, 
poorly drained areas, and soils with high levels of soluble iron, copper, and zinc. 
Vamadevan and Mariakulandai (1972) observed significant yield responses from 
10 kg MnSO 4 -41-' 2 0/ha on r'ice in India. 

Acid tropical soils have much less manganese than iron, but do not comimonly 
show manganese deficiency. Ponnamperuma (1974) explained that the concen
tration of mianganese in the soil solution of normal oxidized acid soils is always 
higher than that of iron, its closest competitor, and that manganese uptake is 
favored by nitrate. Manganese toxicity was not fou,nd to be a nutritional dis
order of we tland rice in Asia (Ponnamlperumll a 1974). 

Copper and molybdenum 
The available in formation about copper and molybdenum for food crops pro
duction in Asia is meager. Ponnamperuma (1974) observed that the kinetics of 
the two micronutrients under wetland rice conditions are opposite. Copper con
centration in the soil solution decreased but molybdenum increased considerably 
upon flooding. Kausar e t al (1976) stated that iflooded soils appeared responsible 
for copper and zinc deficiency for rice in calcareous soils of Pakistan. 

Although flooding increases molybdenum levels in the soil solo tion, molyb
denumi application canl be helpful to nitrogc:1 metabolism in wetland rice 
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plants. Das Gupta and Basuchaudhuri (1974) observed that IR8 significantly 

increased total leaves, stein, and grains and also inand soluble nitrogen in tile 
creased free and protein-combined amino acids after application of ammoniunm 
molybdate (40 g/ha) as foliar spray alone or illcombination witli 400 kg N/ha 

in an alluvial soil (pll 5.9) in India. The data suggest that in wetland crops like 

rice, where use of ammloniuil fertilizcrs is common. niolybdenuim could bring 

about improvements in the nitrate reducinl', process. Further studies of the 

nolybdenunL an1d nitrogen interaction are indicated for food crops production 

in the tropics. 
The peat soils of Asia show a need for copper fertilizers to achieve high yields. 

Kanapathy (1972. IQ70 ) observed that most of the fod crops studied responded 

significantly to copper feltilizers. Dressings of 17, 34., and 68 kg CttSO4/ha in

creased maize yields illthe 9th consecutive crop to 4.3, 4.0, and 4.1 t!ha, whereas 
the control yielded only 1.3 t/ha. The long residual effect of' copper applications 

suggests that basic dressings of 12--36 kg CuSO 4 ,haapplied at 5-year intervals 

are adequate to maintain copper at appropriate levels. 

Boron 
Little information is available concerning bo on availability and responses of 

food crops to boron application illAsia. lowever. boron deficiency should be 

expected in coarse-textured soils that are Ilw* in1organic matter, especially ill 

high rainfall areas, and also illnearly ettrai or alkaline soil'. Siugh an1d Sinha 

(1976) working with 200 soil samples front northeastern Bihar, India (pH1 4.8

9.8, 2-16',:; clay, 0.2 -1.7'; organic carbon) obtained a range of hot-water 

extractable boron -- from traces to 1.05 ppm. with an average of 0.42 ppn. If 

0.5 ppm is the critical limit, 605" of tt: samples could be deficient. Available 
= 
boron and that in wheat plants showed alhigh correlation (r 0.7081*). 

The limits between boron deficiency and boron toxicity seem to be much 

closer than those for otherumicronuirMents. Illthe Plhilippilles apl1ication of 5 or 

10 ppm boron increased potted rice grain yie)ld front 70 to 90 g/plant illone 

soil at the 5-ppm level only. For three other soils boron toxicity symtpons and 

sharp reduction itthe yield wce observed (Lockhard et al1970). Similar results 

were obtained by Lockhard et al (1972). 

Most of the studies in relation to tropical Australia have been with pasture 

soils of Queensland (Teitzel and Bruce 1971 a,1971 b,1972a, l1972b) and coot

pared soils derived from metamorphic, granitic, and basaltic rocks. The main 

micronutrient deficiency was that of molybdenum. The Australian studies 

lemonstrate the effectiveness of conducting soil fertility evaluation studies in 

the greenhouse before going to expensive field experiments. 

RESEARCH NEEDS 

Some future research needs art: 

0 In areas with a lack of infornation on limitations to food crops production 

imposed by nlicronutrients, greenhouse studies of extractant solutions and 
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nissing-element techniques should be stimulated. Soil samples should be com
pletely characterized with soil profile descriptions oil a levei of generalization 
to allow adequate future extrapolations. Such preliminary studies are highly 
recoInmended before going to expensive and detailed field experiments. In ,reas 
tat have already passed through this preliminary phase studies of' rates, sources, 

efficiencics (organic and inorganic). methods of application, interact ions ;',ong 
llaCrO and micronutrients and other factors or soil characteristics should be 
emphasized. 

* New areas in cultivation where responses are not prominent slould be 
evaltated to determine for how long the indigenous availability will be enough 
to support high crop yields. Because relatively little information is available about 
tileresidual effect of micronutrients a)plied and because the limits between 
deLIcielcy ,and toxicity are nllrow for some mnicrollntrintls, some long-term 
experiments are probably needed. 

* Breeding and testing of' varieties lolerant of"micronutrient deficiencies or 
toxicities should be considered for areas where macronut rient problems have 
already been solveL or for special areas where efficiency in nicronutrie-nt utiliza
tion from traditional methods of ap)lication is restrf:Ied. 

* A worldwide samplillg in tiletropics of typical soils of diverse physio
graphical, climatic. and landsc:ipe characteristics, and evaluation of inicronti
trients (total and available) il the laboratory and the greenihouse would probably 
be desirable. Absorption curves studies for nIOSt 1otd crops in the tropics are 
lacking. and the knowledge of' adequate balance of' nutrients at various growth 
stages is deiinitely important to achieve adequate management of the crops. 

a Finally. because modern methods of' soils analysis for inicron tit rients are 
not as diffictilt tileas itl past. there should not be much of a problem in analyzing 
micronutrielts by standard methods when doing soil surveys in areas where 
there are laboratory facilities. 
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Nitrogen as a constraint
 
to nonlegume food crop

production 
D. R. BOULDIN, R. S. REID, AND P. J. STANGEL 

The present state of knowledge of nitrogen as a factor limiting yields 
of nonlegume food crops is reviewed. We conclude that the concepts 
for improving the yields of crops through improved nitrogen supply 
are reasonably well known and substantial increases in food produc
tion can be obtained by translating these concepts into information 
useful to farmers. The basic experimental data for this application 
require a well-supported, -designed, and -executed field program. 
Emphasis in this field program should be on recycling of nitrogen, 
correct timing and application of the proper amount of nitrogen fer
tilizer, and improving use of organic sources of nitrogen. 

THIS REVIEW OF TIlE STATE of knowledge of nitrogen as a factor that limits 

yields of nonlegume crops has several limitations. 
" Only nonleguine food crops are considered. 
" Mainly biological limitations are considered, socioeconomic constraints are 

largely ignored. 
* Biological nitrogen fixation is not considered because it is covered in an

other paper. 
0 Organic matter is considered only as a source of nitrogen; we recognize that 

this is poor agronomy. 
* Major emphasis is on the next 5-25 years, although there are implications 

for the longer-term problems. 
* Major emphasis is on nitrogen management required to give yields of corn 

in excess of 2.000 kg/ha, wheat in excess of 1,500 kg/ha, rice in excess of 
3,000 kg/ha, etc. 
The following are our opinions and judgments on the most important problems. 
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'[iili PROBLEM AND THE PRESENT KNOWLEDGE 

low prevalent is nitrogen as a factor limiting crop yields'? Perhaps this question 
canl best be answered by considering the following three categories: 

1. land areas where nitrogen is in excess f'or the crop prodtction potentials 
and hence increased yield woold result from improving present management 
(water, varieties, crop protection, relay cropping, etc.) buL with no substantial 
change in nitrog,'i management, 

2. land areas where crop yield potentials exceed the nitrogen supply and 
hence increased yields would result from enhanced nitrogen supply. and 

3. land areas where crop management and nitrogen supply are well matched 
and increases in yields could be obtained only if both management and nitrogen 
supply were improved. 

Information on the land area in each of these categories is not easily found. 
Experiment station data are not useful because of the different conditions tinder 
which the crops are grown. Data from Carnners' fields are usually limited in scope, 
and manry times nit'ogen as a factor is not isolated (i.e. several other variables 
are changed simlitanetously). In any event, the following are some judgments 
based on the data we have. 

Nitrogen in excess of crop yield potential 
Probably the largest area where nitrogen is in excess of crop yield potential is 
under shilfting cultivation in forest regions. In Africa during the first 2 years of 
cultivation following at least 10 years of fallow, total mineralization of nitrogen 
exceeds crop uptake by a substantial margin (Nye and Greenland 1960, Bar
tholomew 1977). 

Under shorter fallows, some response to nitrogen can be expected tinder 
reasonable crop managenlents (Nye and Gree'nland 1960). Similarly, under 
intensive relay cropping where there is always a crop using the nitrogen as 
rapidly as it is mineralized, response to nitrogen can be expected when crops 
are well managed. An example is afforded by data f, the tropical forest region 
of' Pert. where corn yields of a,1bout 1 000 kg/ha were obtained in intensiv relay 
cropping and yields were more than doubled by adding fertilizer nitrogen even 
during the initial phases of cropping (NCSU 1975. 1976). 

The evidence reviewed by Nye and Greenland (I960) and Bartholomew (1977) 
indicates monthly mineralization rates in the order of 10-30 kg N/h a a fter bush 
fallow. Rates of' loss by leaching and denitrification will vary considerably with 
site and year so that the effectiveness of mineralized nitrogen varies accordingly 
(Bartholomew 1977. Greenland 1958). The conceptual diagram in Figure I may 
help to clarify the many possibilities and to delineate areas of concern. In the 
example, leaching and denitrification have removed enough of the mineralized 
nitrogen to limit crop yields. Without leaching and denitrification, the mineral
ized nitrogen would have been sufficient for high yields. About midway between 
planting and har',est, the potential rate of uptake by both crops is considerably 
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1.The conceptual relationships among various nitrogen components in the crop-soil 
system during the cropping season. The solid lines represent the supply functions and 
the broken lines represent the potential of the crop to accumulate nitrogen under 
conditions of adequate supply. 

in excess of the rate of mineralization. The significance of this latter observation 
is discussed later. A reasonable hypothesis is that if a crop (or a succession of 
crops) with potential for r, id initial nitrogen iuptake had been grown, it would 
have taken up most of the iitrogen as it was mineralized and this would have 
prevented a substantial portion of the leaching and denitrification losses. Under 
shifting cultivation following clearing, the iineralization of nitrogen might be 
in the order of 100 kg N3 months or even more. Whether this issufficient for 
a high yield will be determined largely by the leaching and denitrification lecses 
and whether crop uptake is well matched to mineralization rates. When expected 
grain yields are 1,000-2,000 kg/ha, little response to additional nitrogen can be 
expected. If yield expectations are larger, responses to additional nitrogen might 
be expected, particularly in those areas where leaching and denitrification are 
appreciable and where intensive relay cropping is used. 

Areas with inadequate nitrogen 
Considerable areas may exist where adequate water and varieties with high yield 
potential are now used with inadequate nitrogen. IRRI (1978) summarized 
several years of results in farmers' fields and concludcd that often an additional 
ton of rice could be obtained with more fertilizer (usually nitrogen). Stangel 
(1978) sumnarizes data for rice on a worldwide basis and makes a similar con
clusion. 
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In contrast to rice. neither corn nor wheat is fertilized to produce anywhere 
near their potential yield. For example, there are large areas in Zaire (Diamond 
et al I975), Mexico (Itill 1978), and Brazil (Shields et al 1974) where the addi
tion of some 50 to 100 kg N/'ha can increase corn grain yields as mLcl as 2 t/lia. 
Tliese data are I'airly representative of those 'rom tile corn-growing areas of 
Central America (Shields et al 1975). South Ameiica, and Africa. 

Wheat is another najor f*ood crop that is not fertilized to produce near its 
yield potential. Rc.,:irch wit' wheat in such major production areas as Turkey, 
Pakistan. and tie Punjao of India has shown that yields can e:isily be increased 
0.3--0.5 tha with an adlitional 10 20 kg N/ha. Conisiderable eflort is needed 
to get f'armers to more closely match nitrogen levels to yield potential, especially 
in areas wh're tile technology is in place. 

Areas with yield and nitrogen matched 
By far, the predominant condition in te rmns of area is the land where yields and 
nitrogen are matched. Lvidence f'or this is the implied assumption - prevalent 
in most research designed to increase yields -- that orly small or no response to 
improved supplies of' nlitrogen will be obtained unless the yield potential of tile 
crop is also improved. 1his general idea probably arises from theinmeager responses 
to complete fertilizer im tnerous trials in farmuers' fields 15 - 20 years alo. In 
those trials the only nmanagenment variable was fertilizer addition. 

Another piece of' evidence is that generally yields are not improved appre
ciably when varieties wkilh high yield potential :ire substituted for varieties with 
low yield potential. To realize even some of the yield potential of improved 
varieties, it is necessary (but not always sul'ficient) to increase nitrogen supplies. 

INORGANIC NITROGEN 

The instability of inorganic nitrogen inl soils is perhaps one of its be- t known 
qualities. Some of tile things that can happen to inorganic nitrogen follow: 

* taken up by plants: 
* incorporated into microbial tissue; 
* leached from tile root zone (usually as NO 3 ): 
" denitrif'ied, or 
" volatilized as NII 3 gas. 
The objective of agronomists is to maximize that taken up by plants and 

minimize time others. The best way of accomplishing the objective is to get the 
inorganic nitrogen into the plant as quickly as possible: once it is in the plant it 
ceases to be subject to the loss mechanisms listed. We focus on this simple idea. 
Our emphasis is oil the increases in economic yields obtained and increases in 
nitrogen content of the aboveground dry matter rather than on what was not 
recovered or what happened to the unrecovered nitrogen. 

Dryland crops are good scavengers for inorganic soil nitrogen. We found 15 sets 
of data in the literature where the residual inorganic nitrogen in the rooting zone 
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at the end of the cropping season was determined, and where the nitrogen addi
tions were not in excess of the ability of the crop to utilize the nitrogen available. 
In most cases, the concentrations of inorganic nitrogen were considerably less 
Ihan 5 ppl with dryland crops. WetlaMd rice was in only one set of data, which 
indicated somewhat higher concentrations. 

Loss adds uncertainty to predicted nceds for nitrogen namendments. A charac
teristic of inoranic nitrogen lsses in the field i-; that they vary greatly among 
years and site,. Losses are esscntially a function of soil cliaracteris tics, climate, 
and. if- thle ctSe of denitrification. energy available for microbial activity. Climatic 
events add considerable unccitainty to predictions of losses, whether the source 
ot inorganic nitrogen is tIt rough111 ineralization of' organic sources or from fe rtil
izer nitrogen. Thus crop iecovery of nitroge n fronm any given nitrogen manage
tuent scheme will vary front year to year. 

The variable nature of losses of inorganic nitrogen adds uncertainty to pre
dictions of nitrogen needs. NitrogCn additions aimed at the average year will be 
too much illthose years with below average losses and too little in those years 
with above averaue losses. Tlius amnldilg for an average ,,earbecomes expensive 
in aly event and ensures that applied nitrogen will not achieve maximum effect. 

The probabilit'v of loss increasesas residence time of the inorganic nitrogen 
in the soil increases. Therefore, the more ncarh' the tnming of inorganic nitrogen 
additions to the soil coincidLs with plant uptake, the less likel, losses become 
and the more "ikelty recommt mdations made ]or an aterage tear will be c,)rrect. 

ORGANIC NITROGEN 

The concepts of soil organic nitrogen behavior under various cropping systems in 
temperate and tropical regions have been admirably discussed itt a number of 

publications (Nye and Greenland 1960, Jenny 1961, Jones and Wild 1975, 
Bartholomew 1977 among others). Basically, the general concept that has evolved 
is that tile organic nitrogen content of soils under a given managenment system 
tcnd toward a steady state level, at which tinte inputs of nitrogen equal losses 
by crop removal. denitrification. leaching, etc. tlhatis,tileorganic nitrogen 
content does not change with time once a steady state is reached. When the 
inaianagement system is changed, the old steady state is disturbed and the soil 
organic nitrogen content begins to change toward a new steady state charac
teristic of the new management system. The implication of this concept for 
crop production are illustrated in Figure 2 for a system that has been undisturbed 
for a long time and then is placed under intensive cultivation for nonlegune 
food crops. 

Initially, large amounts of nitrogen are available for crop production but as 
the organic matter is depleted, the supply of nitrogen available through minerali

zation is reduced considerably, and finally the only nitrogen available for crop 
removal is that put into the system through nonsymbiotic fixation and nitrogen 

in the precipitation. The time required for the changes illustrated in the diagram 
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2. Illustration of a) the changes in organic nitrogen content of a soid initially
 
tinder fallow and then placed under continuous cultivation to nonlegumc crops
 
without fertilizer nitrogen, and b) the nitrogen potentially available for crop
 
production under the situ~ation described in a. In b the nitrogen potentially
 
available to a crop during one season is the decrease in organic nitrogen depicted
 
in a plus nonsymibiotic fixation plus inputs from precipitation. Seldom does a
 
crop accumulate the maximum potential available nitrogen, for reasons illus
trated in Figure 1. 

varies considerably and depends primarily osynditions favorable for microbial 

activity because the mineralization is essentially determined by the amount of 
carbon the microorganisms bun op to Support their metabolic activities; the 

amount of nitrogen mineralized is equal to that in toe substrate decomposed 
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minus that incorporated into microbial tissue. The usual way to express the rate 
of change is the so-called half-time, which is equal to the time in years required 
for 1/2 of the change in organic nitrogen content to occur. Half-time values vary 
from 2 years to 25 to 50 years: the former under high temperature and con
tinuous rainfall near the equator and the latter under conditions where microbial 
activity is limited by temperature or water, or both, for considerable periods of 
the year. 

An additional concept elaborated recently (Jenkinson and Raynor 1977. Jen
kinson and Ayanaba 1977) is that there are fractions of organic matter which 
vary in susceptibility to decomposition. Recently added residues continue to be 
more subject to decomposition than the native soil carbon for a period of 3 to 
5 years. Turning attention to the implications of these concepts for nitrogen 
supply for crops, the following generalizations seem most important to the task 
at hand: 

1. Once a soil is placed under cultivation with nonlegume food crops after a 
fallow period, the organic nitrogen content usually decreases and the potential 
nitrogen available for crop production isequal to the decrease in organic nitrogen 
plus inputs from nori1y mbiotic fixation and precipitation. As tie organic nitrogen 
content decreases with time, the rate of mineralizalion of organic nitrogen also 
decreases and hence the potential amount of nitrogen available to the crop 
decreases. Thus, crop production is often sustained at fairly high levels for a 
short period of time at the expense of the organic nitrogen built tip during a 
previous fallow period. 

We four; no comprehensive review of practical guidelines for estimating, by 
tests on soil samples, the ability of soil organic matter to supply nitrogen to 
plants when the soil organic nilrogen is in transition between two steady states. 
The conceptual framework described has not been translated into a precise and 
universal procedure for extension personnel to ue in advising farmers about how 
much nitrogen the soil can supply. In general, nitrogen recommendations are 
based on yields obtained in field experiments, on soil organic matter content, 
on field history, and on residual inorganic nitrogen, with judgments based to 
some extent on the preceding conceptual framework and local experience. 

2. After the soil organic matter has approached a new steady state, the nitro
gen available for crop removal is essentially equal to nonsymbiotic fixation plus 
that in the precipitation. Available evidence suggests that these inputs will support 
dryland crop yields of 1,000-2,000 kg/ha and wetland rice yields of 2,000
3,000 kg/ha. 

3. Once the new steady state level is reached, alternatives for increasing the 
nitrogen supply 'nclude: 

* amendment of the soil with organic residues and fertilizer nitrogen; 
* restoration of organic nitrogen throuoi a change in cultivation regime, such 

as natural fallow or forage legume crop; and 
* enhancement of nonsymbiotic fixation. 
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Managing fertilizer applications 
The first and most important factor in any fertilizer management program is to 
match tie quantity of fertilizer applied to the ability of the crop to utilize tile 
inorganic nitrogen. A procedure for accomplishing this is described in a later 
section. 

The second important principle for managing fertilizi applications is to time 
the applications so that the fertilizer isapplied just before the period of maximun 
uptake by the plant. Innumerable reports in the literature illustrate the utility of 
this principle and we emphasize this as an integral part of ant' program in fer
tilizer use. 

If the preceding two principles are properly applied, losses of inorganic nitro
gen by leaching and denitrification are generally minimized. 

The third and most important principl!C is to avoid or minimize loss by am
mnonia volatilization. This is almost exclusively confined to surface applications 
and is probably most important when tile soil p11 values at thepoint ofapplica
tion exceed 7. Volatilization from ,urface-applied urea and ammonia sources call 
occur oil soils with a pH below 7 because of high p-t conditions produced 
locally by the fertilizer itself. 

Loss of fertilizer ammonia by volatilization can be minimized in dryland soils 
by incorporation of fertilizer in the soil. If incorporation is not feasible avoid 
use of urea and aqua ammonia, if possible. Use ammonium sulfate (when the 
resulting acidification can be managed) or ammoniul nitrate on acid soils and 
nitrate sources on alkaline or acid soils. 

In a rice paddy, the p1-1of the water may approach 10 during tie day because 
of tile removal of carbon dioxide for photosynthesis of various organisms in tile 
water and on the soil surface. In these cases, surface application of any amnmo
nium source may be undesirable. 

It is not entirely clear how ammonia volatilization losses from a flooded soil 
where incorporation is not feasible call be minimized. Such losses can probably 
be minimized by minimizing photosynthetic activity in the paddy water, that 
is, applying most of the nitrogen after a complete plant canopy has developed. 
Another practice would be to avoid a simultaneous application of nitrogen and 
phosphatic fertilizer when they are likely to cause a proliferation of algae. 

Managing organic nitrogen sources 
In the developing countries the amount of nitrogen contained in manures and 
residues far exceeds the amount of fertilizer nitrogen available (EAO 1975). The 
strategies for maximizing plant recovery of inorganic nitrogen mineralized from 
organic sources fall under two categories: 

1. timing of the organic source application to coincide with crop needs, and 
2. timing of crop production to coincide with the mineralization of the 

organic nitrogen. 
In either case, the management involves more uncertainties than for fertilizer 
nitrogen - such as total quantity of nitrogen involved, rate of' its mineralization, 
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requirement for incorporation, losses beflore crop uptake, positional availability, 
and timing of release relative to crop needs. Even with the incorporation of coin
post and manure, in evaluation of losses during composting or storage UMust be 
weighed against direct application and resulting losses before crop utilization. 
Additional complicating factors are the unfavorable effects of freshly incor
porated organic matter on soil conditions (generation of toxic substances, etc.) 
and depletion of soil waler by green manure crops. 

The 1csidual effects of' organic nitrogen are usually appreciable; probably only 
about 50'. is mineralized the year of application. 

Timing of crop production to utilize the flush of inorganic nitrogen usually 
produced at the beginning of the rainy season is another example of manage
lent. Ilowever, one must proceed with caution because early rains may be 
followed by a prolonged dry period, which is fatal to seedling plants (Nye and 
Greenland 190. Jones and Wild 1)975, Greenland 1958).

As shown in Figure I. tie mineralization of organic nitrogen is a continuous 

process (except under adverse conditions): however, the potential nitrogen up
take rate of vigorously growing crops may exceed the mineralization rate. Under 
these conditions three siluations are therefore possible: 

1. yield potential of the crop is not realized unless very large additions of 
organic nitrogen are made (in which case relay cropping may be required to 
effectively utilize tile nitrogen): 

2. planting of' the crop is delayed until the nitrogen accumulated in the soi 
plus current mineralization will all ow the crop to achieve its yield potential; in 
this case a sizable fraction of the inotganic nitrogen may be losl or 

3. the nitrogen derived from the organic nitrogen by mineralization is sup
plemented witll titnely application of fertilizer nitrogen.
 
The concepts for most efficient use of organic nitrogen witltin these situations
 
follow:
 

* use large amounts of organic amendrments and utilize the more or less con
tinuous supply of' mineralized inorganic nitrogen by intensive relay cropping 
(i.e. have an actively growing crop present at all times); 

* use moderate amounts of organic nitrogen and supplement it with any 
necessary fertilizer at critical periods of crop development (i.e. when plant up
take has depleted accumulated inorganic nitrogen and the current rate of' mineral
ization of organic nitrogen is too slow to supply plant needs). 

FUTURE RESEARCH NEEDS 

In offering our opinions on future research needs, we limited ourselves to em
phasis of' use of organic matter, organic residues, and fertilizer nitrogen. An 
important role for biological fixation will be covered in another paper. 

The literature indicates that the concepts of nitrogen behavior are reasonably 
well developed. The major deficiency is linkage of' these concepts to food 
production systetns in farmers' fields. We believe that there are many oppor
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tunities for improving the nitrogen economy of food production through appli
cations of tile concepts already at hand. We describe an experimental framework 
that focuses attention on applications of these concepts. 

A unified framework for future research 
The relationship between yield and nitrogen content of the aboveground dry 
matter of a mature crop furnishes a reasonable estimate of the amount of nitro
gen that must be accumulated by the crop (Stanford 1973, 1978). This nitrogen 
must conie from mineralization of soil organic :itrogen, mineralization of added 
organic sources, and fertilizer nitrogen. Thus, for a given yield goal, we know 
what the sutmmation of the contributions from the various sources must be, as 
stated by the following equation: 

IVp = Ns + i + IVL +KFNF 

where: 
NVP = nitrogen in aboveground dry matter for the selected yield goal, 

= nitrogen supplied by soil organic matter,NS 

Njyj = nitrogen supplied by manure, compost, or other organic amend
lents. 

NL = 	nitrogen supplied by legume residues or a previous fallow, 

KF = 	increase in nitrogen content of the aboveground dry matter 
per unit of applied fertilizer nitrogen, and 

NF = 	amount of fertilizer nitrogen added. 

Each component of the above equation must bc determined. We illustrate 
the procedure with examples from New York where farmers produce corn using 
soil nitrogen, manure, legume residues, and fertilizer simultaneously - often on 
the same field: 

* The relationship between yield of corn grain and the nitrogen content of 
tile aboveground dry matter is illustrated in Figure 3. From the kind of data 
illustrated in Figure 3. we estimate Np for a given field based on average eco
nomic yields for the soil series and management level. 

• The amount of nitrogen supplied by the soil (Ns) is estimated from the 
preceding relationship and yields (Ys) are measured in fields that have not 
received recent additions of manure, legumes, residues, or fertilizer nitrogen. 
This is illustrated by the broken lines in Figure 3. 

0 Tie nitrogen available to the crop from manure is the result of any inorganic 
nitrogen in the manure and the mineralization of some organic nitrogen in tile 
manure during the first year after application, plus the mineralization of any 
residual organic nitrogen from previous applications. The decay series for manure 
nitrogen follows: 
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where: 
Q,...= quantity of manure added in a given year from the current (I) up 

to x (usually 4) years ago. 
M i 	 increase innitrogen content of aboveground dry matter per unit 

of manure applied in the current year from the inorganic nitrogen 
fraction, and 

10 
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Ml... A1 increase in the nitrogen content of the aboveground dry matter 
from mineralization of the organic nitrogen fraction per unit 
weight of manure added. 

Under New York conditions, most of the inorganic nitrogen in the manure is 
volatilized from the soil surface if not plowed down within a week. Much of the 
remaining inorganic nitrogen is lost by denitrification or Ieachirg prior to plant 
uptake. Unless care is used to conserve the inorganic nitrogen, its contribution 
(QiMi) is nearly zero. 

Only about 50% of the organic nitrogen in the manure is mineralized the year 
of application. The residual 50% is mineralized in the following years. The quan
tities of nitrogen from dairy manure in New York are 1.5, 0.5, 0.2, and 
0.1 kg N/t for years I to 4 after application, respectively. 

* The nitrogen from legume residues or fallow is estimated as: 

NL =Nw~ +WN... NLxNL NLl LN2 *- L 

where 
NL... L = increase in nitrogen content of aboveground dry matter for 

years I to x after a sod or fallow is placed under cultivation. 
The contribution of the organic nitrogen from the plowed sod is similar to 

that obtained from the manure. It has been estimated that the half-life of this 
organic nitrogen is one growing season (or year). A good legume sod will contain 
about 300 kg N/ha; a grass-legume sod, about 200 kg/ha; and a grass sod, about 
150 kg/ha. Thus the contribution from a good alfalfa-grass sod in New York 
would be about 150. 75, 37, 18, and 10 kg/ha for years I to 5 after plowing. 
Usually only one residue is involved so that NL is one of the above. 

* The value of KF. is based on the kind of data illustrated in Figure 4 
where tile increase in nitrogen content of the aboveground dry matter of corn 
is plotted against fertilizer nitrogen additions at several locations. 

* Finally the anount of fertilizer nitrogen needed is calculated: 

N= Np- Ns- NA - NLF= K 

The several approximations used in the preceding were necessary because 
space limitations preclude elaborate discussions and because the state of know
ledge does not justify anything better in some cases. The important question at 
this point is not the approximations perse but: Should theframework be adopted 
as a reasonablestartingpoint that needs improvement, or should it be discarded 
for anotherframework? 

The major experimental programs within the framework are field experiments 
that require neither elaborate or expensive equipment nor an infrastructure that 
is unavailable in remote locations. However, they are expensive in terms of time 
and labor. A major requirement is the dedication of funding agencies to accom
plishing such a program and their willingness to provide the necessary support. 
Furthermore, field experiments require well-trained and experienced scientists 
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who are properly rewarded for planning and supervising excellent field programs. 
The following is an outline of the kind of experiments needed. All require 

several years at a given site and enough sites to represent the soils and cropping 
programs of interest. 

* Manure, compost or other organic nitrogen sources should be added at 
several rates with provisions for meastring residual effects in subsequent years 
and discontinuing additions on selected plots. The organic nitrogen e ffects should 
be measured against fertilizer nitrogen. Yields and total nitrogen content of 
plants should be measured each year and the organic sources of nitrogen should 
be carefully characterized as to total nitrogen content and carbon-nitrogen ratio 
at least. 

e Fertilizer rate studies (it' fertilizer is a feasible alternative) should be con
tinued for several years with the same treatments applied to the same plots in 
succeeding years. From the data NS and Kp; can be calculated. 

Increase in nitrogen content (kg/ha) 
of aboveground dry matter 
80 

y0..GX V 0 

60 0 

40 y:05X 

0 Brazil (L=4) 

20 Nebraska (L=14)-V 

V New York (L=4) 

* Puerto Rico (L: 5) 

0 I I 1 

0 50 100 150 200 

Postplant N (kg/ha) 

4. The increase in nitrogen content of aboveground dry matter 
of maize plotted against the amount of fertilizer nitrogen added. 
"L"in the legend refers to the number of location-years of data 
averaged. The nitrogen was applied when the maize was 12- to 
30-cni tall and it was placed 5 to 10 cm deep in the soil to limit 
ammonia volatilization. As a starter fertilizer, 10 to 15 kg N/ha 
was applied by banding 5 cm to the side and 5 cm below the seed 
at planting. 
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This framework furnishes a convenient way of incorporating various types of 
organic sources and methods of fertilizer application. For example, the value of 

K1. is likely to be about 0.6 for nitre,!en that is properly timed and applied so 
that ammonia volatilization losses d( not occu, (illustra ted in Figure 4). For 
situations where urea is broadcast on the surface, K, may be only 0.4 or 0.5
when all of the nitrogen is applied preplant to dryland crops, KF may ne only 

0.3 to 0.4. In fact, the data reviewed suggest that if K1 is not in the range of 
0.6, then the method or timing of' application of fertilizer should be examined 
carefully. 

The residual effects of manure and compost need to be emphasi:,ed. In the 

first year about one-half of the organic nitrogen is mineralized. Therefore, the 

effective plant uptake may be no more than 20 to 30'1( of the applied organic 

nitrogen. Fairly large amounts of manure or compost may be needed to achieve 

high yields. lowever, the residual effects will be considerable and, if added 

yearly, less and less of the organic source will be needed to achieve high yields. 

Laboratory studies are needed on the following two subjects. 

1. Chemical or incubation procedures, or both, for soil samples need to be 

developed as a means of interpolating the results of field experiments. The basic 

objective would be prediction of the ability of soil organic matter and residues 

to supply nitrogen to crops. A routine procedure suitable for a large number of 

farnier samples would be one possibility, but probably more elaborate procedures 

Lat could be applied on a regional basis and for specific cropping systems would 

be about equally as valuable. 
2. Similar procedures are iteeded to characterize residues and manures so as 

to develop a means of predicting their miineraliz, tion-immiobilization behavior 

in soil. For example, despite the incredible number of experiments that have 

been performed with animal manures, there is no good basis for comparison of 

results among experiments, primarily because the manures were not charac

terized. 
Because of the simple nature of the experiments and the fact that they may 

be in or close to farmers' fields, one of the most valuable aspects of the frame

work is that it affords an opportunity to involve and to train extension workers 

as an integral part of the research. This ensures that they will understand and 
use the results. It also ensures a well-trained body of workers who have con

fidence in the data and methods and know how to perform and evaluate demon
strations in farmers' fields. The experiments themselves can be used as demon

strations for farmers and extension personnel not actively engaged in the 
research. 

Nitrogen nutrition of crops 
Several aspects of the nitrogen nutrition of crops are not well known. The rela

tionship between age of plants and their nitrogen content is fairly well docu

mented, but that does not necessarily establish the nitrogen requirement. The 

nitrogen requirement may change rapidly during certain periods of plant devel
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opment, such as during the early growth stages, at tillering, or at grain primordia 
initiation. For example. the rate of tillering of' wetland rice is highly correlated 
with the percentage of nitrogen in the young plant (IRRI 1968). With wheat or 
transplanted rice with low populations, a high tillering rate is essential to the 
development of a high yield potential. A reduced yield potential is set by low, 
early season nitrogen, and high nitrogen at later dates will not overcome an 
early season deficit. Thus more information is needed on tile nitrogen require
ments of plants by age, not just on nitrogen contents. 

There is need for knowledge about how much nitrogen must be accumulated 
by the crop to achieve set yield goals. We have presented a model for estimating 
nitrogen needs of crops that rests on data relating yield goals to the amount of 
nitrogen that must be accumIulated by the crop. The model assumes the nitrogen 
is available when the critical needs of the crop occur. Such data are fairly easy 
to collect and should be accumulated f'or a range of crops. 

Some examples of the influence of' timing of nitrogen application on yield 
potential follow. Maize yields for different timing of fertilizer nitrogen when 
leaching, denitrification, and ammonia volatilization were unimportant are shown 
in Table I. Delaying application reduced the potential yields (i.e. yields at the 
higher nitrogen rates applied 7 weeks after planting). Ilamid and Sarwar (1976) 
compared animonium nitrate and urea applied all at planting or split into two or 
six applications For winter wheat in Pakistan. The results in Fable 2 show that 
the six splits reduced yield potential even though the total nitrogen in the plant 
was not reduced. Thus, the plants took up the nitrogen, but the grain yields 
were not increased by a corresponding amount. 

To obtain the yield potential of grains, crops must produce an optimum 
number of seed heads per given area. At normal planting rates, wetland rice must 
produce 4 to 10 panicles: wheat, I to 4 ears; and maize, I to 2 ears/plant. The 
number of seed heads per area is a function of both planting density and tillering. 
The response to nitrogen of spring wheat in North Dakota, USA, was primarily 
through survival and grain production by the tillers (power and Alessi 1978). 
With a wheat population of 200 plants/ni 2 , increasing the nitrogen from 0 to 
210 kg/ha increased the number of ears froni 330 to 560/nm2 for 2 varieties. 
Thus, the number of ears per plant ranged from less than 2 to more than 3. If 

Table 1. Influence of timing of nitrogen (N) applications on yields of maize at Samaru, 
Nigeria.a 

Yield of maize grain (t/ha)
N applied______ 
(kg/ha) All N 7 wk 

after planting All N at planting 

0 1.8 1.8 
56 3.9 4.1
 

112 4.4 
 4.8
 
224 4.4 
 5.5 

aSource: Jones 1973. 
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Table 2. Influence of timing of nitrogen (N) applications on yield of winter wheat in Pa

kistan.a 

Method of Yield of grain N in grain + straw 
application of (t/ha) (kg/ha) 
120 kg N/ha _ 

All at planting 4.2 	 72 

2 splits 4.6 	 84 
846 splits 3.6 

aSourca: Hamid and Sarwar 1976. 

the fertilizer timing had been incorrect, the increased number of tillers would 

not have survived and the yield potential would have been reduced regardless 

of the av:ilability of nitrogen later in tile growing season. 

Similar data for wetland rice were recently reported by Yamada et al (1978). 

Rice was transplanted at 2 plants/hill in a 20 x 25 cm pattern. At harvest, the 

number of panicles ranged from 4 to 9/plant among sites as the fertilizer applica

tion rates ranged from 9 to 90 kg N/ha. 

Enhancement of recycling of nitrogen 
The growing realization that the days of cheap energy and low-cost nitrogen are 

a thing of the past has caused leaders of governments in a number of nations, 

particularly in the developing world, to mount major programs to recycle organic 

wastes. Particular emphasis is on better utilization of organic nitrogen from 

these sources. India (FAO 1975) and China (FAO 1977), in particular, have 

taken major steps toward reaching this goal. To sustain crop yields, Chinese agri

culture currently dcrives fully two-thirds of its additional nitrogen from organic 

sources. Inorganic nitrogen, which in 1977 was used at the average rate of 

33 kg N/ha. is treated as a secondary source of nitrogen. 
for the Chinese success.Five conditions appear (Stangel 1978) resporible 

These are:
 

1. high density and close proximity of urban and rural populations, 

2. a highly integrated and complementary system of crop production, 

3. fish culture and animal husbandry designed to utilize wastes, 

4. proper cultural attitudes, and 
5. a national policy aimed at maximum use of indigenous resources including 

manpower. 
Some argue that the China example is unique and applicable only at a parti

cular stage in its economic development and therefore the importance of re

cycling organic waste is likely to decline as industrialization proceeds. Recent 

increases in the cost of energy and capital investments of fertilizer plants raise 

doubts about the validity of that assumption. In view of this uncertainty, a major 

effort should be made to evaluate the Chinese experience to see whether it might 

serve not only as a model for the densely populated developing countries but 

also as a prototype of what the industrialized nations might also have to achieve. 
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One of' the major deficiencies in this subject matter is the hlck of good data
 
on how tileaplcatiol of" nitrogen in residues, manures, and human 
 waste
 
changes the ni trogen 
 content and yield of' crops. Despite many estimates of the
 
nitrogen content of residues, manures, etc.. there are few data on the amllolnt
 

nitrol,.-g.
of this actutally appli,;d n tilefield. the time course of its mineraliza
tion, its eff'c tiveness in increasing yield of crops. or the nianagement of tile 
additions so that the yield responses are maximized ( FAO 1975). 

A wide range of"inte sting topics that require fiittire research is tits opened. 
* Crop residues are often burned because they are troublesoine to incorporate
 

without heavy machinery, they may be carriers of diseases, they may immobilize
 
inorganic ilitrooen, or they .ay produce toxic substances ui decay. Some
 
or all of these diflicuties may be overcome through some form ot composting
 
or method alld linlilg of incorporation. These subjects need extensive research.
 

* Animal manures aid lutnan wastes are anlother source of nitrogetn. Ilow
evor 
 available evidence illustrates that tnder a wide range of'conditions at least 
50'. of the total nitrogen is lost before the manure is returned to the soiL. Simple 
ways o1' reducitg this loss are not evident. 

e Use of'l"humnlan wlastes. :iailll manures, and other organic materials for 
inethine geleration will leave a residue (under proper management) containing 

most of* the origittal Initrogen. Managetuent of' this residual nitrogen for efficient 
use in crop produIctlion needs serious study (Lauii and Idnani 1972, FAO 1975). 

• One obvious inter face between f'orage legumes and nonlegutte food crop 
production is the production of' animals on f'orage raised on marginal land or
 
good cropland wilh legumes, or both, and then use of' the manure from these
 
animals 'or l'ood crop production. 

Fertilizer nitrogen research 
The research needs with respect to fertilizer nitrogen basically revolve aroutnd 
timing application such that the essential needs of the plant are net yet excessive 
losses ionot occur. Tile basic coticepts are well known; the najor problem is 
fine tuninig to fit lhe local cotIditions and characteristics of' the various soils, 
crops, and cultivars. Inl'ormationl gained relative to nitrogen nutrition of' crops 
(described earlier) is an ipllortalnt part of' this fine tuning. 

With respect to sources, the fertilizer industiy must be encottraged to con
tileIC to provide alternatives to urea. Urea is not suitable f'or surf'ace ippl ications 
because of volatilizalion losses. Wheti band placed near the seed or seedling, 
toxic conditions may be produced because high p11 and amllnlmolliaConcentrations 
result from urea hydrolysis. Iltany situations, an onitim nitrate, aninonilll 
sulf'ate, ard calcium nitrate are better sources of' nitrogen than urea. Recognizing 
the sizable urea capacity now in place, an attractive alternative is to develop 
modifications of' urea that will circutuvetit problems where they occur. Such 
things as urease inhibitors, coating, etc. need more research. 

Addition of compounds that inhibit nitrification of amnmtonium may reduce 
losses long enoutgh u,nder some conditions so Ihat tiletiling oh' application 
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becomes less critical. There seems to be no reason to expect these additives to 
be anything but a substitute for proper timing. It should also be recognized that 
lse of these componds with h'anded wlea may prolong the period during which 

toxic conditions occur in th band. CoatingS to delay dissolution of fertilizer 

are also possible substitutes for proper timing and placenet of' fertilizer nitro

geln. Tel,.'se aspects of fecrtilizer lechlnology are sununarized by Htauck and Koshino 

1971) ;and 1loin (1978). 
Coisideratiol of, the t'uture role of' fertilizer nitrogen relative to legunes and 

f'allows mIuSt consider [Ie soturce and availability of' energy to make fertilizer 

nitrogen. and how best to maiage crop production systesiSt) Ise residues, 

leguilles. alid fallows. Presently. tlhe highest productiont of energy for tile human 

diet per unil area and lime is obtained with well lialiaged root clops and ioll

legUlll grain cr well snpplied With liilrogCll. oeolllogtillee grain crps also 

supply substantial allolltillS of p otein. 

Several sttoegics mlniglit be followed to inaixilize 111iai food prodtuction. 

'The folhowiig tlree alternaitives ncdi to be mei' carefiWlYl, considered from the 

standpoint of hmtllnllll uirition, acceptability to the target popnlation, land re

sources, cost and availability of fertilizer litrogen, and compatibility with the 

local social and economic structure. 

I. ('ontinue to use fertilizer niitrogell on noilegullue grain crops to pIodice a 

major share of energy and protein in time himan diel. By careful tise of' fertilizer 

nilrogcen. return of all crop residues, aILd Stiply of' one-third 0f dietary protein 

through lCguile grains ald aninals produiced oil legume forage and graini, the 

total energy required per capita for fertili/Cr nitrogen productoil should be 

about 0.015 t coal equivalenlts/year. This is about 4'.; of' the average per capita 

eielr.v .:,e ili Africa :1lmd less than 3; of the average per capifa energy uIse in 

Asia (UN 1977). 
2. Use essentially the saime strategy as above bitt reduce the need for fertilizer 

ifitrogen evei more by uwing itoilCgilmes with very low proteii content and 

hence low nitrogeni ieeds per unit of dietary energy. '[lie bulk of the protein in 

tile h tIln diet llItist Ithenl be suipplied by hegUile grains and frotn animals fed 

with 'orage legume nitrogen. 

3. Utilize fiallows and legutne green tmanures to supply allloSt all of the nitro

gen needs fo r nonlegume grains. This strategy has the disadvan tage of requiring 

more land area (initially). The increase in land area may be partially compensated 

by increased yields from better nitrogen nutrition and decrease in total energy 

requirement. 
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Constraints to biological
nitrogen fixation in soils 
of the tropics 
A. APP, D. R. BOULDIN, P. J. DART, AND I. WATANABE 

Biological nitrogen fixation is vital to subsistence farming. In other 

types of farming, the importance of biological fixation is often over

shadowed by fertilizer nitrogen. The apparent potential for biological 

fixation exceeds its present utilization. 
Reasons for underutilization of biological fixation include a) fer

tilizer nitrogen has been less expensive and is easier to manage than 

biological fixation, b) yields of grain legumes are generally low and 

grain legumes have usually not responded to high levels of manage

ment, c) technology for legume-based forage systems for animal pro

duction on marginal soils was not available, d) there was (and is) a 

general lack of knowledge about the potential for nonsymbiotic 
fixation. 

There are no major biological or soil-related constraints of symbi

otic nitrogen fixetion that cannot be alleviated with appropriate tech

nology and amendments. The biological limitations on nonsymbiotic 

fixation are less clear, but there appear to be many ways of augment

ing the contribution from nonsymbiotic fixation. 
Major research areas that need emphasis in the near future include 

a) selection and distribution of proper strains of Rhizobium suited 

to local soils and matched to local cultivars, b) utilization of soil 

amendments such as phosphorus and molybdenum, c) development 

of superior yielding varieties of grain legumes, d) development of 

legume-based forage production systems for soils marginal for food 

grain production, e) development of mycorrhizal inoculants for 

legumes, f) developmpnt of improved methodology for estimating 

Boyce Thompson Institute at Cornell University, Ithaca, N.Y., USA; Department of 

Agronomy, Cornell University, Ithaca, N.Y., USA; International Crops Research Institute 
for the Semi-arid Tropics, Ilyderabad, India; and International Rice Research Institute, Los 

Bafios, Philippines. 
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nonsymbiotic nitrogen fixation, g) selection of variant forms of azolla 
and blue-green algae that are suited to local soils, and h) development 
of screening methods for associative nitrogen fixation and screening 
of appropriate germplasm. 

IN PAST CENTURIES, farmers depended on biological nitrogen fixation, manures, 
coniposts, etc., as sources of nitrogen for crop production. The use of commcrcial 
nitrogen fertilizer in agiiculture is a recent innovation and is an important factor 
supporting high crop yields in some parts of the world. 

Cereal crop yields on what are now subsistence farms cannot be expected to 
increase without an increased input of nitrogen. Farmers in the developed nations 
use fertilizer nitrogen, and average national yields are correlated with fertilizer 
use. Should this be the model for development or should biological nitrogen 
fixation be considered as an alternative? We are convinced research on biological 
nitrogen Iixttion is essential for the following reasons. 

' Biological nitrogen fixation is the only alternative to factory manufactured 
fertilizer nitrogen, which requires fossil fuels and a laige capital investment in 
manufacturing facilities. The uncertainty in fossil fuel supply makes fertilizer 
nitrogen supply also uncertain and jeopardizes the present precarious balance 
between cereal grain pro-,uction and population. 

* The infrastructure and socioeconomic development necessary to make con
inercial nitrogen fertilizer available to many farmers in the developing regions of 
the world will not be present in the 'immediate future. To improve the lot of the 
subsistence farmer, researchers should concentrate on methods or systenis where
by lie may produce more food without fertilizer nitrogen. 

0 Increasing biological nitrogen fixation requires some inputs -- perhaps a 
chnge in the farming system, and the use of inoculants, new seeds, and soil 
amendments. Even the inimum inputs also require some infrastructure devel
opulent and extension, but the costs are likely to be less than ihose currently 
associated with fertilizer nitrogen. In many situations, changes in energy costs 
would make biological nitrogen fixation a viable alternative to or complement 
of fertilizer nitrogen. 

0 One should interpret with caution the historical record of' fertilizer nitrogen 
vs biological fixation. Is the current widespread use of fertilizer nitrogen a good 
example of a fulfilled prophecy? The predictions over the last 25 years that 
fertilizer nitrogen would substitute for biological fixation are consistent with 
past and present trends. Perhaps biological fixation is iess important now because 
the necessary technology has not been developed. If half the money invested in 
the last 25 years in nitrogen fertilizer research and extension had been diverted 
to work on biological iitrogen fixation, we suspect today's situation would be 
much different. 

This paper summarizes the current knowledge of the constraints on biological 
nitrogen fixation in tropical soils. It is primarily conceptual in nature and focused 
on identifying research strategies and priorities. 
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NONSYMBIOTIC NITROGEN FIXATION IN TIlE TROPICS 

Until recently, it was generally believed that only symbiotic nitrogen fixation 

(i.e. fixation nodulated plants) had much agricultural importance.nitrogen by 

Despite the considerable research on nonsymbiotic nitrogen fixation organisms 

in temperate region soils, the consensus was that they contributed little to tile 

nitrogen economy of agricultural crops (Allison 1955, 1965). Some of' the 

most convincing evidence that nonsymbiotic nitrogen fixation may be im

portant in fields illthe temperate region has come from the Broadbalk plots at 

Rothamsted. Depending on the malgnitutle of denitrification, nonsymbiotic nitro

gen fixation may amount to 18 to 28 kg N/hla annually in plots continuously 

cropped to wheat since 1843 and receiving no nitrogen fertilizer, and more than 

39 kg N/ha in plots left to develop natural vegetation (Jenkinson 1976, Witty 

et al 1977). Nonsymbiotic nitrogen fixation may be of greater importance in 

the tropics than is generally known (Nyc and Greenland 1960, Moore 1966, 

Jones and W,;d 1975, Dart and Day 1975. De 1936, Neyra and Dobereiner 1977, 

Granhall 1976), but little data are available to indicate how much is fixed under 

different cropping systems. 
One major constraint to research progress is the lack of a suitable method

ology for measuring low levels of biological nitrogen fixation. Estimates can be 

made by determining an increase in total nitrogen by Kjcldahl analysis, by the 

and Ilolsten 1977).fixation of " N, and by the acetylenc reduction as3ay (lardy 

Net changes illtotal nitrogen over a cropping period determined by Kjcldahl 

analysis provide tile 1110St convincingllIleasuNrc of biological ittrogen fixation. 

Th1is ielt change reflects input and losses (about which we know little for tropical 

conditions). ald thus does not represent total nitrogen fixation. 
1The uptake of -5N gives the most direct measure of nitrogen fixation, but it 

is tcnlically difficult (and expensive) to measure, particularly in the field. The 

relatively low activity of nonsymbiotic systems necessitates long assay times and 

increases the difficulties of maintaining natural conditions of' temperature, humid

ity. and carbon dioxide concentration during the assay. It is possible that varia

tions in the nltural abundance of SN2 in plants and soil can be used in estimat

ing nonsymbiotic nitrogen fixation, but further research is necessary to validate 

this approach (Ilauck and Bremner 1976. Amarger et al 1977, Rennie et al 1978). 

Acetylene reduction assays are specific tests for nitrogenase activity at any 

given point in time. but the extrapolation of data from them to an entire crop

ping duration can be misleading. Many recent data on nonsymbiotic nitrogen 

fixation are ba. ed on acetylene reductioti assays, and have stimulated interest 

in nonsymbiotic nitrogen fixation ill the tropics. 

Cultivars of tropical cereals and grasses show genotypic differences in their 

ability to stimulate acetylene reduction. For example, 10', of over 300 sorghum 

and 140 millet lines tested at the lnternational Crop Research Institute for the 

Semi-Arid Tropics (ICRISAT) had high activity intile field. The activity varies 

from field to field throughout the season, is reduced by additioli of tnitro

gen fertilizer, and is correlated with soil moisture. Tite heritability of the ability 
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to stinulate nitrogenase activity needs clarification before one can select for 
increased nitrogen fixation by crops. 

The flooded conditions associated with rice production provides an environ
ment conducive to nonsynbiotic nitrogen fixation. Recent work at the Inter
national Rice Research Institute, Los Bafios, has indicated that 35 to 50 kg N/ha 
may be fixed during a crop of flooded rice. The figures were derived from 
Kjeldahl nitrogen analysis of the soils from long-term fertility plots that have 
received no nitrogen fertilizer (De Datta and Gonez 1)75, Koyanra and App 
1979). Biological nitrogen fixation is the most important source of nitrogen, 
while losses result from volatilization, denitrification. leaching, and runoff. The 
individual contributions of the cyanobac teria. photosynthetic bacteria, or hetero
trophic bacteria cannot be determined from the data. 

Kjeldahl nitrogen analysis data fromia greenhouse pot experiment on nitrogen 
balance offer some insight into the basic principles governing nonsymubiotic 
Iiitrogen fixation associated with flooded rice. The data in experiment A indicate 
that rice grown in flooded soil (Maligaya clay loam, pil 6.8) had a positive 
titrogen balance (Table 1). The addition of either azolla or phosphorus and iron 
to the pots signilficattly increased the positive balance. Inoculation with blue
green algae was not efctClive because the nitrogen balance of pots receiving iron 
and phosphorus alone was not significantly different from that of the inoculated 
pots. This suggests that the indigenous population of blue-green algae was ad
equate. The data in experiment B indicated that heterotrophic nitrogen fixing 
microorglaiisrns were active in ilooded rice. Their activity depends on the 
presence of the rice plant - the fallow pots have a negative nitrogen balance. 
It is nol possible to attribute the entire difference irn nitrogen balance between 
the plan ted arnd fallow pots to heterotrophic fixation becattse the rice plant may 
assist ill reducirtg nit rogen losses. The eff'ect of rice plants on losses of nitrogen 
from the soil may depend )n the nitrogen source (Broadbent and Tusnteem 

Table 1. Nitrogen balance of flooded soils in pots planted to rice.a 

Planted Exposed Supplemental N balanceb 

to rice to light treatment (mg N) 

4 crops IR28 
+ + Nune 387 a
 
+ + P, Fe 723 b
 
+ + P, Fe, algae 914 bc
 
+ + P, Fe, azolla 1153 


6 crops IR28 
+ - None 181 a 
- - None -243 b 

a+= yes, - no. Black cloth covered the surface of the pot to prevent soil exposure to light. 
bAll balances significantly different at 1% level. Means followed by the same letter not sig

nificantly different at the 5% level (App, WatanaLe, Alexander, Ventura, Daez, Santiago, 
Lnd De Datta, unpublished data). 

c 
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Table 2. Percentage of nitrogenase-positive isolates (aerobir. heterotrophs) in the rhizosphere 
and stem of IR26 rice. 

Isolates tested(no.) 
Nitrogenase-positive isolates 

No. % 

Rhizosphere soil 41 1 2.4 

Stem 24 9 38 

Rhizoplane 
Histospherea 

25 
117 

19 
95 

76 
81 

aWithin the root and stem tissue after prolonged washing to remove organisms on the surface. 

197 1, Manguiat and Broadbent 1977). 

It appears that most microorganisms found in the histosphere and rhizosplane 

of rice roots are capible of nitrogen fixation (Table 2). However, they require a 

supply of nitrogen in the media for growth, and tiIe nitrogenase is only ex

pressed in the presence of organic nitrogen (Watanabe and Barraquio 1979). 

Other reports have documented the potential of phototrophic agents for 

nitrogen fixation in flooded rice fields. Inoculation of paddies with blue-green 
algae may contribute the equivalent of 25 to 30 kg N/ha in a cropping season 
(Venkataralnan 1975). With appropriate management, one crop of' azolla may 

provide the equivalent of 20 to 40 kg N/ha (Watanabe et al 1977, Rains and 
Talley 1979). 

Soil constraints on uonsymbiotic nitrogen fixation 
There are three principal agents recognized as important for nitrogen fixation in 
rice: blue-green algae, azolla, and heterotrophic bacteria. In the field, algae and 

heterotrophs are often preseni, but azolla musL be introduced. Growth of and 

nitrogen fixation by all three ageits are vulnerable to water stress, but the eco

nomic consequences of water stress on the rice plant are usually miore important. 

Phosphorus fertilization is required for optimum growth and nitrogen fixing 

activity by azolla and blue-green algae (De and Mandel 1956, Mitsui 1954, 

Watanabe et al 1977, Okuda and Yaniaguchi 1952). Maintaining an adequate 
supply of' soluble phosphortus in the floodwater of rice is difficult; frequent 

application may be required if the usual forms of commercial phosphorus fertil

izers are eniployed. Excess acidity is detrimental to the growth of azolla and 

blue-green algae (Watanabe el al 1977, Fogg et al 1973, Okuda and Yamaguchi 
1956, Roger and Reynaud 1977). 

Except for some acetylene reduction data, little research has been done on 
the effect of p11 on heterotrophs in flooded rice soils (Matsuguchi 1979). It is 

possible that heterotrophs will remain active at lower pH values, however, and 

may be the principal nitrogen-fixing organisms in acid flooded soils. Incidentally, 
it has been observed that the addition of' lime and phosphorus fertilizer appears 
to assist in maintaining natural nitrogen fertility in flooded rice soils ill Japan 
(Yamaguchi 1979). 
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Heterotrophic nitrogen-fixing bacteria require a supply of organic matter for 
optinum activity in soil. This may be derived from root exudates. sloughed off 
tissue, dead roots, or from plant material that has been incorporated into the 
flooded soil. Low organic matter supply in soils as a substrate for nitrogen fixa
tion could, therefore, be considered a constraint on nitrogen fixation. The 
effects of addition of organic mat ter on soil structure, nitrogen availability, and 
production of toxic organic sutbstances may have greater economic importace 

than the benefits from nitrogen fixation (Oh 197) ). 

ligh levels of soil nitrogen inhibit nitrogen fixation by bacteria and blue
green algae associated with rice (Balandreau et al 1975. Watanabe et al 1978). 
The effect of nitrogen terilizers on nitrogen fixation may be reduced by localized 
application of tihe fertilizer as a large pellet ,-nd by the timing of the application. 
The algal symbiont in azolla is apparently insula ted by the host fern from 
combined nitrogen in the environment (Walnsle'' et t I 1973, Peters and Mayne 
1974). 

Little is known of the effect of trace element deficiencies on nitrogen fixa
tion in flooded rice. Lack of ironi in the floodwater limits azolla growth, and 
molybdenum fertilization has been recommended to stimulate blue-green algal 
fixation in India (Subralimanyan et al 1965 ). 

Matsuguchi (1979) has recently reviewed the effe'ct of soil properties on 
nitrogenase activity in rice soils. 

Research priorities 
The following research areas are suggested for alleviating soil constraints on non

symbiotic biological nitrogen fixation: 
Alethodolog'. Develop improved methods to estimate and monitor nonsym

biotic nitrogen fixation in the field and greenhouse, particularly with the use of 
15 

N. 

Nitrogen halance. Obtain basic information on nitrogen economy of specific 
crops. 

I. Monitor changes in total soil nitrogen. 
2. Obtain (luattitative data on the importance of both phototrophic and 

heterotrophic nitrogen fixation. 
3. Determine the effects of soil types and properties (acidity, phosphorus 

availability. etc.). cropping patterns, agronomic practices, and water management 
on tile nitrogen balance. 

A zolla. 
1. Develop procedures to induce, store, transport, and germinale sporocarps. 

The establishment of an azolla gerniplasm bank is an essential prelude to selec
tion and gene tic improvement for increased nitrogen fixation. Since azolla can
not at present be crossed, attempts to induce mnut ations are warranted. Vegetative 

propagation of' azolla is time-consuming, and is an unreliable method of main
taining a germplasm collection. 

2. Identify species or variants that require less phosphorus, tolerate lower 

soil pll and high temperature, resist insects and pathogens, and regenerate 
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rapidly after drought. 
3. Consider crop management. 

a. Develop management practices for use of azolla in rice production (in
oculum production and use, water management, phosphorus fertilization, 
insects and pathogen control). 

b. Determine the effect onl rice yields of azolla as a companion crop in 
different environments. 

c. Evaluate potential of azulia to produce organic fertilizer at another site, 
or as a green manure crop grown prior to the rice crop. 

d. Determine the effect of water management, plant spacing, soil type, and 
time and method of incorporating azolla residues on the nitrogen availability 
to the rice plant. 
Blte-green algae. 
1. Establish a culture collection of nitrogen fixing blue-green algae for distri

bution of cultures for research. 
2. Select for low phosphorus requirement, tolerance for combined nitrogen 

and for acid pl1, competitive ability with non-nitrogen fixing algae and predators 
in the field. 

3. Determine factors during inoculum production and use which influence 
the number of propagules in the inoculum. 

4. Determine factors influencing the density of nitrogen fixing blue-green 
algae in paddy water, i.e. epiphytes on rice plants and weeds, or surface crust in 
upland rice. 

5. Define the effect of management factors - straw addition and method of 
incorporation, plant spacing, water management, fertilization with nitrogen and 
phosphorus, herbicide use, rice genotype, predator control - on blue-green algae 
in the field. 

Associative bacteria. 
I. Design screening methods for associative nitrogen fixation and screen ap

propriate germplasm for varieties that support high rates of nitrogen fixation. 
Heterotrophic nitrogen fixation is associated with the rice plant and may there
fore be manipulated through plant breeding. It may be possible to introduce 
better rates of associative nitrogen fixation into modern rice varieties developed 
for tolerance for specific soil constraints. 

2. Characterize the primary nitrogen fixing bacteria in the rhizosphere of 
promising varieties and determine if this population may be altered to better 
tolerate specific soil constraints. 

SYMBIOTIC NITROGEN FIXATION 

Grain and forage legumes have the potential to make substantial contributions 
to the nitrogen economy of crop production systems in the tropics. However, 
the average yields of grain legumes in the tropics are low and hence the potential 
of the symbiotic association is not realized. Even where livestock are impnriant 
in the tropics, pasture legumes are little used. Thus there is potential for increased 
symbiotic fixation of nitrogen. 
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Effects of nitrogen fixation on the nitrogen economy of cropping systems 
Grain legumes modify ie nitrogen economy of cropping systems in three ways: 
1)some of the nitrogen in tie harvested portion is derived fromt fixation; 2) when 
the grain legumes are grown in association with nonlegumes, more nitrogen 
becomes available to the nonlegunme; and 3) some of the nitrogen fixed by the 
legume remains as a residue, which enhances the nitrogen supply for any sub
sequent nonlegumc ard, possibly, a companion crop. 

Forage legumes used as livestock feed fix an appreciable fraction of their 
nitrogen, and part of this is converted to human food when the animal products 
are consumed. An appreciable amount of organic nitrogen usually accumulates 
in the soil. This nitrogen is released over several seasons to nonlegume crops if 
the soil is cultivated after a period tinder forage legumes, and the manure from 
animals fed on the legume forage may be a valuable soil amendment for non
legume crop production. 

Both forage and grain legumes may be used as green-manure crops; under 
proper conditions the supply of nitrogen to succeeding nonlegumes may be en
hanced appreciably. 

Legume-based symbiotic nitrogen fixation systems 
The following principles apply to most legunme-based symbiotic nitrogen fixation 
systems. 

1. Legumes fix nitrogen if insufficient nitrogen is supplied by the soil. In
organic nitrogen in the soil or nitrogen mineralized during the course of the 
growing season is utilized to the extent that such nitrogen remains in the root 
zone. The remainder of the crop nitrogen is derived from atmospheric nitrogen. 
Thus the legumes generally conserve available soil nitrogen and add to it in 
direct proportion to the size of the sink created by the yi,!ld potential of the 
crop. 

2. The host plant and dimizobium strain must be compatible and the soil and 
environniental conditions must be favorable for survival of the Rhiizobium and 
for nitrogen fixation in the nodule. Inoculation is necessary where the native 
organisms are ineffective or where they are absent or sparse (Vincent 1974). A 
strain that has the ability to persist in the particular soil must be utilized. It 
seems possible to select also for ability of a strain to move in soil - an important 
factor for deep-rooted legumes and for competing with indigenous soil Rhizo
bium populations subsequent to the initial response to inoculation. 

Currently, there is considerable work on isolation of strains of Rhizobium 
that are adapted to a range of soil conditions including acidity (Edwards 1977, 
University of lawaii College of Agriculture 1977, Date and IHalliday 1979), 
salinity and high soil telnperature (ICRISAT 1977-78). This appears to be a 
relatively easy means of circuniveuting .;oil amendments aimed only at Rhizo
bium survival. IHowever, it may ultimately mean that several inoculants contain
ing mixtures of several strains must be available for a given country or region. 
Although this may seem inexpensive relative to soil amendments, the infra
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structure required for proper delivery of tie inoculum is not inconsequential. 
3. Fixation of nitrogen will be limited by the biological yield of the host 

plant, even if the proper Rhizobium strain is present and is suited to the host 
plant and the soil environment. The host plant is the source of energy for tile 
Rhizobium and the sink for the fixed nitrogen. Thus the mode of action of the 
soil constraints will likely be on yield limitations imposed on the host plant 
rather than on the Rhizobium if the proper strain is selected, as outlined in the 
preceding paragraph. 

The influence of specific soil conditions on crop growth or nitrogen fixation, 
or both, varies among legumes, and among the environmental conditions under 
which they are grown. The basic idea we wish to emphasize is that adding 
required nutrients or eliminating toxic effects will increase the yield potential 
of the legume (host) and thereby the need for nitrogen either from the soil or 
by fixation. Given an effective Rhizobium-legume symbiosis, most of the nitro
gen for high yields can be obtained by fixation. Thus the soil amendments must 
be manipulated so that the yield of the host plant is high, and the proper 
Rhizobium strain must be provided so that the nitrogen for high yield is obtained 
by biological fixation. 

4. There are soil mineral constraints on host plant yields. In a recent review 
Munns (1977) summarized experience with the relationships between legume 
behavior and soil acidity as follows: 

"One does not confidently deduce the behavior of any legume, 
tropical or temperate, from experience with another. Therefore, this 
review will include information from legumes of all persuasions, as 
being likely to have ectUal relevance or irrelevance to the under
standing of any particular tropical species." 

We see no particular reason why this sane statement cannot be extended to cover 
other soil constraints. Perhaps it should be extended to include comparisons of 
legumes and nonlegunes and state that, with the possible exception of molyb
denum and cobalt, there are no mineral nutritional requirements peculiar to the 
legunme-Rlizobium symbiosis (Andrew 1977, Franco 1977, Edwards 1977). 
Molybdenum is required in somewhat greater amount for symbiotic nitrogen 
fixation than where combined nitrogen is supplied. Molybdenum is likely to be 
a problem at soil pl-I below 6 and hence more serious in acid soils. As a result, 
response to liming may be a response to increased availability of molybdenum 
associated with increased pH-I. 

Recent reviews point out the importance of phosphorus to yields of legume 
and by implication, at least, to nitrogen fixation (Franco 1977, Andrew 1977, 
Edwards 1977). Perhaps the phosphorus requirements of legumes are generally 
higher than those of nonlegumes; the evidence, however, is not clear. Again, the 
variability among legume species or varieties is high and generalizations are not 
useful. Selection of lines with enhanced potential for mycorrhizal infection, and 
development of mycorrhizal inoculants may be one way of improving legume 
mineral nutrition. 
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Limiting factors in symbiotic nitrogen fixation 
Any attempt to isolate the effect of' the legume on the nitrogen economy of 

cropping systems is likely to result in ambiguous answers because a basis for 

comparison cannot be defined clearly. This ambiguity arises because stability of 

yield, human nutrition, and economic yield are all of overriding importance: tie 

net result of these considerations makes biological nitrogen fixation appear to 

be of secondary concern. For this review we have formulated three questions. 

1.Is nitrogen accretion in the soil-crop system limited by an inadequate 

legule-Rhizobium sytibiosis? This question is answered experimentally by 

determining if the legut, me responds to fertilizer nitrogen. 
2. Would some soil amiendment enhance accretion of nitrogen in the soil-crop 

system and, hence, food yield or protein yield or economic yield? This question 

is answered by field experiments with elements other than nitrogen and in the 

presence of what is known to be an effective legume-lhizobium symbiosis. 

3. Is nitrogen accretion by the soil-crop system limited by some constraints 

other than the legune-Rdizobium symbiosis and soil anendments? This :efers 

to host plant yield potential primarily and such constraints as diseases, insects, 
growth characteristics, etc. 

Grain leguwtes. Proceedings of' several recent symposia have pointed out that 

average yields of' grain legumes obtained by farmers in the tropics are often less 

than a third of experimental yields (ICRISAT 1975, Vincent et al 1977, Rachie 

1977). The reasons are n,uerous, but are usually attributed to water deficits, 

diseases, insects, and soil constraints of various kinds. 
In 24 out of 50 expei imuents, Imostly in Brazil. Franco (1977) found that 

Phaseols vulgaris responded to fertilizer nitrogen. Bazan (1975) reported similar 

results for Central America. Where soybean in Brazil was properly inoculated, 

response to fertilizer nitrogen was small (Franco 1977). Pigeom pea responded 

to N fertilizer on an Alfisol in India (ICRISAT 1977 - -78). 

Grain legumes are an integral part of many intercropping systnis throughout 

the world (ICRISAT 1975, Andrews and Kassain 1976, Papendick 1976, Willey 

1979). The exact contribution legumes make to the nitrogen economy of tie 

system is difficult to measure ( lenzell and Vallis 1977). 

Ali analysis of the data from several field experiments (Dalai 1974. 1977; 

Agboola and Fayemi 1971: Centro Internacional de Mejoramiiento de Maiz y 

Trigo 1974: Oelsligle et al 1976: Saxena and Yadav 1974: Enyi 1973; Indian 

Agricultural Research Institute 1976: Singh 1977) on monocul tures and poly
crops of' legumes and nonlegumues indicates that: 

* Polycropping of:a grain legume with a nonlegume grain will sometimes result 

in protein yields larger than that in a monoculture of the nonlegumne graini. 
•Yiels of total grain in a polycrop ace often not increased much and may 

even be decreased relative to a cereal monocul ture. 
* The yield of both legume and nonlegume responded in some cases to fertil

izer nitrogen, indicating the legume-Rhizobium symbiosis was not working 
properly. 
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0 The yields of tie polycrops were sometimes increased by nutrients other 
ti an nitrogen, indicating the limitations of nutrients other than nitrogen.

Legme-basedfixage production. Production of livestock in tihe vast areas 
.of the world where soils are marginal for food crop production is an attractive 
possibility. A necessary coirdition for its realization is fle development of a
legume-baseI forage production sysci- Jonts 1977, Wilson Thomas1978).
(1973) concluded that tropical pasture legumes in Africa under good management
have yield potentials that fall within the range of the results obtained in Australia 
and in the temperate regions. The Centro Internacional de Agricultura Tropical
(1977. Sanchez ard Tergas 1979) has air extensive program on forage for beef 
production based on legume nitrogen for the highly weathered soils in the wet
dry tropics. The experimental results to (late illustrate the tremendous potential 
of this system. 

In India. legume-based forage production will be on soils where food crop 
producti on is In,!'giual. Ilowever. these areas are extensive (about 20% of thetotal land area av:iil:ilale for agriculture in semiarid tropical India) and at present
unproductive becnluse of tire high and uncontrolled grazing pressure, and lack of 
inputs. Seed prcptiration, soil fertility, and soil water problems are tire important
constrain's,. j!iother areas such as the llanos high plateau in South America and 
tin. l,' .;ud!;.i 'id tropics, soil acidity and low fertility are the major constraints. 

.Tire majc, consideration becomes one of getting acceptable production with 
only minimum soil amendments and other management inputs. Selection of 
appropriate plant species and Rhizobiun strains, and finding ways of making
small 21mont of soil aMLendHent 

a 
have a large impact should be the research goal.

One additional (level opmen t that would be of great value is rot ilion systems
with several years of pasture p'oduction followed by several years of food grain
cropping. Such a system has promise for parts of Africa where the tsetse fly is 
not endemic (Musa and Burhan 1974), and [1. parts of South America. Itis not 
yet in operatioLn in the tropics on any extended scale, and is yet to be tried in 
much of the semiarid tropics. 

Residual effects of legumes 
The net beiiefit of legunie-derived organic residues to succeeding nonlegumes
depends on the amount of residue and on its rate of mineralization. Unfor
tunitely, neither faclor is well understood. 

Grain leguincL factors limit the residual effects of grain legumes: 
1.The major p . the total plant nitrogen is removed in the seed and 

hence the amount of nitrogen in the residues is small. Exceptions are plants with 
either extensive root systems or large leaf drop (or both) such as pigeon pea.

2. The n, erali-ation of soil nitrogen under grain legumes is likely to be 
comparable to that under nonlegunes and hence tire rate of decline of soil
organic nitrogen may be high (Wetselaar et al 1973. Juo and Lal 1977). There
fore. the substitution of a grain legume for a nonlegume grain crop in a cropping 
system may have only a minor effect on succeeding crops (Burhan and Mansi 
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1967, Jones 1974, Saxena and Tilak 1974). Compared with cereals, the grain 
legumes Lathyus satirus, chickpea, groundnut, and cowpea in India, however, 
can have measurable residual effects on subsequent cereal crops equivalent to 
0'-5' kg N/lia of fertilizer (ICRISAIT 1977 --78. Gir and De 1979). 

Forage legumes. Usually mLuch organic nitrogen accumulates over several 

years tinder legume-based forages. Cultivation of a tonlegume following several 
years of forage legumes usually releases 40 to more than 100 kg N/ha during the 
first crop, nd gradually diminishing amounts to succeeding crops (Moore 1962, 

Smith 1962. 1lenzell et al 1966, .Jones et al 1907, Jones 1967, Watson 1969, 
Wetselaar et al 1973). With irrigation insubtropical zones, a single season ot 
legumle fo1 stio as and candders I ]etrseenl clover Iuecrie considerably enhIiance 

the nitrogen uptake by sub)sequent cereal crops. The pomtential for use of siratro 

(Alacroptilim atrol)urlmtdrelm) crotolaria spp., Lab lab purpureus and similar 
rapidly growing legumes as one- to two-seasot fodder crops preceding cereals has 

been little explored. 
Legun''green manures and leg;;itiJallows. A legunie green manure isgrown 

durillg only one season; a legume fallow is grown for more than one season. 
Neither is harvested. l.'xperiments in the tropics (Schofield 1945, Clark 1962, 

Jaiyebo and Moore 1964, Watson and Goldworthy 1964, Kannegieter 1969, 
Agboola and Fayenmi 1972, Slicl. i and Humphreys 19,15. Juo and Lal 1977) 

indicate that: 

0 Legume green manu,res accunulate 100 to 250 N, I during a favorable 

growing season: 20 to 60',; of this is mineralized nt,....r a cultivated crop during 
a subsequent growing sea:ison. 

* Under some circumstances, soil organic nitrogen accunmulates faster under 

legume fallow tha in der latural fallow. 
• Legutme green tanure and fallow are not used much because tronl th 

farmers" viewpoint (apparently), the bellefits do not justify the mlanagement and 
costs of growing the legume, nor the loss of a or cash crop.oraii 

Legunjnous shrubsand trees. Species sutch as Letiaena latisiliqua and Des

matlius iirgatuscalt be lore productive of good quality forage +har lerbaceous 

species, anld fix large alluOnts o nitrogen. More woody species such as Sesbania 
grandiflore and Al'sicarpusrgostis can grow to 20 feet in 2 years and produce 

firewood and timber as well as soie fodder. The nodulated nlonlegunIlie Casuarina 

spp. grows just as rar,'dly and is used extensively in parts of tropical India. It 

enriches the soil with considerable amotunts of fixed nitrogen and farriers take 
advantage of this by growing it ill rotation with annual crops. More extensive 

use of such plants particularly on otherwise wasteland would reduce the removal 
from arable fields of organic ma tier for animal feed. 

TIle foregoirt literatire review indicates: 

I.Tler, is much evidence with Il'aseo/us r'lgaris of a response to fertilizer 

nitrogen tinder experimental conditions. There is a similar response for pigeon 

pea, but few such experiment.s have been conducted with other grain legumes ill 
the tropics. Surveys reveal poor nodulation of grain legumes in many farmers' 
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flelds. Thus, there is reason to believe that in some areas, yields of grain legumes
could be improved by inoculation. The major constraint is the lack of Rhizo
bium strains adapted to the soil fertility status and, more importantly, con
petitive with indigenous soil Rhizobiun i populations. 

2. Yields of grain legumes are oLen low, even when soil fertility is not an 
apparent constraint. This is probably because land races have been selected 
primarily for stability of yield (e.g. pigeon pea), or the cultivars grown are 
poorly adapted to the environmental conditions. For example, chick-pea yields
on experimenta! stations in peninsular India are about 1,500 kg/ha, but in North 
India they may reach 5,000 kg/ha. Thus, factors other than the Rhizobium
legume symbiosis and soil amendments appear to limit yields.

3. Not iii uch use is made of leguie-based pastture and fodder production
although suL1h systems have enormous potential. The major limitation is lack of
suitable technology for giving relatively large yield increases with limited inputs.

4. Much of the work on the nitrogen economy of cropping systems with 
legumes is based oit dryland cropping systems. In work on relay cropping in 
flooded wetland systems and successive dryland crops, little attention was given
to the nitrogen economy of the system (Gomez and Zandstra 1977). Hence,
little is known of the soil constraints to nitrogen fixation in such systems.

5. Legume green mantires and legume fallows provide a laige amoulnt of 
nitrogen for a subsequent nonlegume grain crop, but this system is not used 
much in the tropics, probably becatse the farmer does not want to devote a 
whole crop season to nitrogen accretion. 

6. The availability of low-cost nitrogcn fertilizer has reduced the role of bio
logical nitrogen ltion in agriculture. Symbiotic fixation was not aim attractive 
source of nitrogen for subsequemnt cereal crops in coon trie with any degree of
 
lamd pressure because applying fertilizer was easier and cheaper. Time advent of

fertilizer-responsive, 
 high yielding cereals increased the req'lirement for nitrogen

beyond that which biological nitrogen 
 fixation had been supplying. In countries
 
like Australia where the pressure 
on land is less, symbiotic fixation still contri
butes most of the nitrogen for cereal production. Lack of high yielding varieties 
of grain legumes contributed to a change in land use from pulse to cereal pro
duc tion. 

Research and development opportunities 
In many places, grain legumes respond to fertilizer nitrogen and inoculation; this 
means that there is a deficiency in the symbiotic relationship, which presumably 
can be corrected by intoculalio with the proper strain of Rhizobium. This could 
have an immediate impact on food production. 

Grain legumes often respond to phosphorus fertilizer. Research on the sources 
of phosp horus and methods of use that minimize the cost of this illput is likely
to result in increased yields. The potential for mycorrhizal inoculan ts needs to 
be carefully explIc'. 

The critical role ot molybdenum in nitrogen fixation suggests that in acid 
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soils (below p1l 5.5 or 6.0) attention should be given to field studies on crop 

responscN to molybdenum. 

Much more work needs to be done on selecting varieties for specific soil 
situations. This should lead to better yields, an extension of the area where 

legumes call be successfully cultivated, and a reduction intile need for soil 
amendeinrits. 

Water deficicncy and excess are major limiting factors in imany areas; research 

on ways to limit their inipact ol nitrogen fixation is needed. 
The use of legume residues and green manures in nontraditional ways should 

be investigated. Tile possibilities inclde: 
a. Legumes planted at tile end or beginning of the traditional cropping 

season, or as live mulches under other crops, perhalps combined with the :ise of 

herbicides and limited tillage. This is particularly needed for flooded rice crop
ping systems. 

b. Selection of grain legumes with large ainounts of residues. This charac

teristic need not be iniimical to higlier grain yields. 

Much effort is being devoted to selecting and breeding leguie varieties with 

high yield and nitrogen fixation lpotential, to finding effective Rdizobium strains 

for specitic adverse soil conditions, and to ciopping systeis utilizing legumes. 
Microbiologists mtst work with soil and plati scientists in the field as part of a 
team working on ilproveinent of legume p oduction. The experience of nost 

soil microbiologists is largely confined to the laboratory and greenhouse and it 

takes time to become accustomed to tile harsh realities an1d frustrations of field 

work. The time has come to ensure that proper microbiological input is available 

for field experimentation. 
It is now necessary to nar row research objectives to fit specific situations (soils, 

climates, social and economic situations) and to include utilizationl in farmers' 

fields. For example, we know that the effectiveness of Rh izobium strains differs 

among ciLtivars and soil eiviroilmeil ts: tile objective then should be to get proper 

strains into use ill farmers' fields where tilepresent soil populations are ill

adequate. Experience demonstrates that the path froi clearly defined results in 

experiments to utilization iln farmers' fields is strewn with problems. 
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Water stress as a constraint 
to crop prqduction
inthe tropics 

T. C. HSIAO, J. C. O'TOOLE, AND V. S. TOMAR 

Plant water stress results from the interaction of soil water status, 
evaporative demand, and physiological factors. This paper first reviews 
the fundamentals of water flow in the soil-plant-atmosphere con
tinuum using a conceptual and simple hydraulic tank model. The 
model emphasizes the importance of soil water-holding capacity, 
rooting depth, water potential gradients, flow resistances, and a 
threshold water potential triggering stomatal closure in leaves. Atten
tion is also directed at the unavoidable reduction in carbon dioxide 
assimilation and dry matter production accompanying stomatal 
closure and transpiration control. Some physical and physiological 
fundamentals underlying the model are given. The allowable lower 
limit of leaf water potential is discussed in the light of the known 
sensitivities of expansive growth and carbon dioxide assimilation to 
water stress. 

Selected examples from the tropics where soil and rooting charac
teristics resulted in plant water stress and constrained production are 
then reviewed. Data from the International Crops Research Institute 
for the Semi-Arid Tropics, Hyderabad, are notable for illustrating the 
crop-soil interactions and behavior described by the hydraulic tank 
model. 

The third part briefly covers some methods of measuring plant and 
soil water status and the assessment of soil water usable by crops 
grown for high productivity. The need to know plant water status 
and associated physiological changes is emphasized. A new semi
empirical procedure is proposed for the estimation of the allowable 

Agronomy Department, IRRI, and on sabbatical leave from the Department of Land, 
Air, and Water Resources, University of California, Davis, CA 95616, USA; Agronomy 
Department, IRRI; Agronomy Department, IRRI, and on study leave from the Department
of Soil Science, G.B. Pant University of Agriculture and Technology, Pantnagar, Nainital, 
India. 



340 Soil-related constraints to food production in the tropics 

lower limit of soil water potential in various depth layers of the root 
zone. The procedure explicitly accounts for the effect of total root
ing depth on this limit. 

Future research needs conclude the paper. Specific needs include: 
more data on water content as related to water potential for tropical 
soils and on the presence of root restricting layers; evaluation of crop 
species for potential rooting depth and rooting depth in low-input 
agriculture; evaluation of germplasm for root-related drought adapt
ability; and development of more accurate and theoretically based 
practical procedures for assessing amounts of soil! water extractable 
by crops. 

THIS CONFERENCE FOCUSES on constraints imposed by the soil on crop pro
duction. Soil serves as a storage reservoir for excess water when rainfall exceeds 
evapotranspiration (ET); the stored water can be used by crops during periods 
of rainilall deficit. The portion of water stored in the soil that is usable by the 
crop is dependent on the ET rate, rainfall excess, and the maxim urn water
holding capacity of the soil, as well as on two crop Iactors: the effective rooting 
volume and the maximum,i allowable tissue water stress. Thus, ill disccusiig tihe 
soil's role in water stress alld drought. the whole soil-plant-atmosphere system 
ist be taken into account. 

We start with a conccptual review of the soil-plant-atmosphere continuum, 
with emphasis on the soil as the water reservoir, on rooting as a means to tap 
the reservoir, and on allowable levels of water stress. We use two terms whose 
def'initions apply to this paper and may not con form with certain usages in the 
literature. Water stress refers to water shortage in the plant and tissue. Drought 
is a period when rainf'all deficit is substantial. Whether there is water stress for 
a particular crop during a drought depends on the pertinent soil and crop factors, 
discussed next. 

TIlE SOIL-PLANT-ATMOSPHERE CONTINUUM 

Crop water uptake and water balance 
Only a fraction of 1,of the enormous anount of water taken tp is retained in 
the plant tissue. Yet this minute fraction is all-important - even a small variation 
can make the difference between no growth and vigorous growth. The water 
retained is dependent on the balance between uptake and loss by transpiration. 
Uptake is the consequence of transpiration. Transpiration, in turn, is largely 
determined by the supply of energy to the crop, mostly from solar radiation. 

The absorption and movement of water is a passive process, downhill in terms 
of the energy status of the water. Water energy status is commonly expressed as 
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water potential (0) which can be taken as the free energy or potential energy 

per Unit volume of water. The potential of water at a particular site is the sum 

of all the factors that affect its free energy content. 
water moves passively from where its potential isIn the ;.i!-plant system, 

tterhigh to where its potential is low. The steeper the water potential hill (v 

potential gradient ),the faster the water noves, other things being equal. Another 

factor affecting movement is the ability of the pathway to conduct water. Comi

monly, the conductance of soil for water from the bulk soil to the root surfaces 

decreases sharply with decrease in soil water content. If roots are less dense, soil 

conductance is also lower, as is root conductance from its surface to the plant 

shoot. In addition, the intricacies of the vascular system, such as dimensions and 

numbers of xylem elements, affect the conduIctance of roots and shoots. Quan

titatively, the rate of water movement Q between two points in a path is the 

product of coItdUctanlce C of that lIth seglent multiplied by the water potential 

difftclence (.', ) between the two points of the path. Conductance is often 

expressed as the inverse of resistance R. In equation form, 
in k )) = Csourccsink (lsource - e 

S(I) (Avisource'-sink (I) 

R source-siok 

This means that to maintain a given water flow rate, only a small A~1I, corre

sponding to a gentle TI gradient, is needed across a path segment of high con

ductance but a large difference (a steep gradient) is necessary a pathacross 

segment of low condtctarce. Conductance as used here differs from conductivity 

in that the former incorporates the effects of path length and cross-sectional 

area as well as the intrinsic condLctivity of the path. 
is reduced is 'T. The reduction inAs plant leaves transpire, water content as 

leaf Allsteepens the q gradient from soil to roots to leaves and causes faster 

water uptake. Such increases in uptake result from the lowering of XP-at the 

downstream end of the flow path. The plant pays the price of a lower leaf water 

status (a lower 111)to effect the faster uptake. Uptake can also be accelerated by 
' gradientincreasing 'P at the upstream end. Irrigating a dry soil steepeln the 

from the soil to the Plant and increases soil conductance. 
In the natural environment, water uptake and transpiration rates usually are 

not equal and the plant undergoes a daily cycle of net water loss and gain. The 

cycle is set primarily by solar radiation. From sunrise to midday, uptake lags 
on the xlIgradient generated bybehind transpiration becauIse uptake depends 

transpiration, leading to a continuous decline in tissue TI. In the afternoon, tran

the slowing of uptake lags and the plant recovers to a morespiration slows, but 
favorable ' level in the evening. It follows that a plant experiences its lowest 

water statuts around noon on a sunny day. 
The water storage capacity of most plants is small relative to the rates of 

water loss and uptake. Tus, a delicate balance must be struck between water 
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income and water expenditure all the time to avoid excessively low TI levels,
which damage the tissue. Plants have evolved means to aid in the maintenance
of this balance. 'File most important are the operation of' stomata, and leaf
rolling ill some monocots. Stomata are the main ports through which water vapor is lost. Stomata are equally important as main ports through which atnmo
spheric carbon dioxide is assimilated. During the day and when water deficiency
is not severe, transpiration proceeds according to evaporative demand, while 
open stomata ensure adequate inward passage of cajbon dioxide for photo
synthesis. Water deficit in the leaves may develop up to a point without any
effect on the stomata. When it becomes excessive, the stomata close partially
to slow traiispiration, with unavoidablethe concurrent reduction in carbon
dioxide assimilation. Thus, the stomata operate as safety valves in checking
water loss aid mininlizing the development of severe water stress in the plant.
The tradeoff, however, is that dry matter production also slows. 

Soil as a water reservoir, rooting, leaf water status, and transpiration control: a 
hydraulic model 
The water storage capacity of a soil profile is readily determined; but the pro
portion of the soil profile tapped by the crop is more difficult to ascertain. Stillharder to assess is the level to which the reservoir water may be depleted before
the crop sutl'iers significantly from water stress. The traditional approach assumes 
a reasonable rooting depth and calculates the so-called aailablewater as that
held between field C:aacit% (FC) and soil 'I, of -15 bars (permanent wilting
percentage or PWP). Had this procedlre been faithfully followed, much of irrigated agricLlture would be ruined. It turned out that a fudge factor -allowable
deplettion -- had evolved and is now in Comumuon use. Usually, the allowable 
depletion is chosen by trial-and-error, and sometimes even arbitrarily, to be a
small fraction (e.g.30";) of the total available water. To us, the need for this
factor constitit es strong evidence for the abandonment of the available water
 
concept bIsed oil 
a lower limit of water at -15 bars and points to the lneed to 
update the estima ting procedure. 

The danger of the traditional approach lies in the oversimplification of a 
problem that varies with crop rooting and development and is made even morecomplex by interaction wili the at nio.phere. For clarity, we resort to a hydraulic
tank model (Fig. I ). The model aids in appreciating the roles played by I) soil
water-holding capacity, 2) rooting lep thi, 3) soil 11',4) conductance or resistance
of the soil and Ihe plant, and 5) the minimum plant water status that must be 
maintained to avoid significant detrimental effects on the crop.

The model (Fig. I ) represents different soil depth layers as a series of tanks,
each serving as a separate water reservoir. The tanks are connecled through
regulating valves to a tank representing plant (more specifically leaf) water. The
valves (A, 13, and C) connected directly to the soil tanks represent soil and root
conductance (or resistance)at each of the soil layers. Valve D connecting directly
to the leaf water tank represents plant shoot conductance. An increase in con
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I. A hydraulic model depicting a soil profile divided into depth layers as a F--ries of reservoir 
tanks supplying water to a crop. Water levels in the tanks represent T,as well as the extent 
of filling. Differences ir; levels between the tanks for each soil layer and the leaf tank re
present the driving force (-P's) for uptake. Note that the soil profile rray be represented 
by as many layers (tanks) as appropriate, and the storage capacities (tanl, size) of the layers 
usually are not the same. 

dLuctance (or decrease in resistance) would be thought of as some opening turns 
of the valves, and a decrease, some closIng turns. There is a feedback link (not 
explicitly shown) between the stomatal valve and the watet level in the leaf such 
that when the leaf water drops to a threshold level, the valve is triggered to shut 
and reduces transpiration. Above that threshold, leaf water level can fluctuate 
without any effect on the stoniatal valve. 

Figure 1 shows that the volume of soil water accessible to the crop depends 
on the size of the storage capacity (tank size) of each depth layer, its fullness, 
and the number of layers (soil tanks) exploited by the roots. The levels of water 
in the tanks reflect not only tile andvolumes of water stored, but also soil 41 
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leaf xI. The difference in water levels between the soil and leaf, tanks is tlie/\I 
that drives the water flow from a soil layer to the leaves. 

During a dry period, crop transpiration continnes unabated as long as the 
stomlta (stomaltal valve of Fig. I) of tile leaves remain fully open. This in turn 
gradually depletes the water inl the reservoirs and soil 'it (water levels in tanks) 
drop. At tie same time, soil cOlndnctallcS decrease becatuse of soil drying (closing 
of valves A, B, :nd C). Yet water flow from the soil it) the plant must remain 
about as bel'ore because transpiration reinai, tile sanme aid chlianes ill tissue 
water collelt represent ill insignificantt qttuaitity relative to the low rat,,'. Ilow 
is this flow mtainitainted iil spite 01 tile drop ill the levels of thle supply reservoirs 
antd partial closill of' tile connecting valves? The mswer is simple. Leal 'If (leal 
tank level) must drop 1tot olly io a level to competusate lor tile drop ill soil 1I' 
(soil tank levels) butt firther to a level to conpensate for the decrease il conl
ductan1ces as well. Ill tetrms of' equationi I, lell, 'if nust drop more thati soil 41 

l a '.so that '4increaes to co te ' "" mtipents For the drop ill C-
As the soil water depletes I'rther. eventually leaf 'if drops to the threshold 

level for the activation of'stollumtal closurc (stomatal valve). The closure restricts 
water loss f'rolm1 tlte crop ;tld slows the further depletioti Of'soil water. 

The Model emphlasi/es the ittportalice of roolillg depth ill slipplying water 
to the crop atid allows the collsideratioit oldifferential dr,,it,.g 0if the soil layers. 
)eeper rootinig by ile crop meais connections to More soil tanks (e.g. increasiitg 

tite tanks to six), aid extremely restricled rooting, coinniection to onily Olle. 
Conitect ions to more taniks suggest not only a larger total reservoir to diraw oil, 
bti also a sit aller ' a-'teaf (or :tgiven transpiration rate becaunse the flow from 
each tank is a smaller fraction of the total flow or tratispiratiiot. Thus, 'At's to 
mainutain tile flow would be smaller aid leaf 1'' can be kept higher for a giveti 
soil 'if. 

li reality, soil Allill the root zone is hardly ever mi'orm. A full soil profile 
usutally dries first ill the upper layers, and tie dry 1otte desceiLds throughliime 
if ito rechauge occurs (Hsiao et al It)76a, b). lietice. water supply is restricted to 
fewer Thid fewer layers, tecessitating a dlr;p in leaf 'I and steeper 'I' gradients 
for upltake froi tite Itlltainlilig moist deep 1.1yers to metet the evaporative demand. 

file model also illustrates the ittportait:e of knowing the inaximunn allow
able tissue water stress wheni considering the altilnt of soil water usable to the 
crop. As Iong as the water level itt the leaf tank is lower than the level in one of 
the soil tanks. soilte water will tlow from the soil to the leaf'. So most of the soil 
water can be extracted by a crop, provided that the 'i of thc crop drops low 
emough. Clearly there must be a limit to the fall ill leal 1I if productivity is to 
be maitlied. To hold the leaf above that limit while mainlaitig tlhe necessary 
flow to keep up with transpiraition, soil 'I Must be suifficiently higher thiati the 
lower limit for leaf \11 to accouit for the resistance to flow from the soil to tile 
leaf'. The sum of volumes held in the soil tanks bet ween the lower limits for 
soil IVanid the upper limits il the start of a drying cycle is the total water volume 
usable to tile crop. 
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Soil as water reservoirs, rooting, and leaf water status: physical fundamentals 
Our model (Fig. 1)relates to the mundane experience of water flow in daily 
living and is easily understood. We now discuss the physical fundamentals under
lying the model. 

The resistance of the flow path from soil to leaf consists of three components, 
arranged illseries, and therefore additive. Applying equation I to the rate of 
uptake Qby the foliage of a crop, 

xt ti 

S= (41--f-;-tERbtt{ -\IILeaJ') 

Wien the leaf water status is not changing rapidly, leaf water uptake must be 
nearly equal it)leaf transpiration rate 7. Substituting T for Q and rearranging, 

T R"' ' qit'af_ ,11""d d+R ot + Rsh ot) (2) 

The result shows that to maintain a given leaf ',soil '1fmust be more positive 
by a factor of the Iranspiration rate times the sum of soil and plant resistances. 
This factor may be termed potential loss. analogouts to the term head loss in 

hydraulics. fhe T1lost is that iiwd 'ocompensate for resistance(s). Equation 2 
empliasizes the fact that there is no unique relationship between leaf 'T'and 
soil T,. Excessively low leaf 'I,cai be caused by soil drying. high transpiration 
or high plant resistances, or any combination of those factors. Thus, searches 
for a widelyv applicable single soil ' value to maintain a desired leaf or plant x'1 

level will fail. 
Wiei tie crop is n1ot short of witer and is actively growing, T is largely 

determined by the evaporative denand. Space does not permit further el,bora
tion liere a Lpertinent references (Rosenberg 1974, Doorenbos and Pruitt 1977) 
should be consulted. 

As for soil '. two major factors affecting it are dissolved solutes and inter
actions with the solid soil matrix. In soils low in salts, XI/consists of mostly the 

miatrix potenlia 'I' which is aI function of soil water content and the pore 
size distribution of a soil. Its behavior during a wet-dry cycle is described by the 
soil moisture release or characteristic curve. As seen in Figure 2, as the soil 
moistore content (0) declines, so does the soil \l1.The shape of the curve varies 
from soil to soil because of variations illthe pore size distribution. Hence, both 
textire and structure affect the shape of this curve. 

AnotIer soil parameter in equation 2 is soil R. Soil conductance, and there
fore soil R, nust depend on the hydraulic conductivity (K) of tile soil. In 
addition, however. rooting density plays a critical role, as will be elaborated 
below. Hydraulic conductivity drops sharply with decreases in soil water content 
(Fig. 2b). Most significant is the fact that for every 0.1 cm3 /cm 3 reduction in 
0, K decreases nearly a Iundredfold. This drastic reduction in K is due mainly 
to the restriction of water flow to the close proximities of the surfaces of solid 
soil particles. 
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2. a) Soil moisture release cuirve (Toniar and Ghildyal 1973) and b)hydraulic con
ductivity curve (Tripathi and Ghildyal 1975) of Beni silty clay loam, a Mollisol, at 
1Pantnagar, India. 

Rooting density also affects soil R. This is because with more roots distributed 
in a given volume of soil, the effective cross-sectioned area of soil for conducting 
water to roots is increased and the effective flow path length is reduced. For a 
more quantitative approach, we use the treatment of Gardner (1960). Starting 
with Darcy's law, an equation can be derived for an idealized depth layer of 
soil-root system that relates the rate of water transport q (from the bulk soil to 
the root surface) to the ' gradient (T, ----_ , the soil hydraulic conduc
tivity K, and the root length density L ,v (cm of roots/cmr3 of soil) in that soil 
layer, 

4rL,4zK (Jsoit _ 4prs} 

-Vn (7rL,) - 2n r 

_ (svolJ qrs) 
R soil 

Here Az is soil layer depth in cm (e.g. 20 cmr), r is the mean root radius in cm, 
and Prs is 'I' at the root surface. The derivation of this equation involves several 
simplifying assumptions with their attendant uncertainties (Hsiao et al 1976b). 
Nonetheless, the equation is useful to show that soil R is a function of both 
soil Kand rooting intensity in a given depth layer: 

RsO =--Vn(rLJ- 2Vnr l (3) 
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Thus, rooting geometry, as expressed by the terms enclosed in the brackets of 
equation 3. is as crucial as soil K in determining soil R. As :z, approximation, 
a given proportionatl increase in either L, or K would reduce soil R by about the 
same proportion. It is important to point out, however, that ii general K changes
logarithmically with soil water content. as exemplified by [jigure 2b. The drying 
of a soil can1 cautse such a marked reduction ill K as to obviate anly increase ill 
L, broulght about by growth. 

Equation 3 is written for i soil layer nearly homogeneous in rooting density,
soil 'if, and 1one be divided ilto such layers, withsoil K. The entire root may 
roots in each layer connected more or less independently It)the base of' the plant 
shoot, as parallel pathwiays for conducting water from individual soil layers. 

The remaining parameters in equation 2 are plant resistances. As may be 
expected. root developmenlt appears to affect root R markedly. In one study,
increasing L, reduced root R, apparently because more parallel roof paths are 
created 'orradi'a and ongittudinal transport (llsiao et al 19761)). More quanti
tative data along this line are badly needed. 

Our knowleige on shoot R is also sketchy. It is now certain that in many 
crops shoot R is not negligible relative to root R as rirroneously assumed earlier. 
On the other hand, shoot R appears to vary markedly 'mong species alld even 
wil h crop outogehiy (Acevedo 1975 ). Again, more information is needed. 

Returing 1o eqtiation 2 and its three resistances inl series, we emphasize that 
when roolibg is extensive and the soil quite wet. soil R is estimated to be neg
ligible relative to root R (Newman 1074, Greacen et al 1976) and relative to 
root and sho!o, R',Y(Acevedo 1975). In such cases, therefore, a partial drying 
of the soil, through reducing soil K ard raising soil R severalfold, would hardly 
affect the total resistance to water flow. 

The desired lower limit of leaf or shoot water potential 
flow far should leaf' T or shoot X11be allowed to drop during a drying cycle?
One certainly wattts to avoid restricting carbon dioxide assimilation per unit leaf 
area for any sustaiied dUratiolt since it is the basis of dry matter accumulation. 
Therefore, leaf 'Ifshould be kept at levels above the minimum level that induces 
stomatal closure. Indications, however, are thItait even such levels are too low, at 
least during some growtli stages, if one desires high productivily. Ample studies 
have shown that the physiological process most sensitive to water stress appears 
to be expansive growth (l-lsiao 1973). Apparently this is the consequence of 
turgor pressure iin sustaining cell enlargement (ltsiao et al 1976a). It fact, 
expaitsive growth is so sensilive to water deficiency that, ill somie cases, ally
reduction in tissue Ill reduces growth (e.g. Fig. 3). It other cases, especially in 
plants adapted to ait arid enviroinle-t, a few bars of' reduction ii tissue AP affect
growth little, but ftUrtier reduction has marked effects. In our experience, tile 
first itdication of' water deficiettcy is often a redtctiot itt size of' plants in the 
lield compared with plants on well-irrigated plots. Because of inherent variability, 
the difference in leaf 'I' becomes readily measurable only later, when stress be
comes more intensive. 
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3. Panicle elongation and leaf carbon dioxide (CO ) assimilation rates as related 
to leaf ,A,in sorghum. The curves were genralized from replicated plants grown
in the field and moved to the laboratory on the day of measurenents. Leaf X1,was 
mcasured with an intact-leaf dewpoint hygrtometer on the second leaf (flag leaf 
taken as first), covered to minimize T, gradients while the same plant was being 
lnonitored for panicle elongation with a linear variable differential transformer 
(Hsiao et al 1970) or for CO2 assimilation by the same leaf with agas exchange 
chamber linked to an infrared gas analyzer. Water status of the plants was lowered 
gradually by soil drying and, when necessary, by root pruning. 

In comparison, stoniatal opening and the related carbon dioxide assimilation 
and transpiration are considerably less sensitive to watcr stress (Fig. 3). The first 
decline in carbon dioxide assimilation and stomatal opening often occurs when 
leaf 'P drops to -12 to -16 bars, depending on species and prior growing con
ditions. This threshold level usually corresponds roughly to the beginning of 
visible wilting or leaf rolling (Turner 1974, O'Toole and Cruz 1980), which is 
approximately at the point when cell turgor pressure approaches zero in some 
parts of the lea)' tissue. 

T;ic fact that expansive growth is extremely sensitive to water stress has 
important ramifications. If mild stress develops in the early vegetative stage when 
foliage is sparse, a slowing of'leaf growth would reduce the foliage surface avail
able to capture sunlight and photosynthesize. Although foliage development may 
catch up with that of the unstressed plants later, the accumulative assimilation 
per unit land area for the stressed plants would be less for a given crop duration 
although stress has yet to reach the threshold level to affect the stomata. This 
would mean less total dry mattcr yield and possibly less liarvestable yield as well 
(lsiao et al 1976b). All other developmental processes are also underlaid by 
expansive growth because cell differentiation and expansion occur concomitantly. 
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It appears then tha t for high productivity, even mild water stress should be 
avoided, especially early in tile vegetative stage. As the leal canopy nears closure, 
assimilation per hectare would be limited by available light, not by the light
c.p turing surface. Larger water deficits may be permitted il that case because 

an additional foliage would be superfluous. Durilg flowering and pollination, 
however, it is inpoi tant to keep tile tissue water staltus moderately high, espe
cially if the crop is detelmilialt ill flowering habit (I lsiao et al 1976b). Through-
OLIt tile growth stages, leaf 'I should be kept above the threshold for stomatal 
closure. 

Retriting now to tile desired lower limit of soil Il for maintaining good pro

ductivity, and igloring the early vegetative and pollination stages for the time 
being, we aSSUlle tile crop ill qtestion ias a sloinatal threshold of -14 bars. 
Manly measureinents on sunny days have shiowii midday leaf 'if to rangeIfrom 

7 to 12 bars for well-irrigated field crops and we will use a middle value of 

10 bars. With tile soil near field capaicity, soil %Pis close to zero. The I0-bar 
difk'Trence ill 'i is tile water potlential loss leeded to colpensate for the total 
resistaiice alld Ustaill transpiration at midday. Assuming the soil then dries in 
the bulk of :he root zone to 4 bars. and assuming that soil R remains small in 
spite )f the reduced K and is Still neuzigible relative to plant R, now leafi wouldv 
drop) 1o arotnd 14 bars at midday, a levei just triggering stomatal closure. Ini 
reality, soil R nay become significant when soil 'If is in the -4 bar rmnge 

(Acevedo ;975 ). Therefore, to prevent stress-inducCd slofiatal closut e, the lower 
limit of usable soil water would have to be lplaced at a 'it value more positive 
than 4 bars. F one is more concerned about expansive growth, or is dealing 
w,tlh a soil that restricts rootitg so that soil R ald root R are larger, this limit 

:1tist ht raised to a higher Ill value still. The foregoiig discussion shows that it is 
not possible to efl'ectively use soil water down to -15 bars or PWP. The lowest 
limit at which to set the lower limit of soil 'if should correspcnd to the first sign 
of wilting, recognizing that this poitit takes oil different values depending on 
resistances and evaporative demand. While we emliiasizc the need to raise the 
lower limit of" soil 'I/ for good productivity, we appreciate that for crop survival 
durinig a drotgliht and water stress, water held at -15 bars or even lower in the 

soil would be helpftul. Some rice cultivars extracted soil wa:er in levels lower 
than -30 bars, but the plant barely survived and leaf' xI' fell in the same range 
O'Toole et al 19 78). 

AREAS IN THE TROPICS WHERE CROP WATER STRESS i_
 
MODULATED BY SOIL AND ROOTING FACTORS
 

Our discussion will focus oll areas within clinatic regions where average total 
ruinf'all for the crop season is about adequate. Vagaries of rainfall within the 
season and from year to year, however. interact with soil and crop rooting 
characteristics to determine whether water stress imposes a productivity con
straint. We will not ,liscuss problems of watei stress catised by grossly and 
chronically imnidequate rainfall. 
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According to the annual rainfall distribution, the tropics may be classified 
into two climatic types. First. the tropical rainy or perennially wet climates as 
delineated in Figure 4. The equatorial proximity of these climatic types is obvious 
across the Americas, Africa, Asia, and the Pacific. These areas are not considered
 
drought -prone. The other type consists of the tropical wet-dry climates (Fig. 4)
 
characterized by a distinct dry season. This type 
 is more relevant to our dis
cussion. Areas within tlIse climates have adequate total rainfall, but variability
 
may be such as to cause water stress when combined with certain soil and root
ing characteristics. Much of the variability is associated with the time of onset
 
of rain at the start of the wet season and of withdrawal at the end. In addition, 
water stress is an obvious factor for the dry season crops grown on stored soil 
water and scarce rainfall. The soil's water storage capacity and plant rooting 
depth obviously are keys to the success of those crops. 

We examine four sites in the tropics to illustrate the interaction of soil water
 
storage and root development in mediating crop water stress.
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4. Geographic representation of tropical wet and wet-dry climates (adapted from Money
1972). 
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is monomodal in distribution (1ig. 5)and appears sufficient for sorghum or millet 
crops. However, the 30% coefficient of variation associated with the monsoon 
months of Jutne-September, coupled with the fact that rainfall often consists 
of high-intensity storms resulting in percolation and runoff losses, attests to the 
importance of water retention characteristics of the suil and root development 
as determinants of crop success. Figure 5 illustrates the rapid decline in preci
pitation as the monsoon withdraws. The decline in potential ET, dictated largely 
by the seasonal cooling trend, is much slower. The actual ET during this period 
will determine the productivity of a crop grown on stored soil water. Hyderabad 
offers the researchers at Iternational Crops Research Institute for the Semiarid 
Tropics (ICRISAT) the unique opportunity to observe two major soil types, a 
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coarse-textured Alfisol (red) and a fine-textured Vertisol (black), under the 
same cliniatic conditions. 

By growing sorghum, pigeonpea, and chickpea under good management in 
the postrainy season largely on water stored in these two soils, M.B. Russell and 
associates (ICRISAT 1978) derived generalized estimates of crop extractable 
water for depth layers down to almost 2 in (Fig. 6). The upper limit of extract
able water was set by field capacity (C). For the topsoil layers (about 35 cm 
for the Alfisol and 50 cii for the Vertisol), it was assumed that crop removal 
stopped at -- 15 bar soil TI, although evaporation dried the surface soils to a 
more negative A''. Below these layers, the lower limit of extractable water cor
responded to a more and more positive 'i' accounting fbr the higher soil water 
contents in th-, lower depth at the end (Fig. 6). The ineffective use of water in 
the lower profile was attributed to low root densities and short durations of 
occupation by roots. It is interesting that the extractable water in the Alfisol is 
only about 60,; of that in the Vertisol. The two soils' water contents from FC 
to -15 bars do not overlap. The differential behavior shown in Figure 6 has 
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6. Generalized crop extractable water at different depths as determined by measuring 
extraction below field capacity for several long-duration and deep-rooted crops on an 
Alfisol and Vertisol at Hyderabad, India (adapted from ICRISAT 1978). 
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7. Soil moisture release curves for an Alfisol and a Vertisol at Hyderabad India, and for a 
Dior soil in Senegal (from ICRISAT 1978, Vachaud et al 1978). 

basis in the moisture release curves of the two soils, depicted in Figure 7. 
Although the curves cover only the range from saturation to around FC, the 
differences in water contents at a given Tm between the two soils are well 
illustrated. Presumably because Figure 6 was generalized from data obtained in 
a number of plots, corresponding water contents in Figures 6 and 7 may differ 
in value. For a more meaningful comparison of crop-soil interactions between 
these two soils, it is necessary to have more information on the crop. Such 
information is in the process of publication (M.B. Russell, ICRISAT, personal 
communication). 

More data were reported by -. Squire, P. Gregory, and coworkers (ICRISAT 
1978) on pearl millet grown at Hyderabad in the postrainy season. Unfortunately, 
only the Alfisol was used, so direct comparison of the two soils cannot be made. 
Figure 8 shows the progression of soil water extraction by the rainfed crop 
through time at various depths. In the first 40 days, water extraction was mainly 
from the upper 80 cm. Near the end of that period, roots were detected beyond 
100 cm (ICRISAT 19 78). Subsequent extraction was primarily from 60 to 150 cm 
until it nearly ceased in another 15 days. Compared with crop extraction in an 
irrigated control, total extraction (crop transpiration) in the rainfed crop was 
sharply restricted soon after d 36 (Fig. 9). Concurrently, dry matter produc
tion slowed and then ceased (Fig. 9). Early senescence of the rainfed crop is also 
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8. Soil water extraction by a rainfed pearl millet crop sown on an Alfisol on 
13 October 1977 at Hyderabad, India (adapted from :A;j7 1978). 

apparent from the decline in green leaf area, which started before day 40 (Fig. 9). 
By day 48, the daily minimum (midday) leaf 4 of the irrigated crop was about 
-12 bars and that of the rainfed crop was about -19 bars (ICRISAT 1978). 
This substantial difference in leaf xI' developed at the time the dry matter 
accumulation trend flattened, but at least I week after the start of the decline 
in transpiration and green leaf area. Thus, this level of daily minimum leaf 4I 
must be considerably more negative than the threshold for stomatal closure and 
approximates a level at which carbon dioxide assimilation is drastically reduced. 
Of great interest are the values of soil T' at the time of decline in transpiration 
and green leaf area and at the time of virtual stoppage in dry matter production. 
Monitoring with soil psychrometers showed that at the time of declines (around 
day 40), soil T'was above - 4 bars in a substantial part of the root zone and only 
in the top 30 cm or so was it lower, -6 bars (Fig. 10). On day 48, when dry 
matter production had about ceased and leaf T'dropped to -19 bars at midday, 
soil 4' reached -14 bars in the top 20 cm. Even then, at the 60-cm depth that 
was well populated with roots, it was about -5 bars. 

Data combining soil, plant, and atmospheric water status with records of crop 
parameters are rare for tropical sites. The behavior observed at Hyderabad re
sembles that of corn (Acevedo 1975) and other crops at Davis, California, and 
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9. Ratio of crop water use to pan evaporation (a), and dry weight accumulation 
and green area index (b), for rainfed pearl millet (Fig. 8) and irrigated pearl millet 
sown 13 October 1977 at Hyderabad, India (adapted from ICRISAT 1978). 

of cotton in Alabama (Klepper et al 1973). This example relates well to our 
hydraulic tank model, particularly to the drying of the tanks representing the 
upper soil layers, small tank sizes or storage capacity, the need for substantial 
differences in levels of the soil tanks and leaf tank (A*'s)to keep good flow 
rates or uptake, and reduction in outflow or transpiration presumably due to 
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10. Soil T, at different depths on various days after sowing under the rainfed
 
pearl millet crop represented in Figures 8 and 9 (derived from ICRISAT 1978).
 

the shutting of stomatal valves. It demonstrates the consequences of plant 
water deficit. Yields of the rainfed and irrigated crops were about proportional 
to the water used by each crop (ICRISAT 1978). 

Brazil 
The red Latosols of the cerrado region of Brazil are characterized by low fer
tility, low pH, low water-holding capacity, and excess aluminum. The aluminum 
toxicity and acidity often increase with soil depth. Rainless periods lasting 5 to 
20 days occur with a high frequency (Moraes 1978) during the period labeled 
veranico in Figure 1Ia. Rainfed rice, which occupies about 3.7 million ha in the 
cerrado, is most adversely affecitd because the veranico period often coincides 
with the crop's reproductive growth stages. 

Jones and Guimaraes (1979) estimated ET by following soil water extraction 
of a rainfed rice crop during a drought. Rooting depth was only 60 cm, con
sistent with the shallow rooting h '., of rice in general. Figure I I b shows an 
abrupt change in ETa:ETI co fciding with measured increases in stomatal 
resistance of the crop, as t ie soil dries out. Total extractable water, defined by 
them as the amount in the profile between field capacity and the lowest water 
content achieved by a crop in very dry conditions, was only 5.4 cm. Even so, 
33% of the extractable water remained in the 60-cm layer when ETa:ETp fell 
belu .,. Ncie, both low soil water storage capacity and limited rooting poten



Water stress 3S7 

Rainfall (mm/mo)
 
400
 

(a) 

300 

200

100 

Veranico 

J A S 0 N D F M A M J 

ETa - ETp ratio 

12 -
S S (b) 

010-0 

08 • 0- 0 

0.6

0.4 - 0 

0.2

0 I
0 -1 -2 -3 -4 -5 -6
 

Soil profile water content (cm)
 
( O=field capacity )
 

II. a) Mean rainfall distribution and identification of the chronically
drought-prone period (;ranico) in the cerrado of central Brazil (Moraes
1978). b) Relationship between the ratio of actual (ETa) and potential
(ET ) evapotranspiration and soil profile (0-60 cm) water content (after 
Jongs and Guimaraes 1979). 

tial contribute to the early development of water stress. In terms of our earlier 
discussion, an increase in rooting depth would delay stress development by 
adding more tanks to the storage reservoir. This is feasible with other crop 
species and is potentially feasible with better adapted rice cultivars. 

A further complication not investigated in the above study, but characterizing 
the soils in Brazil's central plateau, is widespread aluminum toxicity (Cline and 
Buol 1973). For many crops, toxic aluminum levels in the subsoil cause inhibi
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tion of root development and thereby reduce the number of storage tanks. This 
problem may be solved by screening crop cultivars for tolerance to aluminum 
(Howeler and Cadavid 1976), thus indirectly solving the problem of drought. 

West Africa 
The climate of sub-Saharan West Africa is diverse (Dudal, this volume). However, 
regardless of the total rainfall and distribution, poor physical properties of the 
highly weathered, coarse-textured soils of West Africa overshadow the climatic 
parameters and establish water deficit as a primary constraint to rainfed crop 
yields (Charreau and Nicou 1971, Lal 1979). 

The Dior soil of Senegal is a ferruginous soil with 92X sand and about 0.4% 
organic matter. It is extremely poor in water-holding capacity (Vachaud et al 
1978) compared with the Vertisol and Alfisol in Hyderabad (Fig. 6). Thc 
moisture content at -. 1 bai 4/soil is only 0.08 cm 3 /cm 3. Although West African 
soils are quite heterogeneous, low water retention appears to be general. Thus 
the comment 1-y Lal (1979) that they may provide only 5 to 7 days of water 
requirement for maize and 3 to 5 days for lice. This generalization implies that 
extensive iuot development is a prerequisite for crops to meet evaporative 
demand during drought periods and be agriculturally successful in West Africa. 
A review by Nicou and Chopart (1979) illustrated the relationship between yield
and root cevclopment (root weight or density) for several crops grown on Dior 
soil and similar soils in Senegal. 

Unfortunately, root development is oftn very limited because of another 
serious soil problem - poor structure. For example, DUor soil is very compact 
and relatively structureless. Its low porosity (about 40%) and high bulk density 
( .5-1.8) impede root growth. Root development of rinfed rice and maize was 
enhanced markedly by small increases in porosity (Nicou and Chopart 1979). 
As is well known, porosity or bulk density interacts with soil water status to 
affect root penetration (Taylor, this volume). This was also the case for soils in 
West Africa (Maurya and Lal 1979). In upland soils there, there is a structural 
problem also with subsurface gravelly horizons which are often compacted and 
rigid because of a clay matrix and seriously limit rooting depth. 

Philippines 
Dryland rice in Southeast Asia is often relegated to more marginal lands. Typi
cally, it is grown on sloping -topography, on light-textured soil in fields without 
bunds. Thus, the soil is well drained and aerobic most of the season. Because of 
the inherent lack of deep root system dev!opment in this species, water str,'ss 
occurs even in climatic zones with relatively high seasonal rainfall totals. 

Attempts to monitor the soil-plant-atmosphere continuum in dryland rice in 
the Philippines (Fig. 12) have provided insight into its dynamics in this crop and 
allowed initial observations of intensity and duration functions of water stress 
and growth stage interactions. MI-48, the dryland adapted cultivar, maintained 
higher leaf ' than the other rices during periods of adequate soil moisture and 
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12. Soil, plant, and atmospheric water status for three rice cultivars during the wet season. 
Upland farmers' field, Batangas province, Philippines, 1975 (O'Toole and Maya, unpub
lished). 
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high evaporative demand. Later in the season when soil moisture became limiting 
Ml -48 was more effective in extracting soil moisture at all soil depths. The poor 
soil moisture extraction ability exhibited by IR20 and IRI 529-680-3-5 illustrates 
less root system development even at the 45-cm depth. Because of the shallow 
rooting depth, daily minimum leaf TIin all three varieties was highly correlated 
with atmospheric evaporative demand and soil qf1m at 15 cm during much of the 
season. 

Regression equations were developed from these edaphic and atniospheric 
variables, and the daily minimum leaf T,for two dryland rice crops planted at 
different dates in 1976 were predicted (Fig. 13). Plants in the first planting (late 
(D,) experienced drought at the vegetative growth stage; those in the second 
(D2 ) experienced severe stress during the reproductive stage. The varieties differed 
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13. Estimated daily minimum leaf ', during the growing season for 
MI-48 and IR20 (IR1529-680-3-2 and IR20 had identical responses) 
rice cultivars and two dates of planting (D1 and D2 ). D1 = 1 Jun 1976,
D2 = 1 Jul 1976. PI = panicle initiation, F = flowering. Dashed line is 
-17 bar lower limit of leaf q,.Upland farmers' field, Batangas province,
Philippines, 1976 (O'Toole and Moya, unpublished). 
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14. Yield and yield components of IR20, 1R1529-680-3, and M1-48. Intensity and duration 
of plant water stress at vegetative and reproductive stages. Batangas province, Philippines, 
1976 wet season (O'Toole and Moya, unpublished). 

in leaf * response to the drought period as noted when their extraction patterns 
were compared (Fig. 12). After determining -17 bars as the desired lower limit 
of leaf 4', the intensity of water stress was computed as the difference between 
the daily minimuri and -17 bars. Duration of water stress was calculated as the 
sum of days within a growth stage when the estimated minimum leaf q/ was less 
than -17 bars. Figure 14 illustrates how these values can be accounted for during 
the vegetative and reproductive stages of the two crops. The three varieties were 
not phenotypically matched, and the water stress calculations were done ,epa
rately for each variety and date of planting. The trends for intensity and duration 
of plant water stress and the measures of growth and yield components show a 
close cause-and-effect relationship. 

Figure 14 shows the crops' lower susceptibility to water stress during the early 
vegetative stage. All Di crops yielded well despite the high intensity and duration 
of vegetative stage water deficits. The D2 crops in the reproductive stage showed 
characteristic sensitivity to water deficit in terms of affected yield components. 

The response of dryland rice in the Philippines to water stress has shown 
the value of studying the soil-plant-atmosphere continuum as a unit. The value 
of deeper rooting was emphasized and the concept of a desired lower limit of 
leaf 4I, was used to quantify intensity and duration of crop water stress. 

Our examples illustrate the primary soil-water related conditions that con
strain crop growth and yield in the tropics: low soil water retention capacity, 
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physical impedance or chemical toxicity leading to impaired root development, 
a.-d the inadequate capability of some crops and cultivars to exploit the soil 
water reservoir. These examples also demonstrate the great variability in edaphic 
and climatic complexes and emphasize the advisability of researching the soil
plant-atmosphere as a system rather than its discipline-orientLd components 
within these complexes. 

MEASURING CROP AND SOIL WATER STATUS AND
 
ASSESSING SOIL WATER SUPPLY
 

With crop production tile final objective, and with the plant acting as all in
tegrator of soil water regimes, rooting effects, and evaporative demand, more 
attention must be directed to the crop when assessing soils for use where water 
is limited. 

Measurements of plant water status 
The parameter most frequently measured is leaf 11f.Thennocouple psychrometry 
has often been thought of as the most definitive for 'If measurements. The 
pressure chamber technique (Scholander et al i965), however, is the only one 
that is rapid and suitable for routine field use. Two common procedural errors 
must be avoided: overly rapid pressurization (thereby overshooting the end 
point) and failure to protect the tis:'me from drying after excision and while in 
the chamber. Regrettably, leaves or branches of some species do not seal easily 
in the chamber and sap fills air spaces in the petiole or stem when pressurized, 
giving a negative error itI leaf xV (Boyer 1967). Regarding thermocouple psychro
meters, the Peltier-cooling or Spanner type is less accurate than the isopiestic 
type (Boyer aid Knipling 1965). The use of either type involves a number of 
pitfalls (Brown and Van lav.en 1972) and is not recommended to the novice. 

Another measure of plant water status is relative water content (RWC), the 
amount of water in the tissue relative to the amount the tissue holds at satura
tion. RWC is 100,, when k't equals zero. Visible willing occurs when RWC is in 
the range of 75 to 85'."(, corresponding to -- 12 to --16 bars in leaf If (Gardner and 
Ehlig 1965). RWC is relatively simple to measure and requires no special equip
ment. The random error in the method, however, is large compared to the range 
of change of' interest. References (Barrs 1968, Slavik 1974) should be consulted 
for details of these and other methods of measuring plant water status. 

In the field, vjsual symptoms are often good indicators of plant water status, 
especially if the obserxers' eyes have been calibratedagainst measured leaf 'P or 
measured changes in physiological processes effected by stress. A thorough 
familiarity with the crop is essential. For rice, the degree of leaf rolling cor
related well with leaf 'If (O'Toole and Moya 1978). As already mentioned, 
leaves of many crops wilt when their q, falls to -12 to -16 bars. The beginning 
of wilting corresponds roughly to the start of stomatal closure and the associated 
reduction in transpiration and carbon dioxide assimilation. Within that q' range, 
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some crop cultivars also exhibit a color change. Because these visual symptoms 
point to the start of a dropoff in important physiological processes, in one way 
they are even more uSeful than XVMeasurements. Unfortunately, above that qI 
range, when clianges in water status may still affect expansive growth, visual 
symptoms are not so apparent. 

Because plant T' is at a minimumu around noon on a sunny day, middiy 
measurements are imperative if crop growth and assimilation are of major ,'ca
cern. If leaf T1just reaches the st omatal threshold at midday, then carbon 
dioxide assimilation may only be slightly depressed for 1 or 2 hours that day. 
On the other hand, ifimidday leaf'I is 5 or 6 bars lower than the threshold, leaf q 
is likely to remain below the threshold for most of the day, reducing assimila
tion an1d dry matter production to a small fraction of the daily normal. 

When assessing soil water and rooting volume, leaf 1!/measured at dawn is 
also invaluable. As transpiration is greatly reduced (or eliminated) at night, the 
tissue refills with water unt il dawn. At that time, leaf TIapproaches equilibrium 
with soil 'it and hence is indicative of the soil water status in the rhizosphere. 

Measurements of soil water status 
Tc neasure soil ',, down to nearly -1 bar in the field, tensionieters are now 
w dely used in the tropics. They are tInequalled in accuracy when equipped with 
mercury manometers to measure tension. For TIm or TI < -1 bar, there are 
several techniques; gypsum resistance blocks and thermocouple psychronleters 
are the most common. In our experience, commerical thermocouple psychro
metry sensors have an unacceptably high failure rate when left installed in the 
field for more than a few days. The practical sensoi' for routine measurements 
in the field appears to be resistance blocks. Resistance blocks hold water by 
matrix forces exactly as the soil and require calibration, usually on a pressure 
plate. The blocks are said to be insensitive to changes in q1 m between FC and 
-1 bar. The fact is that blocks of appropriate design (D.W. Henderson, personal 
communication; Closs and Jones 1955) can be used to measure changes in that 
range, especially with an electric resistance meter covering both high and low 
ranges of resistance (Acevedo 1975). 

For soil water content, the simple and direct method is core sampling, and 
weighing before and after drying the core in the oven. Indirect methods are 
many, the most popular in modern field research being the neutron scattering 
method (Gardner 1965). Once an access tube is installed, the instrument allows 
the repeated monitoring of soil water content in different depth layers. This is 
particularly advantageous for studies of water depletion by a developing root 
system. Calibration of the instrument is necessary for a given soil and may even 
vary with horizons (Lal 1974). 

Assessing soil water usable by the crop 
Direct experimentation is still necessary for accurate assessments of usable soil 
water, especially where knowledge of soil and crops is scant. Normally the crop 
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is started on a fully wetted profile or when sufficient rain is expected for the 
establishment of a good root system. A well-irrigated treatment is included as 
control. Soil 0 at different depths and leaf q, or other indicative crop parameters 
(e.g. Fig. 9b) are monitored as the season progresses. The usefulness of the data
 
is greatly expanded by accompanying soil TImeasurements at the various depths.
 
As the soil dries to the point when leaf If of the exposed upper leaves of crop
 
reaches the threshold for stomata, or when wilting is obvious and transpiration
 
reduced substantially, the values of 0 at different depths at this point represent 
the lower boundary of usable water in the profile for maintaining good pro
ductivity of the particular crop near or after full canopy development. Of course, 
rainfall must be deficient enough to dry the crop to the point of stomatal closure. 

The water extraction front can also be used to estimate effective rooting 
depth at any one time. One potential source of error is vertical water flux in 
the soil due to deep drainage or to capillary rise from a water table. 

A new procedure to estimate extractable soil water 
Direct experimentation to assess usable soil water often is not feasible and 
quicker estimates must be resorted to in tasks such as land evaduation and pro
ductivity planning. Good estimation procedures should evolve from sound prin
ciples and be molded by the reality of direct experimentation. We propose a 
procedure to stimulate further studies and improvements. It is based on current 
understanding of water in the soil-plant-atmosphere system and relies on soil XP 
values obtained mostly in tciperate zones. 

The upper limit of usable water is traditionally taken as the FC. In most cases 
drainage for at least 2 or 3 days after a good rain is required before FC is ap
proached. Because the crop takes tip water held abo.'c FC during that period, 
the upper limit of the reservoir should be raised for situations where rainfall or 
irrigation is frequent. FC falls around a soil 4't of -0.3 bar for many soils but is 
closer to -0.1 bar for sandy soils. For simplicity, the upper limit may be raised 
to a 0 corresponding to -0.1 bar for all soils. An alternative is to take as the 
tipper limit the water retained I day after the &appearance of standing water 
from the field. 

The lower limits for 0 is much more difficult to delineate. As mentioned, the 
corresponding soil 'If are dependent on transpiration rate, resistances, desired 
lower limit of leaf q, and soil depth explored by the roots. For now, we will 
deal only with situations where leaf 4' threshold for stomatal closure, plant 
resistances, and ET (about 5-6 mm/day) do not vary markedly, and where 
canopy cover is nearly complete and expansive growth is not critical. Rooting is 
then the main variable affecting the lower limits of soil 4'. In soils not affected 
by salinity, qV'n accounts for most of the 4' value. We propose that the 1. values 
be chosen for each depth layer on the basis of the total depth of the root zone, 
in accordance with Figure 15. Starting with the knowledge or estimate of the 
depth of the rhizosphere for the given soil, the curve with y-intercept closest to 
that rooting depth is chosen from Figure 15. The curve is then approximated by 
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15. Proposed tentative lower limits of soil ',m for water usable by crops 
as a function of total rooting depth (Y-intercept) and depth layers in 
the rhizosphere. 

a histooram, dividing the rhizosphere into a minimum number of depth layers 
consistent with accuracy of the supporting data. With the lower limit of 'pn 

estimated for each layer, the corresponding 0 can be found from the determined 
or estimated moisture release curve for that layer. In this way, usable water in 
each layer can be calculated and summed to give the total for the whole profile. 
It is clear that in this procedure, the shallower the rooting, the more positive 
would be the lower limit for x'm at a given depth. This is consistent with our 
hydraulic model. The position of the curves in Figure 15, especially those for 
shallow rhizospheres, however, are subject to improvement as more data develop. 

FUTURE RESEARCH NEEDS 

Interactive roles are clearly played by climate, soil, and crop in the occurrence 
and severity of plant water deficit and the consequent constraint on crop pro
duction. It follows that future research needs include work on climate and crops 
as well as soils. 
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I. Encourage interdisciplinary approaches to water stress problems. Data sets 
including soil physical properties; water extraction; crop growth, development, 
and water status; and atmospheric conditions are rare and obviously necessitate 
interdisciplinary cooperative efforts. 

I1. The above will necessitate development of data collection for soils, crops, 
and weather: 
A. Soil 

I. Collect more and better data on water-holding capacity and the pres
ence of restrictive (both physical and chemical) layers in soils. At the mini
mun, field capacity (or moisture equivalent) and the volumetric water content 
at two lower values of soil xpn should be determined, for depth layers down 
to 1.5 in or more. We tentatively recommend -2 and -8 bars as the two 
lower values. This departs emphatically from the traditional -15 bar value, 
for reasons discussed earlier. Water content at -0.1 bar would also be useful 
in estimating the water available to a crop after a rain. The data provide the 
basic information necessary for soil mapping according to water regimes. 

2. Strive to include more hydroedaphological factors in the soil classifica
tion system. More attention should be directed to translating structural and 
texture information into water-related parameters pertinent to crop produc
tion. 

B. Grop 
1. Determine the rooting depth of tropical species. We need to ascertain 

the potential rooting of crops growing on deep and pliable soils well provided 
with nutrients and water on the one hand, and their rooting depth under low 
fertility and low-input agriculture on the other. 

2. Evaluate germplasm of tropical crops for differential cultivar adapt
ability to drought, with emphasis on root parameters. Especially valuable are 
genetic variablities in rooting depth, root tolerance for soil toxicities, and 
root penetration of soils of high mechanical impedance. 

3. Evaluate the effects of flooding and high water table on rooting depth 
and root function and the resistance of crops to subsequent droughts. This 
is pertinent because much of the tropics is characterized by periods of 
excessive rainfall followed by dry spells. 

C. Climate-weather 
1. Collect more complete climatic data. The minimum set should include 

biweekly precipitation and pan evaporation. Inclusion of solar radiation, wind 
run, etc., would of course expand its usefulness. 
I1l. Develop a better and more quantitative understanding of crop produc

tivity as influenced by the soil-water-climate complex to construct process-based 
models and make more realistic predictions. 

IV. Develop methods of estimating quantities of soil water extractable by the 
crop which have sound basis in theory and take into account rooting depth and 
effects of water stress on productivity. The estimation procedure proposed in a 
preceding section may be taken as a point of departure. 
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Mechanical impedance related 
to land preparation as a 
constraint to food production
in the tropics (with special
reference to fine sandy soils 
in West Africa) 
R. NICOU AND C. CHARREAU 

Mechanical impedance to land preparation is a direct constraint to 
food production in the tropics, where the necessity of soil tillage has 
been ascertained. This necessity is dependent on: 

* the soil, 
* the climate, 
* the number of years of cultivation, and 
* the irrigation possibilities. 
Land preparation is faced with a certain number of soil constraints 

related to: 
* texture, 
* clay mineralogy,
 
* structure, and
 
* soil moisture.
 
To study and measure mechanical impedance, the following para

meters should be noted: 
" particle size distribution, 
* bulk density,
 
" penetrometry,
 
* draft requirements, and 
* exchangeable iron, calcium, and sodium contents. 

Institut de Recherches Agronomiques Tropicales et des Cultures Vivrieres .iRAT)/
Groupement d'Etudes et de Recherches pour le Developpement de I' Agronomie Tropicale
(GERDAT), B.P. 5035, Montpellier Cedex, France; and International Crops Research Insti
tute for the Semi-Arid Tropics (ICRISAT), B.P. 3340, Dakar, Senegal. 
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Problems of mechanical impedance to land preparation have not 
been studied much in the tropics and references in the literature are 
scarce. 

More detailed studies have been specially devoted to: 
e hardening and cementation of sandy and sandy clay soils of the 

dry tropical regions of West Africa, 
" crust in the subarid zones, and 
" problems related to puddling in rice cultivation. 
A 	lot of work still has to be done in this field, particularly on the 

influence of these factors on food production. 

MECHANICAL IMPEDANCE to land preparation cannot be considered as a direct 
constraint to food crop production in the tropics. Mechanical resistance linked 
to the soil acts directly when it diturbs seed emergence, affects root develop
ment. or when, due to the effect of desiccation, shrinkage and superficial harden
ing phenomela cause damage at the root collar, thus allowing parasite and insect 
penetration. 

But mechanical resistance often poses nume rous prohlems when certain crop
ping operations related to the success of the crop are to be performed. In the 
harvest of groundnut, fbr instance, lilting out can be hindered by superficial soil 
hardening, which can lead to considerable losses in the harvest. It should first 
be noted that land preparation is essential to plant growth and agricultural 
production. However, the need for a thorough land preparation before sowing 
does not appear to be as evident in every situation. 

Under such conditions, soil-related constraints occur at two levels: 
* where the soil conditions are such that tillage is indispensable for optimum 

production, 	and 
0 where mechanical resistance makes soil tillage difficult. 
Therefore, two questions need to be answered: 
* What is the best type of tillage for each kind of soil'?
 
" What are the constraints to this tillage'?
 

SOIL TILLAGE IN THE TROPICAL ENVIRONMENT 

Soil tillage in the tropical environment has long been discussed by two schools 
of tropical agronomy whose positions seen irreconcilable: 

" those who consider the need for soil tillage to be naturally obvious, 
* those who feel that it is useless and even harmful and, in any case, not 

economical. 
As we are to discuss the major soil constraints that limit food crop produc

tion, we thought it interesting to take stock of the question by bringing out the 
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factors that support one theory or the other, or more precisely, those constraints 
that do or do not call for tillage. The problem is complex and cannot be 
definitively resolved by either school alone. 

EFFECTS OF SOIL TILLAGE 

Much has been written about the effects of soil tillage in a tropical environment. 
Arakeri et al (1962) in India, Charreau and Nicou (1971) for the dry tropical 
West African zone, Greenland and Lal (1977) for the humid tropical zone, Van 
Wambeke (1974) in a synthesis on Ferralsols, Sanchez (1976) treating a group 
of tropical countries with special reference to flooded rice farming, and many 
other authors have analyzed the effects of soil tillage, emphasizing one charac
teristic or another, depending on the case. 

Generally speaking, three major specific effects of soil preparation Ire re
cognized: 

* it induces an alteration in the soil's physical conditions, especially of the 
superficial layers, 

* it ensures seedbed preparation and thus guarantees good grain germination 
and seed emergence, and 

• it permits some weed control before sowing and during the first stages of 
plant growth. 

Alterations in the soil physical conditions 
The first result of soil tillage in general and plowing in particular is the complete 
alteration of the structural state of the tilled layers. This alteration significantly 
affects a number of characitristics: 

* total porosity and also pore size distribution, 
* water regime, 
* erosion susceptibility, and 
* microbial activity and decomposition of organic matter. 
Depending on the soil's initial state, its particle size distribution, clay miner

alogy, and climatic parameters, tillage can affect plant growth either favorably 
or unfavorably. 

Soilporosity. Alterations of structure initially cause an increase in total 
porosity (Charreau and Nicou 1971) and a change in pore size distribution 
(Van Wambeke 1974). Thus where porosity is limiting, tillage decreases mechan
ical resistance to root penetration and rooting develops more quickly and more 
deeply. This has very important consequences on vegetative growth and yields. 

For example, Figure 1 shows a direct relationship between development of 
the root system in the superficial layers and soil porosity on ferrugir,,us soils 
(Alfisols) in the dry, tropical West African zone (Nicou and Chopart 1977). The 
relationships between root densities and yields of food crop (Fig. 2) show the 
need to increase the root mass which, under natural conditions, is insufficient. 
In Figure I the initial soil porosity of about 40% is often considered the limit 
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for good root growth. After root development has reached a certain level, this 
relationship is no longer linear as in the case of Nioro dt, Rip sorghum. This 
variety has reached its ceiling at a yield of 4,100 kg/ha, and additional roots are 
not essential. After a certain level of porosity and root development has been 
attained, it is perhaps no longer necessary to alter the soil physical state. 

Water regime. Soil tillage can influence water regime in three ways: 
0 improving water infiltration in the soil either by affecting soil porosity, or 

by creating a microrelief. 
* reducing evaporation and conserving water in the soil during the dry period, 

and 
* increasing the soil water uptake as it perwtiits the root system to develop 

better in depth. 
These effects are not of equal merit, nor are their results necessarily the same 

for different soil types and climatic conditions. 
Erosion suscepltibilit*r. By increasing porosity and producing clods that create 

a superficial nticiorelief, proper soil tillage limits runoff and can be a good means 
of controlling water erosion. Suplportive data have been obtained on tropical 
ferruginous soils (Alfisols) i Senegal (Charreat, and Nicol 1971) and on ferral
litic soils (Oxisols) ill the Ivory' Coast (Kalns 1977). But this is not always the 
case when the slope is too steel) or precipitation too intense. Soil tillage can be 
haritiful when it is done poorly, e.g.. with disk plows working at a fast speed in 
the direcc tion of the slope. Other tech ltilucs, which aippear to be more adapted 
to certain areas, have beCit developed (Greenland and l.al 1977). 

Experience Ias shown that in the dry tropical /one, plowed soil is tuore 
resistant to wind erosion dit1. to the formation of clods. IHlere again poor tillage 

performed with disks can he more harnful than leaving the soil as it is after 
harvest. 

Microbialacti'it'vand the decomposition of organicmatter. Soil tillage is first 
a good means ot incorporating harvest residues. mineral fertilizer, and green 
manure in the soil. It is not always necessary that the soil be turned over, and 
good techniques o tsoil preparation with teeth or chisels can assure a satisfactory 
superficial mixture. Tillage increases soil aeration and. therefore, contributes to 
the deL'1,1position ot organic matter and nitrification. Soil aeration can be 
undesirable when there is considerable leaching. as may be the case in recently 
cleared Ferralsols (Van Wambeke 1974). But it is an advantage for groundnut 
on sandy soils because rh izobial activity may be substantially increased as in 
Senegal (Wey and Obaton 1978). 

Preparation of seedbeds 
The objective of seedbed preparation is tile creation of an environment that is 
favorable to seed emergence. It is necessary to ensure good contact between 
grain and soil so that moistening occurs. At the same time, the soil should not 
become so compacted that anaerobic conditions are created or mechanical 
resistance to root penetration and to seed emergence is increased. This is parti
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cularly true with Vertisols, and is also important for sandy soils where any 
superficial tillage after plowing should not offset the favorable effects created 
by plowing. 

Depending ol the initial soil conditions, the size of' the aggregates in the 
surface soil should be either highly or slightly reduced by plowing. The optimum 
will be determined by the intensity of rains; too much pulverization can result 
in splashing, sealing, and finally, crusting. 

Superficial waterlogging can cause a significant problem at seed emergence. 
In that case a device that will assure satisfactory drainage should be developed. 
Such a device is the system of broad ridges at the International Crops Research 
Institute for the Semi-Arid Tropics (ICRISAT) (Krantz et al 1978). 

Weed control 
Soil tillage, especially plowing, is an excellent means of controlling weeds, at 
least at the beginiling of the cycle. In many tropical countries it has enabled the 
farmer to spend less time in cont rolling weeds. Van Wambeke (1974) cites 
results obtained b Jurion and Henry in Zaire where plowing reduced by 60 
days/ha the labor necessary to control Imperatac't'",tdrica.In dry tropical zones 
it is generally estimated that good plowing eliminates at least one weeding 
operation. 

The use of herbicides obviously alters the situation. But they are expensive 
and have not been demonstrated to be effective under all soil and climatic con
ditions. Ilere. too, it is important not to generalize. Much progress remains to be 
achieved in weed control; all too often manual labor is the most widespread 
neans of controlling weeds. 

FACTORS TIIAT MAKE SOIL TILLAGE NECESSARY 

Evidence from many tropical sites shows that the necessity of soil tillage for 
food crop production is 1ot the same everywhere. A recent Institut de Recherches 
Agronoiniques Tropicales et des Cultures Vivrieres (IRAT) study on corn indi
cated a good response to plowing in Senegal (Ustalfs), a moderate response in 
the maritime region of Togo (Oxisols), and only a slight response in the Ivory 
Coast (Oxisols). IITA at Ibadan has also found no response to plowing; in South 
America the icsponses were variable. 

The effects of soil tllage can also differ for the same location depending on 
the crop. Rainfed rice. 'or example, calls for more tillage than does sorghum or 
maize. Generally speak, :g, it depends on the plant's ability to adapt to the 
physical environment. Therefore, the necessity of soil tillage seems to depend 
on the following four factors, which in some cases can be considered as con
straints. 

Soil 
One of the main effects of soil tillage is alteration of the soil physical conditions, 
particularly in the superficial layers. Wh2n the soil's natural physical properties 
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are poor, they represent a constraint to the growth and development of food 
crops. 

This is true where the soil structure is not sufficiently developed (hard and 
massive when dry, breaking into single grains), sizes are too small to favor root 
penetration, infiltration is insufficient, or there is too much percolation. This is 
also the case when the fine particles in tpper layers tend to disperse making 
them susceptible to erosion, when microbial activity is weak, when organic 
matter decomposition is slow, or when the humus content is low. 

Soil structural characteristics are particularly dependent on texture and clay 
mineralogy. The fine particles play an essential role in structure formation, as 
swelling and shrinking greatly affect the formation of aggregates and the presence 
of' cracks and cavities. This effect depends not only on tile quantity of fine 
particles (0-2 pm) but also oni the clay mineralogy. It is known that kaolinite 
alone does not favor the creation of good structure. In most tropical soils the 
fraction less than 2ym is often made up solely of kaolinite and iron sesquioxides. 
It is only when some 2:1 minerals are present that an oriented clay structure 
forms. 

In this regard, the I87; clay content threshold in the USDA textur'l triangle, 
which delineates coarse loamy and fine soils, may be a significant limit. Above 
this limit, when the clay fraction includes 2:1 minerals, the soil can be considered 
structurally active. The seasonal shifts between swelling and shrinking create or 
regenerate structural units. In these conditions plant roots, especially those of 
gramineae, are able to improve the structure. 

Below this threshold, particularly if the fraction contains little or no 2:1 clays, 
the soil is generally structureless. Plant roots by themselves cannot improve sc. 
structulre. It is possible that with more than 18% clay, deep soil tillage may not 
be necessary or may be less frcquently needed. With less than 18% clay and 
partictlarly with no 2:1 clays, deep soil tillage seems necessary to compensate 
for insufficient natural mechanisms to create soil structure (Charreau 1974). 
Most soils in the African dry tropical zone belong to this second category because 
of the fine sand or sandy-clayey texture of the surface layers and the predom
inance of kaolinite in the clay fraction. These soils belong to the following 
units: 

* "isoliumic class", in particular those formed on eolian deposits: modal 
brown and reddish brown soils situated in tile north between tile 200 and 
500 mm isohyets (Camborthids in Soil tavonom ' USDA 1975). 
* gray ferruginous soils subdivided into two subclasses: 

- slightly leached soils formed on old colian deposi;i, with 500-900 mm 
rainfall (Ustropepts),
 

- leached soils, which are found on rocks of various origins (Ustalfs);
 
* ferrallitic soils associated with tropical ferruginous soils. In this zone they 

are impoverished, slightly unsaturated ferrallitic soils (Alfic Eutrustox). 
On the other hand, Vertisols, Hydromorphic, and Halomnorphic soils found 

in this zone do not present the same problems at all, particularly because of the 



Mechanical impedance related to land preparation in West Africa 379 

presence of 2:1 clay imine A's and also because of their water regime. 
Coarse material also has a significant role: the proportion of fine sand and 

coarse sand can affect pore size distribution and overall porosity, and can affect 
mechanical resistance to root penetration as will be seen later. 

Finally, presence of gravel in tile soil profile can create some discontinuities, 
thus assuring aeration and favoring water penetration and good root systems. 

The effect of humuIs on soil structure should also be considered. Its role in 
structural stability is well known and the rapid drop in humus content in the 
upper layers is often the initial cause of soil degradation. The nature of humus 
and the proportion of the different fractions present in the so;" rofile also have 
sonic influence on mechanical resistance to penetration. 

The K index to erosion susceptibility (Wischmeier scale established for 
American soils) ranges from 0.10 for. ;Is most resistant to erosion to 0.50 for 
the most susceptible. In the West African dry tropical zones values are between 
0.04 and 0.17. In the USA such values refer generally to sandy and sandy-clayey 
soils, which are considered relatively resistant to erosion. 

The very damaging erosion witnessed in West Africa can be explained by the 
considerable erosive power of rains. Topography is often a predominant factor 
in erosion. Steep slopes require specific means of controlling erosion and much 
care in the use of soil tillage. This is especially the case in Central America
 
and South America (Greenland and Lal 1977).
 

Climate and vegetation 
Climate is an essential constraint since it conditions cropping possibilities. It can 
affect the need for soil tillage in several ways: 

&by the rainfall pattern, which controls the frequency of alternating periods 
of wetting and drying and, therefore, the possibilities of swelling and shrinking 
in certain soils; 

* by the periodicity and length of seasons. A long dry season severely limits 
the permanent presence of active soil fauna, such as earthworms. The type of 
erosion (wind or water) varies with the season, and the means of control are 
different; 

* by the intensity of die rains, one of the principal causes of ruinoff and 
erosion; and 

* by natural vegetation, which is closely associated with the climate. When it 
is abundant, it can provide some protection to the soil, and can make plant 
residues available as effective and protective mulch during the c.opping season. 
This is not the case in the dry tropical zone, however, where even harvest 
residues are partly used as building material or as fuel. 

Time of clearing 
A common observation is that in tropical zones soil fertility after a recent clear
ing is often better than that in a formerly cultivated soil. The improvement of 
food crop production should, therefore, be based on whether it involves culti
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vating areas which have previously been under natural vegetation or, possibly, 
sporadic shifting cultivation, or lands which have been cropped for a long time 
with decreased fallow periods because of population pressure. 

When an area is cultivated for tile first time, some precautions must be taken 
so as not to destroy the so.l structure and hBumus. 

In hot and humid areas, on very clayey Ferralsols, soil organic matter decom
poses rapidly. It is advisable that the superficial humic layers be protected by 
tilling them as little as possible (Van Wambeke 1974). 

Inadequate clearing methods have produced many harmful effects on soils. 
Some mechanical operations can cause damage to soil physical properties and 
lead to compaction and erosion. The traditional slash-and-burt, method does not 
cause such problems and even adds fertilizers in the form of ashes. Under these 
conditions the combination of miinimum tillage and mulch can maintain the 
natural properties (Sancltez 1976). The operations should be evaluated, however, 
after sufficient time has lapsed, to make sure that in the long run they do not 
result in soil packing and decreased root development. There should also be 
enough vegetative growth to provide an effective mulch. Where the soils have 
been cultivated for a long time. or natural vegetation has disappeared, there is 
often no alternative to a well-executed soil tillage for creating an adequate soil 
structure. 

In general, any land development operation should consider, when choosing 
cropping techniques, the important part which the initial characteristics of the 
environment play in soil behavior during the first cropping cycles (de Blic 1976). 

Irrigation possibilities 
The problem of soil tillage in irrigated cultivation is different as it very often 
concerns other soil units, and water layer alters the initial conditions. 

Most of tile irrigated land in the tropical zone, particularly in Asia, is used 
for rice cultivation. One of the most widespread land preparation practices is 
puddling. In most cropping systems puddling is an accidental result of soil tillage 
carried out under inadequate soil moisture and leads, in general, to serious 
decreases in yield. In lowland rice systems puddling destroys the superficial 
structure so as to decrease water losses and to increase nitrogen availability by 
limiting leaching. The operation is highly beneficial to soils that readily leach. 
It is particularly important for sandy soils, Oxisols and Andepts, where puddling 
is indispensable to successful irrigation. It is less important for soils with an im
permeable layer or a groundwater table near the surface, or in alread,' dispersed 
sodic soils. 

In most cases, puddling diminishes the effects of a temporary drought and 
increases yields. But it can be harmful in a rainfed lowland system. When severe 
drought follows transplanting, the soil hardens and restricts root development. 
When drought occurs at a later stage, the root system is well developed and water 
stress can no longer cause irreversible damage (Sanchez 1976). 

Another unfavorable effect of puddling is the time required for the soil to 
dry out in preparation for other crops in rotation with rice. The time is long for 



Mechanical impedance related to land preparation in West Africa 381 

soils high in 2:1 clay minerals, but is considerably reduced for kaolinitic, allo
phanic, and oxidic families (Sanchez 1976). 

CONSTRAINTS TO SOIL TILLAGE IN A
 
TROPICAL ENVIRONMENT
 

Soil tillage, even when necessary, cannot always be performed in a tropical envi
ronment. The constraints can be economic, sociological, or climatic; most are 
related to the soil. 

Problems of mechanical resistance to land preparation according to soil types 
seem to have been well studied in temperate environments, but not in tropical 
environments. The bibliographical research for this paper was not very profitable. 
Data processing systems had numerous references to mechanical impedance or 
land preparation, but gave no response when the terms tropics, tropical agricul
ture, or tropical soils were introduced. It is recognized that difficulties have been 
encountered in implementing soil tillage for different categories of soils. But to 
the best of our knowledge, only few studies provide quantitative data that allow 
characterization of the phenomenon. 

It is well known that Vertisols present special difficulties because they are 
sticky when wet and hard when dry. An interesting approach - graded broad 
ridges and furrow system - has been made at ICRISAT, Hyderabad, to alleviate 
the constraint. 

A detailed study of mechanical resistance to land preparation in rainfed crop
ping was carried out in the dry tropical zone on sandy and coarse loamy soils by 
IRAT. We present the results ob:ained in this area and the characteristics to be 
measured. 

A CASE STUDY: IIARDENING AND CEMENTATION OF
 
COARSE LOAMY SOILS IN THE SEMIARID WEST AFRICAN ZONE
 

Most of the sandy and sandy-clayey soils of the dry tropical West African region 
are very loose in a wet state, but become hard as soon as they dry out. They 
then become difficult, if not impossible, to till - mechanical resistance is too 
strong for cropping instruments to overcome, no matter what traction power is 
used. This phenomenon is especially important when the rainy season is short 
because cropping operations are limited to a short period of time. 

Hardening and cementation were studied on three soil types whose textural 
characteristics are given in '[able I. 

Characterization of the phenomenon
 
Soil hardening and cementation can be characterized in several ways:
 

0 by thoroughly observing the upper layers of the soil profile ("cultural pro
file ") 

When the soil is dry, fragments taken out of the profile present a uniform 
and massive aspect throughout and do not have a definite form. Depending on 
texture the fragments become powdery when subjected to some hard pressure. 
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Table 1. Principal textural characteristics of soils (0 to 20-cm horizon) susceptible to hard
ening. 

Northern Senegal Eastern Senegal Southern Senegal 
ferruginous, ferruginous, ferrallitic 

tropical slightly tropical, slightly desa
leached soil leached soil turated soil 
(Ustropept) (Ustalf) (Alfic Eutrustcx) 

Clay <2 p (%) 3.1 7.1 11.7
 
Fine silt 2-20 p (%) 1.5 3.5 5.5
 
Coarse silt 20-50 p %) 4.7 15.7 8.5
 
Fine sand 50-200 p (%) 69.7 34.9 42.5
 
Coarse sand 200-2000 p %) 20.8 38.4 31.3
 

Carbon (% 0.25 0.50 0.70 

tj'1, measitring tie bulk density of soil fragments of different sizes. When 
clod size decreases, porosity decreases only slightly, which means an absence of 
individual structural ro en Is. 

e b*y ineasurngresistance to penetration 
-- in the field: a metal rod terminating in a cone is pluged into the soil 

by a weight failing from a given height. The work carried out for a given 
depth is directly proportional to the number of blows. The work (or number 
of blows) is plotted against the depth to which the rod isdriven. The average 
force of resistance to penetration may be determined on the curve for a 
g;ven depth. 

-- in the laboratory: the force necessary to drive a needle with a 2-am 
diameter at the rate of I cmI/minute into a standard size sample ismeasured. 

l)ata on resistance to penetration and rupture forces in two Senegalese 
soils are shown in Table 2. 
0 bi' measuritgtractionelforts 
Plowing soil that is dry (moisture content less than 2'/), ferruginous, tropical, 

and slightly leached (Ustropept) requires a force averaging between 80 to 

Table 2. Resistance to penetration and breaking force for two Senegalese soils. 

Resistance to rupture in 
Resistance to the laboratory 
penetration Core samples Reconstituted 
in the field samples 

(F, kg to 20gcm) Pressure F, g Pressure 
force (kg/cm 2 ) force (kg/cm2 ) 

Bambey (35L clay), 
ferruginous tropical 225 960 30 1910 61 
slightly leached soil 
(Ustropepts) 

Sefa, ferrallitic 
slightly desaturated soil 634 5715 182 664- 212
 
(Alfic Eutrustox)
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145 kg/din 2 ;in moist soils the figures are nearer 30 to 35 kg/din 2 . 
Recently and, to our knowledge, for the first time a direct relationship was 

established between mechanical resistance to penetration measured with a per
cussion penetrometer and the specific traction effort measured throughout 
plowing (Chopart 1978) (Fig. 3). 

T = 0.079F + 20.153 
=with r 0.90 HS (P.01 ) 

where T = specific traction power in kilograms/square 
decimeter 

F = average resistance force to penetration 
between 5 and 20 cm deep, in kilograms 

Factors affecting soil hardening and cementation 
Mechanical resistance to penetration depcatds on numerous factors, which are 
ol'ten interrelated: 

Texture. Some relationships between resistance to penetration force and soil 
content of clay (particle size less than 2 pm) were established in the field and in 
the laboratory (Fig. 4). 

Specific traction effort (kg/dm 2 ) 
50 

40

30
 
OR 0@ 

@0 0 	 T 0079 F + 20.15 
r= .90HS(P.0I) 

S 0n :23 

20 

0T 

0 

I 

100 

I I 

2)0 

Force( kg) 

I I 

300 ?,50 

3. Specific traction effort measured during p'owing versus iechan
ical resistance to penetration. 
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Assuming that x = sin - 'A 
A = % clay content, 
.,= average force of resistance to penetration between 

0 and 20 cm deep, in kilograms, 
=
Banibey (Ustropepts) has y 71x - 474 with r = 0.849 HS (P.01); Sinthiou

Mal~me (Ustalfs) hasy =9.9x - 109, r = 0.636 S (P.05). 
The curves, systematically established in the laboratory by varying the clay 

content while keeping the original skeleton (sands and silts), are exponential 
(Fig. 5). 

Bambey (Ustropepts) Fg= 1252e 0.1 7A r = 0.995 HS (P.01) 
=
Sefa (Alfic Eutrustox) Fg= 1713e0.0756 A r 0.962 HS (P.0I) 

The curv.s obtained differ perceptibly according to the soil type, showing 
two influences: 

e tI-e composition of the sand and silt fractions 

Thus ifx = shi" T,where T = A x 100 
LG + SG 

=
A % clay content 
LG = %coarse silt content 
SG = %coarse sand content 

The coefficient of correlation is improved compared to tie use of only the 
variable clay content in the equation. 

* the iron oxides present: 60% in fractions less than 2 pm at Bambey, and 
35% at Sefa. 
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Porosity. There is often a close relationship between porosity and force of 
resistance to penetration. The connection can be represented by an exponential 
curve (Fig. 6). But if the clay content is not the same, forces for the same total 
porosity will be different. 

Soil moisture. In the areas under consideraiion, the variations in the force of' 
resistance to penetration as a function of soil moisture contents can be described 
by the power function Y = X'1 with m <0. 

Possible extension of findings to other problems of mechanical resistance 
Soil hardening is a serious uonstraint to land preparation in the dry tropical 
region. Although plats can grow and produce without mechanical intervention, 
their production is severely limited by the soil's physical properties. Proper soil 
tillage increases crop yields by 20 to 100'/. 

Constraints involving the soil are the same. Therefore, the same problem will 
have to I , resolved wherever mechanical intervention is incompatible with the 
economfic means available to farmers. 

OBSERVATIONS AND MEASUREMENTS IN STUDYING 
PROBLEMS OF MECHANICAL RESISTANCE TO LAND PREPARATION 

Most factors that need measurement have been touched on: 
0 Textural characteristics: 
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6. Relationships between resistance to penetration and soil bulk 
density. 

- onalysis of particle size distribution, particularly a thorough division of 
sands 

-- Mineralogical nature of clays 
0 Structural characteristics: 

-- measurirg the soil bull, Jmisity in situ. Clod density and porosity curves 
as functions of the size of structural elements 

-- d neining classes of pore sizes 
* Water characleristics: 

- pH curves
 

* Mechanical characteristics: 

penetrometric measurements in the field and in the laboratory, 
Atterberg limits 
Proctor curves 

* Measuring traction efforts and correlations with water and meclhanical char
acteristics 

* Analyzing soil organic matter and its different forms 
* Analyzing certain mineral elements: 

- Iron and aluminum -- role of the sesquioxides present in the particle 
fraction whose size is less than 2 /i 

-- Calcium and sodium responsible, in particular, for certain crusting phe
nomnena. 
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Obviously not all determinations are essential in every case, but it is often
 
necessary that they be connected.
 

Resistan,_e it penetration lneasnreileits cannot be separated from soil mlois-

Turemeasurements. l'iv'erv llme ,eeis to revolve aroutnd the [ollowing four data:
 

" parlicle size dist ribtit lo
 
* soil Inoisture 
• resistance to penetration force
 
" traction eifort,
 
Studies of tlhe conaleCliouls a111011g tilefour paranlelers are presently pursued
 

iy IRAT and tileinstitut Senegalese de Recherches Agricoles (ISRA) in Senegal
 
for the Salldy and andy-clayey soils of' the dry tropical zone.
 

CONCLUSION
 

Illthis atteipt to analyze the probleIl of mnechanical impedance to land prepa
ration in the tropical tone for food crop prodtlctioll we can be criticized for not
 
having followed the uested gnidelineS and for havino somewhat strayed from
 
the subject. Actually, we have approached aimuch larger problem -- lta of' soil
 
tillage illa tropical environment. This rocus seemed indispensable to us for two
 
reasonis: 

0 The necessity of soil tillage illa tropical elvironlnlllt has lot heel alialai
nLosly accepted. I1fit is decided that the Soil will not be toiched, the problem 

of mechanical impedance to land preparation does not arise. 
0 Few researchers have touched ol tihe problems of"mlechanical resistance in 

the tropical lone. Some like Mucheni (I979 ) speak ol'classif',ing soils according 
to their workability. bnt this i more of a subjective observation thian a rigorous 
determination of certain characteristics that allow soil appraisal. 

Two other important aspects are relaled to m1echanical imlpedalce to llatlt 
crowtlh. 

Sthle soil's mechanical resistance to root penetration, a subject to be discussed 
by Dr.Taylor, amid 

* seed emergence when superficial hardening phenomena occur. The latter 
see1S to us to be too limited and is closely related to seedbed preparation. 

At present, problems of land preparation are often empirically resolved by 
use of heavy illechallical equpipmelt which can penetrate the soil regardless of 
soil lloistlure conditions and wilhout concern for economizing ol energy, prolit
ability, or, unftirlrtunately. coniservili, soil feritiliiy. 

Willcocks' (I 07)) sltudy in lotswana is original atnd interesting because it 
shows the very tool for economical use of the maxium aimount of energy for 
,iven c lndiiton. 

We feel that it is illthis direction that studies should be directed. What type 
of soil tillage should be and could be perforimed Ifor a soil type, taking into 
account cropping history and tilecllniale? What is tlhea.lveraCe traction-tool 
colbination which, ftor thie same energy, is the mlost econmommical? The question 
of' soil tillace assumes much illporialnce in the tropical environlent because it 
concerns tood crops with little profitability. 
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Mechanical impedance 
to root growth 
H. M. TAYLOR
 

This paper reviews basic principles of mechanical impedance, geo
graphical locations where root impedance is a problem, methods for 
measuring impedance, techniques for determining when impedance 
is a constraint on root growth and on crop yield, and methods for 
alleviating, tolerating, or evading mechanical impedance. 

Mechanical impedance has no direct effects on food production. 
It affects yield by reducing water consumption or use of essential 
minerals. Often, however, it distorts the plant's rooting pattern with
out reducing yield. 

Much research has to be accomplished before the significance of 
mechanical impedance car be predicted for any specific site. The 
overall importance of mechanical impedance to food production in 
the tropics has not yet been evaluated, but the constraint probably 
reduces yield more often in the semiarid tropics than in other mois
ture regimes. 

MECHANICAL IMPEDANCE is only one of several soil constraints that can cause 
altered rooting patterns (Carson 1974), e.g. inarked reduction in concentration 
of plant roots at the normal depth of plowing, or scarcity of roots in vehicular 
traffi2 paths between plant rows. Therefore, given situations must be analyzed 
carefully before mechanical impedance is established as the restrictive agent. 
This article discusses the: 

* basic principles of mechanical impedance, 
* geographical location of soils that mechanically impede plant roots, 
* qualities of soils where mechanical impedance is most likely to occur,
 
" me thods for measuring mechanical impedance,
 
" techniques for determining if mechanical impedance isa constraint on crop
 

yield, 

USDA, Iowa State U.iversity, Ames, Iowa 50011, USA. 
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" methods for alleviating or evadinig mechanical impedance, and 
* future research on mechanical impedance. 

BASIC PRINCIPLES OF MECHANICAL IMPEDANCE 

Plant roots elongate when the turgor pressure inside new cells is sufficient to over
come the constraint of the cell walls and any external constraint caused by the 
surroundinlg soil matrix. '[le difference between turgor pressure and cell wall con
straint, defined as root growth pressure by Gill and Bolt (1955), must be greater 
than the impedance acting upon the cross section of the root if' the root is to 
elongate. Maximum root growth lpressure values were first measured by Pfeffer 
(1893) 7 to 25 bars for horsebean (Vicia laba L.), corn (Zea ma s L.), common 
vetch ( Vicia satia L.), and horse chestnut (/lcscuhs hippocastanum L.). Since 
that time, Stolzy and Barley (1968), lavis et al (I9C 9). and Taylor and Ratliff 
(I969b) have confiruned tliat tilemaximum axial (longitudinal) root growth 
pressures of several crops range between 9 and 15 bars. Kibreab and Danielson 
(1977) have shown that radish (Raphanus satira L.) roots also cease to enlarge 
in diameter when subjected to radial constraints of about 8.5 bars. 

Russell (1977) suggested that agriculturists be more concerned with the 
relative ef'ects of partial constrailltS Oilroot elongation and developenlt lhan 
with lte maximuml root growth pressures that plants can exert. Russell and Goss 
(1974) siowed that 0.2-bar pressure applied to a glass bead system reduced the 
elongation rate roots by 50',;of' barley (tlordeum rtdgare L.) and that a 0.5-bar 
pressUre reduced the rate by 80'" (Fig. I ). As the pressure increased, the roots 
became shorter and larger in diameter. Pore diameters between 16 and 157 pill 
did not affect tilerelationship between root elogation rate and applied presslres. 

Pore diameters sometimes affect root elongation rates. If the pore is larger 
than the root tip, the root can enter even a rigid matrix (Wiersuni 1957: Aubertin 
and Kardos I1965a. b). If a material is easily deformnable. roots enler and grow 
until some factor other than meciianical impedance stops elongation rate (Taylor 
aild Gardner 1960). In most situations, roots grow partly through existing pore 
spaces and partly by inioVillg aside soil particles. 

Root growth is affected by many interacting soil factors (Russell 1977). Some 
:actors affect the maintenance of turgor pressure, some affect cell wall con
straint. and some affect the size of the root tip. 

GEOGRAPHICAL LOCATIONS OF MECIANICAL IMPI-I)ANCE 

Mechanical impedance of' plant roots occurs in areas where soil structure is 
destroyed during tillage operations. Sometimes, destruction is caused by heavy 
equipment on several trips lver time fields each year. Unless special management 
te'llliques are Used, a large proportion of the land surface is compacted to some 
degree by the weight of these vehicles, and compacted soils resist root entry and 
elongatiul. 
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1. Effect of applied p..essure on rate of elongation of seminal axes 
of barley plar ts grown for 6 days in ballotini beads. Open circles: 
pore diameter 157 gm. Closed circles: pore diameter 69 pum. Tri
angles: pore diameter 16 mm (Russell and Goss 1974). 

Soil compaction by modern machinery is not the only cause of mechanical 
impedance, however. The footprints of animals (even man) exert significant 
contact pressure on the soil surlface. Th, resultant pressure can be enough to 
compact the soil layer near the soil surface. When an animal's fee sink deeply 
into the soil, compaction call occur there and in somte cases that compacted soil 

may mechanically impede roots. 
Finally, munch of the world's rice crop is grown under puddled-I'looded con. 

ditions. Ptdded soil layers oflen have low porosity and. thus, a low percolation 

rate (Sancltez 1976). Such layers cause the severely d,storled root systems of 
upland rait fed crops that follow the rice crop (Syariftiddin and Zandstra 1978). 

Various root-impeding soil horizons, e.g. duripans, ortstein layers. petrocalcic 
layers. and placic layers (all terms are defined in Soil taxonol,,, USDA 1975), 
occur naturally in the tropics. These layers nearly always ,.cverely impede root 
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growth, but other soil qualities, such as lack of aeration, and ion imbalance also 
constrain rooting. When the layers are near tilesoil surface, they sometimes can 
be destroyed by deep tillage. The best management technique. however, is re
taiing th land in permanent vegetation. 

DEVICES FOR MEASURING MECHANICAL IMPEDANCE 

VarioUs devices have been used in stutdies on the eflects of mecliaical itniCdance 
on root growth. They inclde soil peneirometers, shear vanes, unconlfined com
pressive strength maclines, triaxial load cells, and bulk density samplers. Because 
all results are empirical, fihe valtes muust be correlated wi tactual root growth 
measurements before tlt devices are useful for prediction p)urposes. 

Pelnetroilleters fall into three main groups: a) those which record the pressure 
neessary to push tie tip a specific distance into the soil volume (stalic-tip 
penetromelers). b) those which tMeastire the pressure (or force) required to move 
the tip throtiegl the soil at a More or less constant rate (moving-lip penetro
meters). and c) those which record the ntimber of blows retlired to drive the 
mpenetroiiietcr tip throtlgh a specific depthIof soil (impact penetrometers). 

Shealr vanes (Freitag 1971 ) also have been used to measture i,,.ciianical imped
ance. The vane is forced into the imiipeding layer and then rotated. The maximum 
torque (force times level arm) required to rotate the vIne is divided by the sur
face area of the sheared cylinder of soil. The vane shear strength increases as soil 
cohesion or soil bulk densiity increases, or ais soil water conlellt decreases. This 
technique is slower tha., but highly correlated with, pienetrometer resistance 
uteasuremenis (Fig. 2 ). 

Uncolnfitied comtipressive sremigths (Sallberg 1965) have also been tsed. A soil 
core is remIoved from the impeding layer and placed on the platen of the 
machine, and then a vertical force is applied. '[le force required to break the 
core is divided by the cross-sectional area to get a value for uncot fined com
pressive strength. Compared with leietro ieters or shear vanes, this technique 
gives distorted results on brittle soils because of' horizontal cleavage planes, 
foirmed either by difTerential settling velocities of particles after sediment:ition 
or by passage of": tillage tool t that specific depth. 

Triaxial load cells (Sadlberg 1965) are devices in which a hydrostatic pressure 
can be applied radially and an additionll force can be applied to a soil sample in 
the vertical direction. Soil cohesion and friction angle are lhen determined from 
a Mohr diagram (Yong and Warkentin 1966). This device has been usefIl in 
umnderstanding the basic mtchalics tf root growth (Barley 1963, Russell and 
Goss 1974) but usually is too slow for field evaltuation of mIeclanical impedance. 

Static or moving-tip penetronteters sometimes can be combined with bulk 
density ieasurements (Blake 1965) to characterize fie impedance of a soil layer. 
Soil cores are compacted to a series of soil bulk densities while at high but tin
saturated water content. The cores are then dewatered to specified soil water 
potentials. A family of ctrVES is obtained by relating penetrometer resistance 
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2. Relation between soil strength as measured with a static-tip penetro
meter and vane shear strength (Taylor et al 1966). 

(soil strength) to soil bulk density and soil water potential (or water content). 
Although soil strength (mechanical impedance) is the most accurate measure
ment to use in meclanical impedarce studies, bulk density measurements are 
sometimes used because -longating roots often encounter the impeding layers at 
the field capacity moistume contents: therefore, the soils' strengths miore or less 
depend only on bulk density changes at the time that root penetration first 
occurs. Bulk densities that stop most roots of most crops depend upon soil 
texture. In the southern United States, the bulk densities for clay loam, loam, 

.sandy loam, and loamy sand soils are about 1.55, 1.65, 1.80, and 1.85 g/cn 3 

These values are general guidelines only and should be checked in the field for 
accuracy in the tropics, especially since the type of the clay mineral, iron cemen
tation, and particle density can greatly alter the critical bulk densities. 

LIMITING VALUES OF MECHANICAL IMPEDANCE 

Limiting values for root growt, 
Plant roots are less likely to enter soil layers with massive structure as soil 
strengths increase (Taylor et al 1966). Almost all cotton (Goss),pium hirsutunm 
L.) roots penetrated soil cores with low strengths, but the proportion of penetrat
ing roots decreased with increasing strength until no roots penetrated at 30 bars 
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soil strength (st atic-tip penetrometer), regirdless Of whether the high soil strengths 
were caused by increased soil bulk densities or by reduced soil water contents. 
Tihe cores were derived from fiour soils that ranged in texture from loam to loallly 
sand. One general relationship seemed to exist hetween cotton root penetration 
prcelltage lnd soil strellgll (Fig. 3). 

lPenetrlneters also can be usel'utl devices in correla till- soil strength with rate 
rofl oot elongaltiotn. TaIor and Ratliff ( I)L)a) found that tile elongation rates 

o0 cottol and peatilIt (Arachis hYpogaea L.) taprootls progressively decreased 
with increasillg pelettrome ter resistaiice (Iioving-tip pmenetrometer). A pe netro
meter resistance of 7 bars reduced Cotton penetration rate by while 2050',;, 

bars was required to reduce the peantlt rate by 50';. Soil water poteltial between 
-0.17 and -7.0 bars hlad no eflect oil the clongaltionl ol cotton roots: that 
between - 0.11) alld 12.5 bars did not al'ect tile elongation of" pielltt roots. 
Cockroft et al i196 ) ) ftound that a penetrometer resistance of' about II bis in 
a wet cly soil was sulIicient to reduce pea (/islim satirlml. ) root elongation 
rates by 501;. 

Studies have shown thlat the qualltity of' roots growing in field soil proliles 
is reduced by high-strengtlh soil lavers. The studies were oil corn and soy bean 
in the Philippine ,, (Svlriluddill and LnZdstra l)7 ): corn illFloridl. USA 
(iskell et Al I1978S): peanlt. grain sorghumt, ctrI, 1lnd rice ill Senegal (Nicoll 
and Chop LtIt)71)): cottol and graill sorlhunlI ill the SoIlthertn (;reat P)l'lilas. 
USA (Taylor 1lld Burlnett 1904, alld Taylor Ct a11I9 04a :)asparagus ill Tile 
Netherlands (Reijnmerink 19)73): rice ill India (KuLuar et al 1971): grapes ill 
Israel (Cohen :lldl Sharabani Ii)(14): sugarcane ill Queurnsland. Australia IMol
leith and Blanatlh )65 ): cantaloule ill California (Davis et Al 1)68): wheat and 
cotton ill Orange Free Slate. Republic of Solith Af'rica (Bennie and Laker 1975): 
wheat ill Libva (Li-Sliarkawy and Sgaier 1975): and stgoarcaine in I lawaii. USA 
(Tronuse 1905). 'File works cited illust rale tile widespread OcculrrelIce of1hillI 
stretlgtl soils and their ef'f'ects On root developmetllt. 

Limiting values for crop yield 
For several reasons tile relatiotship between lechlical impedaice alind crop 
yield does not ealsily slow Idirect caulse-eCffTeLt rclatiotnshil. First, Mechanical 
imlpedIcce does not, of itself. reduce yield. Plants require water, essetntial mill
crals, and anchorage from the soil. If' the impedilg layers do not increase plant 
stresses 'o these itemis at ant' tIte betwcen emergence and ph*t'si)h)gical matur
itP, liechllalical iiic'lailice will not affect yield. ScConl. the defiHiitive ex.3erilIIents 
thai shloV InCcllanical iimipedaiiCe redIces root growth were coInducted illtile 
laboratory Under closely controlled conditions. These conditions usully are not 
achievCd in fields where most yield trial,, are conducted. Finally, all colmmnlily 
Used Stl'elgth-sensing devices integrate their tieasllelilelits over soil volumes stub
stantially larger thani the size of' the plant root. Illaddition, the devices either 
follow a rigid path (penetrolieters )or caLusC d lIre-tOrdaitied 'failure pattern (shcar 
vanes and compressive suiength nlaLhines). "Tiresmall and flexible plant roots are 
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3. Relation between penetrometer soil resistance and the percentage of cotton 
taproots that penetrated through cores of -.soils (Taylor et al 1966). 

able to penetrate soil layers through soil cracks. wori holes, root channels, and 
other voids that do not substantially affect results obtained with the strength

sensing devices (Nash and Baligar 1974, Davis et al 1968). 
Despite the difficulties, many experiments have shown that crop yields are 

reduced as the strength of soil layers or volumes increase. In an irrigated 

exl)eriment, Carter et al (1965) found that seed cotton yield decreased linearly 

front 3,000 kg/ha. where penetrometer resistance measured at fichl capacity 

(cone penetrometer) was 3 bars, to 1,450 kg/ha where resistance was 40 bars 

(Fig. 4). Thus, yields of irrigated cotton grown in the arid environment of San 

Joaquin Valley of" California increased as mechanical impedance was reduced. 

Grimes et al (1N75) showed that water uptake rates (cm3 -12 0/cm3 soil a day) 

increased with rooting density on San Joaquin Valley soils; plant water stress 

probably was reduced, even under irrigated conditions, as mechanical impedance 

was reduced. 
In the arid environment of the AI-Kufra Oasis of southeastern Libya, El-

Sharkawy and Sgaier (1975) increased rooting depths of'wheat by 24/,from no 

tillage by disking to 15 cm. by 48"; by disking to 30 cm, by 1005;,by subsoiling 

to 50 cm, and by 132",; by subsoiling to 70 ctn. Yields increased from 3.0 I/ha 

for no tillage to 3.9, 4.1, 4.2, and 4.7 t/ha for the Iftr tillage treatments. 

In the semiarid environment of the Southern (reat Plains, the yield of non

irrigated cotton was reduced as penetrometer resistance (static-tip penetrometer) 
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4. Relation between penetrometer resistance and yield of seed cotton. Drawn 
from data of Carter et al (1965). 

increased. Tie yield of' lint cotton was 560 kg/ha where no soil pan existed and 
280 kg where penetrometer resistance was 25 bars. Yields were not further 
reduced as penetrometer resistance were increased above 25 bars (Taylor et al 
19 64a). The yields of grain sorghuni tops (Taylor et al 19 64a) also decreased 
curvilinearly as soil strength increased, but were substantially lower on a Pratt 
fine sandy loam than on Amarillo fine sandy loam when soil pans were created 
in the former at Bushland, Texas (Fig. 5). Reseeded range grasses (Barton et al 
1966) and sugar beets (Beta 'ulgaris L.) (Taylor and Bruce 1968) followed the 
same general trend of decreased yield with increased soil strength. 

In seniarid Senegal, Nicou and Chopart (1979) found a linear increase of 
rooting density within the 10- to 30-cm soil layer as total soil porosity increased 
within that layer. Yields of peanut, sorghum, corn, and rainfed rice showed a 
linear increase as rooting density increased. 

In the sublhumid environment of Alabama, seed cotton yield was reduced 
from 180 g/cylinder (an oil drum buried in fiCld soil) when no pan existed, to 
about 70, 45, and 35 g when soil pans with 80 bars penetrometer resistance 
existed at 30, 20, and 10 cm (Lowry et al 1970). Soybean [Gljcine max (L.) 
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Merr. lollowed tile saime general patterln of' reduced %icldl ;I, penetromneter 
resistancee increased (Rogers and l'lurlow 1973). ['lanl ,vati S'tresses illliuced 
by soil pans were thought to be the reason f'or reduced iclds in)both cases. 

A sOil t)'le that cotntains M iipedillg la.l i Otonly iiioderle thickness is 
less likely to reluce yield in perennial tha il ,iiiiiid crop ,,BBarton et al (1966) 
foutnd that the first yea r o " giant cencliits (('''hrrs ml')stiroUh's 11.13.K.) 
glrowll ol a fille sandy ili t soil at Big Spring. lexas. was about 3,400 kg/ha 
where n1osoil pan1 existed. an1d about 1.050 kg'h]a where a pan with a plenetro

meter resistance of" 34 bars existed. The rooting pattern also was severely 
distorted (Fig. 6). In time, hrowever. graZss roots fould planIes (if weakness ill 
Amarillo fine sandy loam soil an1d permeated mIost ,)I* the soil volume (Fryrear 

and Mcgully 1972). 

ALLEVIATING OR EVA)ING IMPEII)AN('E 

Several methods have been used 1t reduce the effects of mechanical itImpedtllce 

on cropi lprOductiotl, EJch must be evaltlated f'Or cost, eCluipment availability. 
operaltor expertise. timeliness of'operations, alnd social accepttance. 

Cout rtolled trat'fic has achieved some success in evading mechanical impedance 
on lloSt of tie land surf'ace ()umas et al I173). Narrow strips of the field are 
set aside fOr all vehicular tire traffic. Iliese areas of'tel become so compact and 
develop such high strength that no plant roots can ,,rov in the sunrface soil of" 
the strips. Consequently, water and fertilizer nutrii tts contfained il these soil 
volumes are not available for crop use (Trotuse et al 1975 ). lIt a 3-year study on 
a salndy coastal plain soil ill Albam. Young lnd 3rowning (1977) I'ond that 
seed ct1ton yields averaged 2.335 kg/ha\when trctor and sprayer traf'lic was 
not controlled, anld 2.540 kg/hia When the vehicles were confined to traf'lic 
strips. )umas et :a (1973) 'ound that3cotton yields inl Alabama were increased 
by the controlled traffic concept. Slicesley .' I l (1974) found that all'l'a 
(Att'dicago satira L.) yields and stand Ioiigevity Uecreaised as the plroporfion of' 

ground surl'ace covered by tire traffic increased. Even though controlled trafTic 

increased infiltration of' irrig ation water in Caiifornia (Abernathy et :al 1975), 
cotton yields were not inIcreased in tihe San Joaqu in Valley (L.M. Carter cited 
by Chancellor 1977). 

Considerable success has been achieved in increasing crop yields by deep till
age of soils that contain a high strength layer, especially if" tle tillage operation 
completely penetrates the impeding layer. I)ata from -und1L alnd Elkins (1978) 
illustrate life problem tf' predicting just when crop yields will be increased by 
deep tillge. CottonI yield data were obtained at 8 sites in Alabama where mech
anically immpeding layers were present (penetrometer resistance > 15 bars at field 
capacity). Plantimng directly over the chisel slot both increased and decreased 
yield COMlparred to a normal no-chiseling treatment (Table i ). 

Burnett and Ilauser (1907) surveyed the literatLure to hild out how long the 
effects of deep tillage will persist. They concluded that the effects will be short
lived if: 

e soils were medium to coarse-textured (silt loam or coarser). 
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5. Effect of soil strength (penetrometer resistance) on yield of sorghum tops on
 
Pratt and Amarillo fine sandy loam soils (Taylor ctal 1964a).
 

" the impeding layer was caused by farm machinery operatiols. or 
" the deep tillage implement was isubsoiler or chisel. 

Beneficial results from deep lillage persisted for several years if: 
0 soils were either fine-textured (high clay content) throughout or there was 

a dense layer of fine-textured soil within the profile. 
* the tillage operations were drastic, stuch as with thse of trenching machines, 

slip pOws, Ithuge utoldboa rd or disc plows that drastically disturb the entire soil 
Ill.ss. or 

* tIle dense zones were essentially gee:tic in nature (although probably aggra
vated by cropping). 

Crops grown in setniarid and arid paris of the world ofteit are planted when 
the water content of' the soil in fhe pl)w layer is less than field capacity btil 
still high enottgh for germination. Mechanical impedance is a fi,.tction of both 
soil bulk density and soil water content. Layers with lo";. water content some
times will impede plant roots until a rain occurs (Taylor et al I964b) or until 
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Roots of giant cenehrus growirg in Amarillo fine sandy loam soil. Tie plant at left grew
6. the pan was 
on soil with a high-strength soil pan. The plant at right grew on soil where 

greter top growth reflected greater utilization of watr and 
removed by chiseling. The 

nutrients from the larger soil reservoir (Barton et al 1966).
 

strength decreases and root penetration increases
irrigtion watr is added. Soil 

or runoff water diverted onto a
when water is added. Additional irrigation 

that tend not only to increase te water 
cropped area are ia',gemen t tools 

but also to make that water more available by increasing
supply in te profile 

soil hyers.root penetration through high strength 
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Table 1. Effect of suboiling in the row before planting un seed cotton yields in Alabama, 
USA, 1966. 

Yield (kg/ha) 

Site 
- - Yie-ld (----a)

Conventional Subsoiled 
- Yield increase (kg/ha)

from subsoiling 
treatment treatment 

Headland 2260 2260 0 
Normal 1470 1165 -305 
Prattville (east location) 2250 2250 0 
Prattville (west location) 1825 1905 +80 
Sand Mountain 2400 2060 -340 
Monroeville 2205 2150 -55 
Auburn (Field 17) 1525 2060 +535 
Auburn (Field 19) 1490 2005 +515 
Tallassee 1210 1850 +640 
aFrom Lund and Elkins 1978. 

The research literature contains many references to thle pan-shattering ability 

of various plants such as alfalfa, sweet clover (MAelilotus alba Medik.), and guar 
(C),amopsis tetragonolobus L.). The reports usually clarify the effects of these 
plants on succeeding crops, but not ti, cx:,ct mechanism that causes the yield 
increase. e.g. increased root penetration, inc i'ased nitrogen supply, increased 
aeration, or increased infiltration, tIc. for the succeeding crop. Elkins et il (1177), 
however, have produced unambiguous results showing that bahia grass (IWaspahm 
notatum Fltigge "Pensacola") roots will penetrate soil layers that mechanically 
impede cotton roots. They foulld that balhia grass increased the tnmber of pores 
greater than 1.0 mm in diameter and thus increased cotton rooting densities to 
at least the (0-cm depth (Fig. 7). Cotton following balhia grass sod plowed under 
3 years before still yielded more than cotton grown where the soil had been 
chiseled to 35 cm deep. C.M. Peterson (quoted by Elkins el al 1977) found that 
bahia grass roots possess a fibrous sheath beneath the epidermis. This sheath. 
which is absent in most plants. probably is responsible for the additional pene
trating ability of bahia grass roots. 

RESEARCtt NEEDS 

Major gaps exist in our knowledge about the effects of mechanical impedance 
(soil strength) oil crop yield, especially in tl;e t ropics. First, information is needed 
about the ease with which tropical and subtropical soils develop high-strength 
layers when they are subjected to the heavy weights of modern farin equipment. 

The inlorlation will allow national or regional planners to impose sonic soil 
management restrictions. Second, soil iaps, profile descriptions, and land evalia
tion descriptions of the areas where field experiients have been conducted are 
needed. Third, reconnaissance aind resource surveys are needed to allow extra
polation to wider areas of the field and laboratory informuation obtained at the 
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7. Effect of Pensacola bahia grass and deep tillage on cotton root penetration 
of a highi-strengthi layer in Cattaba loamny sand soil, Talldssec, Alabarna. Thc 
dotted line shiows depthi to the higlt-strengthi layer (Elkins et at 1977). 

specific experimental site. This iformiation willI allow national p~lanners to deter
incn the national significance of the mechtanical impedance problem. Fourth, 

miore plant species should he examined for their ability to penetrate igoh-strength 
soil layers. Fti'th. itch more intotmnatiort on tile in teractlions ohntechanical ini
pcdancc with other oil faictors and their eff,ects on toot growth is needed. 

E'almc nfrainis needed on the effects of' root growth (whe ther 
constrained by mechanical imipedaneC or by somne other soil factor) on the water 
or no 'rien I supply to the plant tops. Somec progress has been mnade in developing 
simulation models f'or water and nutrient uptake, but mu11ch research ismore 
needed. The models will enable national and international planners to forecast, 
with reasonable accuracy, the consequences of a proposed land development 
schemie. 
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Soil erosion as a constraint
 
to crop production 
R. LAL
 

If not adequately managed, soil erosion can be a serious constraint to 
food production in the tropics. Research priority must be oiven the 
quantification of soil loss (wind and water erosion) in relation to the 
loss of productive potential for a range of soils and crops. Basic in
formation on parameters affecting rainfall and wind erosivity and soil 
erodibility is also needed. Continuous ground cover provided by ap
propriate cropping system (relay and mixed cropping), crop residue 
mulches, and no-tillage systems are better as erosion control measures 
than engineering systems of contour terraces and diversion channels 
adopted in isolation. Methods of new land development and forest 
clearing nust be evaluated for their effects on soil, environments, 
and crop production, and for socioeconomic acceptability. 

SOME SOIL EROSION is inevitable whenever natutal vegetation is replaced by 
conmmlnercial Ca.rllineg. Whether or not soil erosion is a constraint to crop produc

tion in tihe tropics depends Ol soil, climate, and crop to be grown. WiscirICier 
and Smiith (1905 ) detined soil loss tolerance as die maxiium rate ot soil erosion 
that will economically and indefinitely permit sustained crop productivity. Baver 
(1950) observed that soil erosion is very serious if the laud prodticlvity cannot 
be restored even by introiducing improved systems of managenient. Soil charac
teristics that affect soil loss tohcrance are nutrient profile, rooting depth, and 
physicochemical properties of th,. subsoil ioritons. 

In addition to the economic and indefinite maintenance of crop productivity, 
it is important to consider soil erosion's off-site damage to the natural resource 
base. Such damaC. which includes abrasion or burial of young seedlings, water 
pollution, siltation of rivers and harbors, etc. is difficult to quantify. 

Erosion k.osed by nisnaagemen t has rendered many soils in the tropics tin
productive. In category a in Figure I ire soils whose productivity cannot be 

International Institute of Tropical Agriculture, Ibadan, Nigeria. 
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restored, even with improved management. A majority of the Alisols in West
Africa, characterized by gravelly horizon at shiallow depth and with structure 

that is unstable to raindrop ipact, are prone to severe degradation as a result of
surface soil removal. On the other hand, deeply weathered well-structured soils 

with good water and nutrient holding capacities can sustain crop yield in
definitely with propel management. Soils of volcanic origin and some Oxisols of 
the Congo and Agazon basin fall i, this category. Soil b of Figure fits this
description. Similar soils in Hawaii and Puerto Rico suffer a imininial loss in 
productivity by some removal of surface soil. 

Some well-structUred Oxisols and Ultisols with deep profile are severely af
fected by gully erosion and by subterranean or pipe erosion. Gully erosion is 
serious in miany regions of Brazil, West AFrlica, and India. In those areas, the 
subsoil has little strength and gullying, once it starts, is difficult to control. 
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EROSION HAZARDS IN THE TROPICS 

Results of experiments on soil erosion by water in tropical Africa are shown in 
Table 1. The data indicate that: 

0 In ecological regions where the erosivity factor (R) exceeds 400 foot-ton/ 
annum and for soil slope greater than 5'1,(, an annual soil loss of 100 t/ha is not 
UIlCOll!ll Oil. 

0 An increase in R does not necessarily result in all increase in erosion, be
cause of other intervening factors. Soil erodibility, landformi (slope steepness 
and shape), and management systems are important factors iffecting the miag
nitude of soil loss. 

The magnitude of soil erosion in different ecological zones in Asia has also 
been investigated (Joshua 1977, Vasudevaiah et al 1965, Tiwari 1964, Raina Rao 
1966, Singh et al 1967, Srivastava 1973, Leigh 1973, Blols 1978) and in Latin 
America (FAO 1954; Yamamoto and Anderson 1973; Ahmad and Brechner 
1974: EMBRAPA 11,75, 1978, Benatti e, al 1977; Bertoni et al 1975; Amezquita 
and Forsythc -)*/3). 

The soil and climatic parameters that affect erosion by water are shown in 
Table 2. If R exceeds 1000 foot-ton/annum, erosion is serious only if natural 
vegetation is removed. These are the regions of potential erosion hazard. Erosion 
by water is a serious problem in the regions where R is between 400 and 800 
foot-ton and the natural vegetation is savanna. Similar type of ratings becan 
made for wind erosion. Skidmore (1976) gives the basic information on different 
parameters for the ratings. 

Soil erosion by water -- commonly rill or sheet - is a serious problem on 
Alfisols in West Africa. These soils are characterized by unstable structure that 
forms a crust when exposed to raindrop impact. The effect of erosion on their 
productivity is seen in a short period (5 to 7 years) after forest removal because 
of the shallow depth of the surface horizon and unfavorable characteristics of 
the subsoil. The effect of cumulative soil erosion on crop yield on these soils is 
shown in Table 3. Maize yield declined exponentially with cumulative soil loss 
and could not be economically increased by fertilizer use. 

SOIL AND CLIMATIC FACTORS THAT AFFECT EROSION 

Rainfall erosivity 
The force required for particle detachment is provided by rainfall and is a 
function of intensity, drop size, and wind accompanying a rainstorm. The kinetic 
energy of rain has been recognized as a major causative factor (Wischnieier et al 
1958, Hudson 1976), although momentum may also be correlated with soil loss 
(Elweii and Stocking 1973, 1975). The high intensity of tropical rains is asso
ciated with large drop size. Medium drop size (D50 ) exceeding 3 mn is not tin
common (Kowal and Kassam 1976, Aina et al 1977). 

The direct measure of rainfall erosivity can be made by monitoring sand 
splash, and simultaneously measuring kinetic energy, momentum, and drop size 



Table 1. Runoff and soil loss data from different agroecological zones in tropical Africa. 

Approx. 
Mean .f31ue Slope Runotf Soil loss 

Country Location annual 
rainfall 

of R 
(foot-

Plot size 
M%) 

Treatment 
(%) 

t/ha per 
annum) 

Reference 0 
.' 

(mm) ton per 
acre-inch) 

Cameroun Bafoussam - - 10 X 5 m 2 25.0 Bare soil 24.8 122.0 Rochette 1959 

Cameroun Dachang 1970 810 - - - Saguy 1971 

Dahomey Agonkamey 1300 750 30 X 8 m 2 4.5 Bare soil - - Alders 1975 

Dahomey Boukombe 875 550 42 m 3.7 Millet, conven- 11.7 1.3 Verne and Williams 1965 
tional tillage 

Ghana Kwadaso 1200 600 25 X 4 m 2 5 Bare soil 30-35 140-150 Mensah Bonsu and Obeng 
1979 

0 
0 

Ghana Ejura 1200 600 25 X 4 m 2 3-5 Bare soil 20-30 20-40 Mensrh Bonsu and Obeng 

1979 

Guinea Central Guinea 1870 - 14 x 14 m 
2 6.0 Bare soil 9.2 18.9 Dugain and Fauck 1959 

Ivory Coast Abidjan 2100 1000 - 4.0 Bare soil 15-30 18-30 Roose and Birot 1970, 
Roose 1973 -. 

Ivory Coast Bouake 1200 600 - 7.0 Bare soil 38 108-170 Betrand 1967 

Madagascar Alatora 1200 - - 6-8 Groundnut- 6.9 15.6 Roche and Dubois 1959 q 
cassava forage 0 

Madagascar Ankaratra 1700 - - 12.0 Oats 38.1 32.9 Roche and Dubois 1959 

Madagascar Bofandriana 2000 1800 - - - - CTFT 1971 

Madagascar Nanisana 1260 - 15 X 5 m 
2 13-14 Potatoes 13-14 14-15 Roche and Dubois 1959 

Niger Allokoto 452 280 70 m 3.0 Sorghum, cotton 16.3 8.6 Roose and Betrand 1971 

Nigeria Ibadan 1100 600 25 X 4 m 2 10.0 a. Bare soil 37.0 142.0 Lal 1976 
b. Mulch 6 t/ha 2.8 0.2 

continued on opposite page 



Table 1 continued 

Approx. 

Country Location 
Mean 

annual
rainfall 

value 
f 

(foot-
Plot size Slope 

(%) Treatmena 
Runoff 

Soil loss 
(tlha per 
nnu 

Reference 

(mm) ton per annum) 
acre-inch) 

Nigeria 

Nigeria 

Rhodesia 

Ife 

Samaru 

Henderson Res. 

1500 

1062 

-

800 

500 

-

25 X 4 m 2 

180 

27.5 X 1 m2 

8.0 

0.3 

4.5 

Bare soil 

Bare soil 

a. Bare fallow 

2.8 

25.2 

-

72.0 

3.8 

0.94 

Wilkilson 1975 

Kowal 1970 

Hudson and Jackson 1959 
b. Plot covered by 126.6 

Senegal 

South Africa 

South Africa 

South Africa 

Tanzania 

Sefa 

Natal 

Natal 

Pretoria 

Lyamungu 

1300 

436 

436 

600-800 

1660 

650 

-

-

-

-

40-50 m 

36.6 X 11.0 m2 

36.6 X 11.0 m2 

30 X 2 m 2 

30.5 X 4.542 

1-2 

11 

27 

4-7 

17.3 

gauge 
Bare soil 

Burning 

Burning 

Bare soil 

Clean weeding 

39.5 

6.65 

15.1 

12-36.5 

29 

21.0 

15.7 

101.5 

1 12 - 17 3a 

20.25 

Charreau and Nicou 1971 

Fournier 1967 
Fournier 1967 

Manne 1959 

Mitchell 1965, Temple 1972, 

Tanzania 

Tanzania 

Mpwapwa 

Tengeru 

620 

1300 

-

-

27.7 X 1.8 

-

m 2 6.4 

32.9 

Bare soil 

a. Coffee-clean 

50.4 

5 

120-130 

30-35 

Rapp et al 1972 
Staples 1934, Temple 1972 
Mitchell 1965, Temple 1972 

Uganda 

Uganda 

Uganda 

Upper Volta 

Namulonge 

Namulonge 

Namulonge 

Niangoloko 

1410 

1410 

1410 

1140 

-

-

-

650 

3 m2 

3 m 2 

3 m 2 

40-50 m 

1-2 

1-2 

1-2 

1-2 

cultivation 
Bare soil 

Grass mulch 

Bare soil 
Millet, conven-

30-40 

4.5 

40.6 
7.5 

-

-

81.5 
6.4 

Hutchinson et al 1958 
Hutchinson et al 1958 

Sperow and Keefer 1975 
Christoi 1966 

Q 

0 

Upper Volta Ouagadougou 850 400 - 0-5 
tional tillage 

Bare soil 40-60 10-20 Roose and Birot 1970, 

o 

aSoil loss relative to protected plats. 

Charreau and Seguy 1969, 
Charreau and Nicou 1971 '0 
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Table 2. Soil and climatic parameters that affect erosion by water. 

Erosivity
Organic Erodibility Slope (R)

(K) (%) (foot-ton/acreErosion Depth carbon 
annum)category (cm) )per 

0.6 >10 >1000Very serious <10 0.5-1.0 
Sciious 10-20 1.0-1.25 0.2-0.6 5-10 600-1000 

2-5 400-600Moderate 20-50 1.25-2.0 0.05-0.2 

None to slight >50 >2.0 <0.05 <1 <400 

of the storm. Indirectly, different empirical forul!as (Table 4) have estimated 

erosivity. The widely used index ofWischineier et al (1958)needs to be evaluated 

prior to its use in the tropics. 

Soil erodibility 
Permeabi'ity, texture, structure, and organic matter content affect soil crodibility 

by water. In the Universal Soil Loss Equation, crodibility is defined as the annual 

soil loss froom a tunit plot per unit of erosivity factor R. Erodibility is therefore 

a soil property that should be determined in natural field environments. In

directly, crodibility has been related to various parameters that can be determined 

in the laboratory (Table 5). These indirect estimates may not, however, be good 

indicators of soils' field behavior. Wischmeier et al (19771 ) have prepared a nomo

graph to estimate crodibility from soil properties such as texture, structure, 

organic matter content, and permeability. The application of this noniograph 

should be verified for a range of soils before it is used in the tropics. 

also affects soil erosion. Whether the slope is regular, concave,Landform 
convex, or complex has an important effect on the magnitude of soil erosion. 

Wischmeier et al (1958) have combined into an empirical equation most para

meters affecting water erosion. The equation, used for predictive purposes, is 

referred to as the Universal soil loss equation. 

Table 3. Coefficient of linear correlation and regression equations of maize grain yield It/hal 

with cumulative soil erosion (t/ha) and other soil properties. 

Independent variable Correlation Regression equation
coefficienta 

= 
Soil loss 	 -0.87** Y 5.95 - 0.009x 

Moisture retention (% at zero suction 	 0.61 Y = -4.18 + 0.227x 
0.61 * Y = -2.48 + 0.309xMoisture retention at 0.1 bar suction 

= 
Soil pH (1:1) 	 0.56* * Y -6.23 + 2.034x 

* Y = 0.28 + 2.875xOrganic carbon Wl 	 0.75 

0.67" Y = 1.11 + 25.20x
Soil nitrogen (%) 

= Y 2.06 + 4.929xExtractable potassium (meq/100 g) 0.55'* 
= 


Extractable sodium (meq/100 g) 0.55** Y 0.046 + 74.6x
 

a..significant at the 1% level. 

http:1.0-1.25
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Table 4. Empirical formulas for estimating erosivity by rainfall. 

Formula Description Reference 

E= kinetic energy of rain Wischmeier et al (1958)El 30  
130 = max 30-min intensity 

KE> 1 Kinetic energy of rains with intensity Hudson (1965) 
exceeding 25 mm/h 

C= p2/p C= climatic coefficient Fournier (1956) 
P = mean monthly rainfall during wettest 

month of the year, and 
P= annual rainfall 

i 2 p2/p Modified Fourrier's index FAO (1977) 

AIm A = amount of rai-ifall per storm (cm) Lal (1976) 
=Ir max intensity over 7.5-min time 

iterval 

=A RK (LS)CP (1) 

where A is annual soil loss (t/acre), R is climatic erosivity (foot-ton), K is soil 

crodibility, LS is length and steepness of slope, and C and P are management 

factors. Although this empirical relation is widely used, the determination of 

individual parameters must be experimentally determined for different ecological 

regions of tile tropics. 

Wind erosion 

The aggressivity of wind (C) is estimated by an empirical relation that involves 
wind velocity and precipitation effectiveness. 

=C V 3 /2.9 (PE)' (2) 

= where V wind speed and PE = precipitation effectiveness of Thornthwaite. 
Rvcently, FAO (1977) has used a modified index of wind aggressivity. 

Table 5. Indirect measures of soil erodibility (detachability). 

Index Reference 

Instability index De Leenneer and De Boodt (1959)
 
Structural stability Henin et al (1953)
 
Wet sieving Yoder (1936)
 
Raindrop technique Bruce-Okine and Lal (1975)
 
Dispersion ratio Middleton (1930)
 
Heat of wetting Collis-George and Lal (1971)
 
Clay ratio Bouyoucos (1935)
 
Colloid content per moisture equivalent Middleton (1930)
 
Erosion ratio Middleton (1930)
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C--- 12 V3x PET-P 	 (3)
100 	 1PET 

where 	 V = mean monthly wind speed at 2 in height in m/s, 
P = precipitation in mam, 
PET=potential evapotranspiration in mam, and 
PET- P X n refers to number of erosive days in a month. 

PET 

A general functional relationship between different parameters that affect 
wind erosion has been developed into the wind erosion equation (Chepil and 
Woodruff 1963, Woodruff and Siddoway 1965, Skidmore and Woodruff 1968, 
Lyles et al 1969, Skidmore et al 1970, Skidmore 1976). 

E =f(1, K, C, L, V) 	 (4) 

where I is a soil erodibility index, K is a soil-ridge roughness factor, C is a climatic 
factor, L is field length along ti., prevailing wind erosion direction, and V is 
equivalent quantity of vegetative cover. 

Although wind erosion is a serious problem in many semiarid regions of the 
tropics, the equation has not yet been widely used. Research emphasis on wind 
erosion in the tropics has been considerably less than that on water erosion. 

EROSION CONTROL 

Tfhe basic principle of control for wind and water erosion is a continuous vege
tative cover. Detailed methods of wind erosion control are discussed by Wood
ruff and Lyles (1977) and Chepil and Woodruff (1963). Erosion by water is 
discussed here. 

Research results obtained from a range of soils and climatic environments 
have indicated that the best method of erosion control is good soil and crop 
management. Preference is given to soil and crop management techniques that 
minimize water runoff through improvement in soil structure and water infil
tration. Some enginering practices, based on safe disposal of runoff, involve 
heavy initial capital investment that is beyond the means of small farmers. More
over, the structures may fail if they are not properly constructed and regularly 
maintained, and thus increase the erosion hazard (Fig. 2, 3). 

Cropping sequences 
Cropping sequences that provide early and continuous ground cover permit less 
erosion than those with less or delayed cover. Research at IITA (Lal 1976) in
dicated that cowpea, a quick-growing crop with a good canopy c,'er, permits 
less soil erosion than maize, an open-row crop. Maize following cowpea permitted 
more erosion than maize following maize. Cultural practices (e.g. balanced fertil
izer, insect and pest control, optimnum plant population, early planting, etc.) 
that favor good crop growth also mirimize losses due to runoff and erosion. 
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2. Soil erosion on contour ridges that are unstable undur high intensity rains. 

S~milar resilts were reported from Rhodesia by Hudson (1965) and troni India 

by Vasudevaiah et al (1965). 

Crop combinations 
Mixed and relay cropping, widely practiced in the tropics, provide a continuous 

structure should be
ground cover. A crop combination with multistory canopy 

Data in Table 6 indicate that a maize-cassavaefTective against erosion control. 
and water loss than monoculturecropping pattern had significantly less soil 

attained in 50 days by mixed cassava. In other trials 50' , ground cover was 

cropping and in 63 days by monoculture cassava. Ilowever, 507, ground cover 

was attained in 38 d,.ys for soybean and 45 days for pige.npea. 
as many as 10 crops plantedTraditionally, tarers in West Africa may have 

simualeouisly in tle same plot. With a continuous ground cover provided by 

crops and weeds, erosion problems are usually minimal. Mixed cropping, how

ever, cannot be followed on large-scale mechanized commeicial farms because 

seeding and harvesting operations are difficult to pertorm . Moreover, the land 

one when inputs of farm chemicalsequivalent ratio with mixed crpping is about 


are made in monoctlltre as recommended.
 

Residue mulch 
Crop residue mulch is one of the most effective measures against soil erosion. 

Mulch prevents the direct impact of raindrop on soil aggregates, maintains pore 

space continuity and high infiltration rate, and enhances crop growth to provide 
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3. Conventionally tilled maize grown on land without a graded channel terrace can make 
soil highly susceptible to erosion. 

Table 6. Soil and water losses in cassava monoculture and mixed cropping of cassava with 
maize a 

Slope Soil loss (t/ha) Runoff (%of rainfall) 
W Cassava Cassava + maize Cassava Cassava + maize 
1 3 3 18 14 
5 87 50 43 33 

10 125 86 20 18 
15 221 137 30 19

Mean 109 69 28 21
 
aSource: Aina et al 1977. 

an early ground cover through improvements in scil temperature and moisture 
regimes and other physicochemical properties. The effects of different mulch 
rates on runoff and soil loss from a newly cleared land with 10 ;4slope measured 
on 10-ni 2 plots are shown in Table 7. Runoff and soil loss decreased exponen
tially with an increase in mulch rate. Rate of crop residue mulch application had a significant positive correlation with total porosity. tnacroporosity, infiltration 
rate, saturated hydraulic conductivity, and with earthworm activity. On the 
other hand, the correlation was significantly negative with bulk density, penetro
meiter resistance, and structural instability index. 
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Table 7. Effect of mulch rate on soil and water loss on 10% slope of an Ibadan soil series
(Oxic Paleustalf) monitored 'n 10-m2 runoff plotsa Total rainfall = 430 mm. 

Mulchb rate Runoff Soil loss 
(t/ha) %of rainfall) (t/ha) 

0 17.4 9.6
2 10.0 2.3 
4 3.5 0.5 
6 1.2 0.1 

12 0 0 

Unpublished data of Lal, De Vleeschauwer, and Malafa. bRice crop residues. 

No-tillage farming 
Although residue mulch is an effective tool, in practice it can be achieved for 
annuil crops only with reduced tillage methods. Weeds are controlled by appro
priate herbicides ald soil disturbance is minimal. Excessive tillage destroys soil 
structure ill the long run. Morcover, a thin impermeable soil layer formed just 
heneathii the plow layer decreases the infiltration capacity, which in tnrn in
creases water rtnolf. Crust Ioriuatjio is also ant important factor in decrease of 
inti ,ration rate ol'a plowed bare soil surflace. Table 8 shows regression ein'ations 
ol soil loss and water rulnol' with slope 1,0r differeit systems Of soil Ianal.gelmlent. 
The coetficients of expoiiitial eluatiJonts for rtnolT and soil loss decreased 
several hundredfold tor no-tillage aid mulch treatnlelt ctiipared with lthose 
fbr bare soil surface.
 

For the n o-illage system to 
 be e!'f'ective for crop plroduction. considerable 
inf'ormation is needed for different soils, crops, and ecological regions. Special 
reqltlirenients of the no-tillage system are economical miethods of weed control, 
suitable planting equipment, balanced fertilizer application, suitable crop com
binatiols alld cropping sequences, and nilladequate amouMt 01 cro) residue for 
mulch. 

Cover craps
 
Cover crops have an iinportant 1olc ill erosion control lor plantation crops and
 
bOr annual crops. A suitable cover crop tised in I crop 'OLition helps improve
 
soil plhysical and chemical properties. Infiltration rate of'a structurally degrade,'
soil canl be rapidly improved witi I or 2 years of a deep-rooted cover crop sucl 
as pigeonpea (('a/anus ca/an), stylo (St'Iosanthes guianeusis), velvet beans 
(Isholpocarpuspahstris),etc. ( Lal et al 1978, 1979 ). Through iiprovcIents in 
soil physical properties and prevenltion of raindrop impact, cover crops preveilt 
rtinoT and erosion during their growth cycle and for loud crops grown on the 
same land ill rtLatiotn. 

Lind development and soil management on watershed basis 
The coInclusiols lrawnI from a critical appraisal of erosion ott the large-scale 
mechanized crop produc lion scheties in Africa and elsewhere in tie tropics are 
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Table 8. Slope-soil loss and slope-runoff relationships for different systems of soil manage
ment, 1973 data.a 

r Regression equationb 

Treatment 

Soil loss 
2 1 

0.86 * E = 9.57 S 1 .
Bare fallow 


E = 0.59 S1.13

Maize-maize (conventional tillaqge 0.52 

16
 

Maize-maize (no-tillage) 
 0.17 E = 0.04 S0 

0.47 E = 0.02 S 0 6 6 

Maize-maize (mulch) 

Runoff 0 2 
-0.03 R = 46.4 S- 0 .

Bare fallow 
Maize-maize (conventional tillage) 0.39 R = 4.86 S 0 3 8 

R = 1.23 SO240.53Maize-maize (no-tillage) = 3 5 
0.92"" R 0.0008 S3 

Maize-maize (mulch) 
R = 

aSource: Lal 1976. bs = slope (%), E = soil loss (t/ha per mm rain), water runoff (%of 

rainfall). 

not encouraging (Wood 1950, W'ild 1967. Baldwin 1957). The failure of the 

schemes has not, however, deterred similar ventures. Planning and execution of 

such schemes, without accompanying planning and development on a watershed 

basis, have led to widespread barren and unproductive lands where lush green 

forest once prevailed (Greenland and Lal 1977). 
But food production 1ou1st substantially and immediately be increased. It is 

estimated, that to meet the demands for food production in the tropics, the 

rate of arable land development may have to be as much as 6 --10 million ha/year 

(Boerma 1975). For adequate soil and water conservation and management, such 

land development must be planned on a watershed basis. Some steel) slopes should 

not be cleared of natural cover, but should be left in suitable tree crops. Valley 

bottom soil should be developed primarily for rice cultivation, and middle slopes 

should be used for dryland crops grown with a no-tillage system. Runoff and 

erosion from a terraced watershed planted to maize with a conventional tillage 

system are compared with that from an unterraced no-tillage watershed in 

Figure 4. There was no runoff from the no-tillage watershed. 

RESEARCH NEEDS 

Before planning elaborate research, it is essential to obtain an estimate of the 

extent and severity of the problem. This information is not available in many 
countries of the tropics. FAO (1977) has attempted to prepare a soil degradation 

map of the present and potential erosion hazard for Africa north of the equator 

and for the Middle East. Once the extent or severity of the damage has been 

estimated, it is important to know the present rate of degradation wherever 

arable farming has intensified. In this connection, a survey of soil, vegetation, 

and climate is necessary prior to undertaking large-scale land development 
schemes for arable farming. 
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4. Runoff-rainfall relationship from 5 ha no-tillage and conventionally plowed water
sheds under maize (unpubl. data of R. Lal). 

Gips in our knowledge to successfully address the problem of soil erosion in 
the tropics are in basic and applied research. Most of the basic research informa
tion currently used in the tropics is that developed in temperate regions. Because 
the soil and climate of the tropics are drastically different, it will be a nere 
coincidence if empirical relations developed in one climatic region can be directly 
transferred to the other. There are specific research needs for soil erosion and 
its control. 

Wind erosion 
There is little research information on basic and applied aspects of wind erosion 
in the tropics. Whereas wind erosion is a serious problem in semiarid and arid 
regions of Africa, and in parts of West and South Asia and South America, little 
or no research is being conducted on basic aspects of wind erosion. Some work 
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has been done on shelter belts and afforestation for control of wind erosion. 
There is a need to evaluate the applicability of tile wind erosion equation in 

tropical regions. Different parameters of the equation need to be determined for 
a range of soils and crops. The use of reduced tillage systems with crop residue 
mulch shonld also be evaluated. 

Water erosion 
Compared with wind erosion, substantial research information is available on 
both basic and applied aspects of water erosion and its control in the tropics. 
Ilowever, there are vital gaps in knowledge of its basic aspects. The following 
should be given research priority: 

0 Irosirit'. Studies oil rainfall parameters affcCting erosivity are needed. hl
portanr paralmeters are drop site distribution, kinetic energy, and Imomentun of 
tropical StormInS. Energy load of a rainstorm should also be evaluated in relation 
to wind velocity. The railfall information should be related to splash charac
teristics with illison's splash cup technique. The information can best be 
obtailed througll a worldwide network of stations that would follow a common 

program and use stalldard equipment to llonitor erosivity. 
The equiptuen available to monitor drop si/.e anl energy hld of rainstorm 

is expensive. Relatively inexpensive and silmple-to-tlise equiplent nust be devel
opetL. Such eqtliplmnt could be based eiller on the acoustic principles or oil the 
use of presSUre tranlsducers. Equipment based oil these principles Itas been locally 
used for isolated experiluenlts. 

* lrodihiliitI'. Basic aspects ol'erodibility of soils in tie tropics are not under
stot. certainly not as inuch as are those of erosivity. It is necessary to ttnder
slitld various aspects of erodibility in relation to detachability (resistivity) and 
transportalbilitv. Which soil parameters (structure. perlmeability, organic matter 
ctntellt. texture, clay mineralogy, and fhe amiount of iron ant ahllilltiln oxides) 
are directly related to erodibility? Can any one parameter or a coiinllioti o0f 
several parameters be used to estimate erodibility? Can erodibility be estimated 
from soil physical paranmeters tllat can be routinely tIelerninled in the laboratory? 

Ill addition. direct meastrenments of erodibility (using unit plot as described 
in the UniversA Soil Loss Equation) of mmajor soil groups slloi!ld be underlaken 
as a coOrdin, ted research with Siluiar field )lot design aItd specific observatiotIs. 

* Slope characteristi.s. Evell thouglh the effects of slope length and degree 
of slope are well recognited, tie effects of irregular slopes (convex, concave, 
complex) oil erosion are not well untlerstood and are difficnll to quantify. 
Although difficult to estabSlsh, field-scale experilllents 0o1 natuiral slopes are 

required o tlalllily ,muchl effects. 
* Soil miuantle't'n. Appropriate soil mnanagelent techlliques are itmore adapt

able for soil and water conservation than engineering techniques that are 
expellsive to ins',all aLd ldifficll to maintain. In this connection, the tlse of' no
tillage or redwed tillage system with crop residue mulch has a potential for 
wider application on a range of soils and crops ill the tropics. Adaptive and 
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applied research is needed for using this technique for soil and water conserva
tion. No-tillage systems can be adopted for diverse soils and crops, provided 
relevant information is available on adequate weed control, fertilizer application, 
crop rotations, and other agronomic practices that make tile system work. 

* Land development. Bringing new land into cutivation still constitutes the 
most widely practiced method of increasing productivity in many developing 

countries of the tropics. Vast areas of forested land will be cleared in the near 
futurc in the tropics of West Africa and South and Central America. Information 
is needed on methods of forest clearing and land development that cause a mini
mum of soil degradation. Due to a shortage ofimanual Libor, the use of heavy 
machinery may be inevitable. However, research is needed to develop agronomnic 
and soil management techniques that minimize the degradative effects of these 
machines on fragile soils of the tropics. 

0 ;vlatershedmanagement. lnfornation on the effect of integrated watershed 
management and development on soil erosion and productivity is scarce. In this 
connection, the role of tree crops tfor appropriate soil and slope characteristics 

cannot be minimized. Runoff and erosion measurements should be made on a 

watershed basis. 
* Guly control. Gullying is a serious erosion hazard in many regions of the 

tropics. Research on simple, inexpensive, and effective gully control measures is 
needed. Pri:,:tical research work onl reclamation of land that has been degraded 
by severe gully erosion should also be undertaken. 
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Constraints to soil fertility
evaluation and extrapola ion

of research results
 
S. W.BUOL AND J. J. NICHOLAIDES III 

Technical soil classification systems are necessary to interpret the
data included in natural classificatiuti systems for extrapolating soil
fertility research results to users. Each group of potential users - re
search workers, land-use policy planners, extension workers, and
farmers  has different requirements for soil fertility extrapolation.
Experience with one such technical system, the FCC (Fertility Cap
ability Classification), which was designed to enhance communication 
among research workers, is discussed. The development of additional 
technical groupings designed to address the needs of specific user 
groups issuggested. 

CONSTRAINTS TO SOIL FERTILITY EVALUATION 
AND EXTRAPOLATION OF RESEARCH RESULTS
 

"One call 
 transfer the results of research and experience on ,lamed
kinds of soil between countries and continents in order to estinate 
potentiak for use. But farming systems are developed and used bypeople, anid what they can and should do also depends on their social 
habits and goals." (Kellogg 1975) 

Soil fertility is a term so frequently used in written and verbal communication 
that its meaning has taken on numerous connotations. Frequently, a fertilesoil 
connotes no need for fertilizer additions. In this sense the term is always vague
until some limit is placed on the level of expected production. Soil that has 
sufficient fertility to produce maize yields of 2 t/ha is infertile when yields of
10 t/ha are anticipated. There are also expressions of infertility related to soil 
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of the U.S. Agency for International Development. 
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water conditions, toxic sail concentration, a root-restricting hardpan, nematodes, 

or low soil temperatures. 
In its broadest sense soil fertility connotes tile ability of soil to grow plants 

beneficial to mal. Soil fertility does not connote, in specific terms, what is right 

or wrong with a soil. It should be stressed that soil fertility is only one of the 

many factors that influence pla nt growth. 	Fitts ()1951) ) stated tha t crop yields 

--crop, soil, climate, management -are a Iunction of at least four major factors 
must le considered. Improvementsand each factor has numlerous variaoies that 

in one factor or one variable can, but will not necessarily, resu!t in realization 

of potential yield. 
the variableslE'rahation of a soil's fertility should address, inspecific terms, 

that will affect tile uses of that soil for growing plants beneficial to man. Evalua

tion should specify what steps must be taken to make the constraining variables 

nonlimiting to plant growth. 
that also has different conntotations. To us, extrapola-Extrapolation is a term 

tion as related to soil fertility connotes a projection of successful soil and crop 

managemetIt technology iti one area into similar soil-crop-climltic areas where 

less research has been perflrmed. Such extrapolation assumes similarity of tire 

similar social and economic constraints andsoil-crop-clilatic condit ions under 

be done when sufficient data exist, or are developed, to corroboratecan only 
soil MnId crop management practicestilesimilarities. Successful extrapolation oh 

call shorten the littlelag between development and traisfer of agronomic tech

nologies to tile farmer. 

USER GROUPS OF SOIL FERTILITY IVALUATION
 
AND EXTRAPOLATION
 

audience simplifies the identification of tilesoilTo sorte extent, knowing the 

fertility paraiieters. There are four principal audiences for soil fertility evalua

tion and its extrapolation : 
listed first because allother user*Rescarch workers. Research workers are 

gi oups rely oti the ii forMition developed by researchers. Research workers need 

that is used to definea systematic, tecliniical grouping of surface soil properties 

the limits of the uncontrolled variables within which field fertility research can 

be extrapolated. Lack of such data is the most critical couistraini to soil fertility 

evaluation ard its ext rapola tion today. 

The controlled factors in the research iost be identified specifically, and 

quatiitative limits must be placed oi the interacting urcontrolled variables that 

iiluence plait response. To interpret the benefits of liming a soil, for example. 

if the soil had an initial ahliminuni saturation of 80 ora researcher must know 

20'; and whether ur acid-tolerant cultivar was tsed. lie mus also be aware of a 

multitude of other interacting parameters to properly assess thte limits within 

which tire results are vaid. 

0 Land-ttsepolcj'r makers. Perhaps more than the researchers, the land-use 

policy makers have a desperate need to understand the limited range of uncon
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trolled variables in each individual experiment. Whereas tilelimits of the uncontrolled variables anill experiment are often rather easy to define forresearchers, they must be expllained to llOllSCiell sl; it, less sophisticated terms.
In tile of information relating tie results in terms ofabsence 

suil properties,research is frequently interpreted in termis of political boundaries. Thus, the
failure ii,province B of an experiment that was successful ill province A is interpreted as the failure of th scientist, the social system, or the administrator,
when in reality the results were obtained on sandy textured soils (Quartzi
psamments) in province A and on clayey textured soils (Chromilderts) in 
province B. 

Luid-use policy makers need a methodology for evaluating land-use potential,especially as related to economic impact. With such a methodology the longtetinm effects of soil fertility innovations can be evaluated iii terms of probability.
and :detliate infrastructure can be planned. Certainly there are successfulmodels for land evaluation (Beck 19)78) however. communicalion of the meth
odologies must be improved. 

0 I:vtenshf workers. 13ecause of tie enorumity of commuticating inforimationfrom soil fertility evaluation and extrapolation to the farmer, intermediate technicians or extension workers are employed. Communication with such indivi
duals becomes the first step in communication with tilefarmer.


Extension workers technicalneed guides for specific farming systems;. The
guides should list specific requirements for each cropping systen. Developmentof the technical guides, however, must follow the alleviation of' tie primaryconstraint tileiteed of research workers to define boundary conditions of'uticotitrolled variables within which field research can be extrapolated.

0 I'im'rs. The ultimate user of information from soil fertility evaluation

and extrapolation is the farmer. The overall of any
purpose worthwhile soilI'ertility evaluation 7md ext rapolation program is "ttoobtaitn irdormation whichcart be transirmitted farmersto and guide them ili the proper use of fertilizers,

lime, and other soil amendments" (Fit is and Nelson 1-)55).


A multitude of categories could be devis':J 
 to classify farmers or, more precisely, farming systems (Evensot et al 1973, Ruthenherg 1971). At least two
broad categories of farmers must be considered when planning the extrapolation

of soil fertility research.
 

One is the commercial farmer who is interested in maximizing his profits by
increasing the margin ott 
 each unit of input. The native chemical fertility of thesoil is -Wortant to him canitlie make a satisfactory profit on each unit offertilh, li lies. The inherent lack or excess of water is riot of concern if he can profti,,, iy irrigate or drain. Thus, his real interest is a monetary evaluation 
of each management practice. 

The second group inlides farmers with few resources other than their ownlabor. They are mainly concerned with reducing tteir risks. The native soil fertility, in the broadest seuse of the word, has to be considered, not only for itsquantitative value, but also for its reliability. Incremental increases of production 
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from inputs a' fertilizer, water, and varieties are relevant only if they do not 

increase 0!,e fariner's risk. 
Bli! categories of farmers, however, are interested in increasing the proba

bility of obtaining a response to any soil atuendment they may use. Thus, the 

value of tiletechnical guides developed for extension workers is apparent, 

alth ough tile use of such guides could be diff'erent for tiletwo groups.subsequent 

PRIMARY CONSTRAINT TO SOIL FERTILITY EVALUATION
 
ANI) EXTRAPOLATION
 

The primary constraint to soil 'ertlility evaluatioll and extrapolation is lack of 
researcha systematic technical grouping of surface soil properties by which 

workers can define the lintits ot the uncontrolled variables within which field 

fertility research can be e::tlrapolated. The alleviation of tilecons!raints listed 

t0r land-uIse planners, extensiol workers, and farlers is contingent Oil the 

alleviation of primary Ileice. s deals with it and athis constraint. IhIpaper 

potential means 1,r its alleviation. 
It is important to note to tile Becausea factor that contributes issue raised. 

of limited knowledge or t1aditiomal thinking. layneni and tatny soil scientists 

ottell do not distittuishi between soil classificatioti ad soil mapping. Soil classi

ticatioln records quasi-permanent soil pedon features, while soil nappitig delineates 

tilegeographical distribution of iat ural landscapes at reduced scales atild uses 

tileclassification name(s) to h.. id' tify tilesoil(s) within each mapping 

delineation. However. .tlmlOSt P, I.Appllg utnit is composed of a single kind of 

soil attd n1ot Ole has the etitire uAtge of soil properties def'inLed illa LaXonlomlliC 

class of soil. Consequently. we are "'compelled to acknowledge that soil taxa 

and mappiig tnits identified by the same n: e ate two distinctly different 

things" (Clinte 1977). With such acktiowledgl-,1't. it is obvious that "tapping 

is not tiecessarv for tratnsfer of information althougli clasi;ificatiotn is"(Moore 

1978). 
Additionally, extrapolation via a combination of soil classification and soil 

mappitng is turther complicated by the fact that: 
I)the restlts to be extrapolated are deNIelopcd within a narrower range of 

boundary conditions thati is preselnt in mapping or taxornomic units: 
2) because of the scale reduction, the mapping unit usually includes soil con

ditions that are riot identified; and 
3) extremely broad rattges o soil properties are included intentionally in the 

upper horizon ot named kinds of soil. Cvyen though these surface horizons often 

are the most sip.niticant tor crop production. 

Cause
 
The uinde rlying cause of th1e existence of the primary constraint is the fact that, 

for all practical purposes. soil classification and soil fertility management are 

most often at cross purposes. Because the basic goal of soil classification is to 
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record soil features that are at least quasi-permaerint and riot subject to man~age
ment alteration, soil properties in the surface horjizons :ire usually considered 
only at the lowest categories of most soil classification systems. Surlfbce soil
chemistry, of tie type directly related to fertilizer manipulation, is not usually
included in soil classilication criteria to avoid tile confusion that may result trou 
the transient nAlure of' the values encottcred when soils are subjected 1o an
"gement. Thus, soil properties considered I'0r iXo0ioiiic I)turposes IDtlda 1973,
USDA 1975) ate iot necessarily relevant fr soil fertility ilianagemnent purposes. 
Nor should they rnecessarilv be. 

Conversely. :ipproaches ulili/ed for soil fertility evalnalion ard imnprovemenit 
Iptlrposes (('At and Nelson 1971, Waugh el A 1973. Fitts 1974, ('olwell 1974,Pesek 1974). although valuable, have not always related the nurmerous analytical
data to kinds of soils via airy classification system. Several such approaches have
implied wide atpplic:bility over many soils although the soil classification in
forration usually is not given (e.g. ('ate and Nelson 1971). 

Effect 
The upper 20 cm of' soil is iot only the place where most management practices
for cultivated crops take place but also the layer that reflects the effects of' these
mnlagenellt practices. For those reasons soil taxonoriric systems of'teri do not 
use surf'ace soil criteria. Soil fertility evaluations likewise do not utilize the 
classif'ica tion systems because ihey do not reflect soil imniagetent practices.
Thus, neither group provides a srog hasis 'or consequent extrapiolation of soil 
fertility evaluation and improveimet. 

It should be reemp hasized thal subsoil properties do not have as great all
effect ol crop yields aIs do the surface soil properlies. lFor exanple, Sopher and 
McCracken ( 1973) follunl ill a survey of' 441 field frials iii North Carolina that 
propertiCs Of' top)soils, ildividually ('l'able I. 2) or coll ctively, better explained
crop yield V'ariabilitv th1,n did those same properties of" subsoils. 

Alleviating the primary constraint 
Cline ( 1949) statled 30 years ago thal some problems related to soil fertility
evaiuma tion and exlr.aolatiol could be overcome hy technical groupings or classi
lica li, is tor specific, applied. practical purposes. We flow examine one such 

Table 1. Yield relationship to pH in441 soil profiles? 

Udults Aquults
Horizon Mean pH 

r Mean pH rpH range pH range
 
Ap 5.6 4.8-6.5 0.41 
 5.7 5.0-6.5 0.352d 5.1 4.4-6.3 0.20 5.1 4.5-6.8 0.203d 4.9 4.2-6.6 0.24 4.8 4.4-6.8 ns4th 4.9 4.1-6.5 0.17 4.8 4.4-6.9 ns 

aSource: Sopher and McCracken 1973. 
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Table 2. Yield relationship to base saturation (BS) in 441 soil profiles.a 

Udults Aquults 

Horizon BS %) 
r 

BS (% 
r 

Mean Range Mean Range 

Ap 
2d 
3d 
4th 

78 
45 
39 
33 

10-100 
5-100 
4-100 
4-98 

0.38 
0.33 
0.27 
0.20 

91 
49 
36 
38 

44-100 
13--98 

7-93 
9- -q8 

0.41 
0.38 
0.28 
0.26 

aSource: Sopher and McCracken 1973. 

to soil fertility evaluation and extratechnical classification specifically related 

polation, namely the Fertility Capability Classification (Buol et ,J 1975). Tech

taxonomic information and soilnical classification systems do not replace soil 
useful in practical agriculturalsurveys, but rather build on them to become 

development initiatives (Johnson, this volume). 

The Fertility Capability Classification 

The Soil Fertility Capability Classification (FCC) system was designed to group 

(lBuol 1972). It providessoils having similar limitations of fertility management 

a guide for the extrapolation of the fertilizer response experience (Buol and 

FCC fe,ises attention on surface soil properties mostCouto 119801). The 

directly related to management of field crops and is best used as an interpreta

inclusive natural soil classificationtive classification in conjunction with a more 

B and C outline the proposed technical classification(Appendix A). Appendix 

system aid stiggest some inl-,'pretations that can be made of the parameters in 

the system. 

A worldwide survey using published descriptions and analytical data of 244 

soil profiles representing a broad geographical and tmorphological range resulted 

in a grouping of the soils into 117 fertility capability classes (Buol et al 1975). 

Types L, C. LC, and S represented 9211f of the population, while 10 condition 

modifiers accounted for 5 1.; of the population. Five modifiers (v, i, s, x, i) never 

occurred alone, reflecting the fact that several fertility-related parameters occur 

together in many soils. Soil profiles of 678 Brazilian soils were grouped into 84 

fertility capability classes (Buol et al 1975 ). 

When the FCC was used to group soils from pota to fertilization trials 

the soils of the 73 sites were grouped(NCCollUtm and Valverde 1968) in Peru, 
returns to fertilizer applications wereinto 5 classes (Buol et al 1975). Gross 

evalua ted after the soils were grouped by FCC and by soil test results (Table 3). 

Gross returns were higher when recommendations were based on a combination 

of the FCC and surface soil test results. This strongly emphasizes that there is 

11o substitute for on-site reporting of the soil properties, including both soil 
fercharacteristics and soil test determii;a tions, to arrive at the mos: accurate 

tilizer recommendations. 
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Table 3. Comparisons of gross returns to fertilizer applications by various methods.a 

Fertilizer recommendation Gross returns (US$/ha)
to fertilizers 

Single blanket fertilizer recommendation based on average 770
 
fertilizer needs
 

Fertilizer recommendations based on P, K, and pH surface 
soil tests 

Fertilizer recommendations based on estimates of optimum 920
 
fertilizer rates from average group response curves by FCC
 

Fertilizer recommendations based on combination of estimates 965
 
of optimum fertilizer rates from average group response
 
curves 
by FCC and P, K, and pH surface soil tests 

aSource: Buol Ft al 1975. 

A contbinalion of the FCC, tusing data from soil survey reports and standard 
soil test results following on-site sampling, allowed Nicho!aides et al (1978) to 
extrapolate proper fertilization practices for peanut and soybean from a Haplus
lox with a clayey textured surface soil (Brazil) and a lPaledulult with a loamy 
surface soil (Perti) to a Paleustult with a loamy textured surface soil (Bolivia). 

The FCC. or some modification thereof, can serve as the basis for grouping
soils for specific soil management evaluations and land-use planning such as 
CIAT's computerized land resource study of tropical America, which also ulilizes 
clinatic data and satellite and side-looking radar imagery (Cochrane et Al1979).

The essential prerequisite to any technical classification is a qtlantitative 
definition of the variables critical to the specific or applied objective. As it is, the 
FCC addresses fertilizer-plan t-soil interactions only from the standpoint of an 
average plant. Species or cultivars with distinctly different reqlirements, such as 
flooded rice, or tea. may require specific technical groupiilgs that utilize soil 
parameters most critical to the need of that cropping system.

Every classification systei reflects the state of the art in that particular field. 
Classifying soils with respect to their natural occurrence and total soil propCrties
is different from classifying soils with regard to their response to technological
fertility practices. Also, within the soil fertility field it is probably safe to say
that soil science knows nlore about the fertility of certain crops and management 
systems than about some other crops and management systems. A leclnical 
classification system that reflects the known interactions of soil fertility in each 
cropping system can greatly facilitate extrapolation. Technical groupings to 
reflect the probability of risk for certain soil uses (Cochrane et al 1979) are a 
logical extension of this concept and of potential use to farmers with limited 
resources. 

CONCLUSIONS 
Techmical classification systems, buil tpon quantitative natural soil classification 
systems, are suggested as the most immediate, obtainable tools in the extra
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polation of soil-related research results. Each technical classification system has 

o be organized using quantitative crite ia of practical significance to the applied 
technology. No single technical classification will equally serve all soil fertility 

practices. Whele specific requirements can be defined quantitatively within any 
physical. social, or econollic framework, a teclutical grouping would be helpful 
for the ext rapolatlion of soil-related research results. 
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APPENDIX A 
The Soil Fertility Capability Classification System 
(after Buol and Couto [ 1980]) 

The proposed system consists of three levels: 
Soil type is texture of surface soil (20 cm). 
Substrata t'pe is texture of subsoil if within 50 cm of surface. 

Condition modifiers are specific properties noted if a specific range of con

ditions is encountered. 
Thus, every soil is named at the highest category by the surface texture present 

and further properties -re noted as needed in a systematic fashion. Sample inter

pretative statements for specific soils are given in part C of Appendix C. 

APPENDIX B. Description of type, subtype and modifier classes 

Type: 
Texture of plow layer or surface 20 cm (8"), whichever is shallower.
 

S = sandy topsoils: loamy sands and sands (by USDA definition).
 

L= loamy top, )ils: <35% clay but not loamy sand or sand.
 
C= clayey topsoils: >35w' clay.
 
O= organic soils: >30% O.M. to a depth of 50 cm (20") or more.
 

Substrata type: (texture of subsoil) 
Used only if there is a textural change from the surface or if a hard root 

restricting layer is encountered within 50 cm (20"). 
S = sandy subsoil: texture as in type. 
L = loamy subsoil: texture as in type. 
C = clayey subsoil: texture as in type. 
R= rock or other hard root restricting layer. 

Condition modifiers: 
Where more than one criterion is listed for each modifier, only one needs to
 

be met to place the soil. The first criterion given is preferred, but additional
 

criteria are selected to facilitate semiquantitative use in the absence of desired
 
data.
 
g = (gley):
 

Soil or mottles <2 chroma within 60 cm (24") of surface and below all 
A horizons, or 
saturated with 1-120 for >60 days in most years. 

d = 	 (dry): 
Ustic or xeric environment (dry >90 cumulative days/year within 20
60 cm depth). 

e = 	 (low LC): 

(applies only to plow layer or surface 20 cm, whichever is shallower). 

continued on opposite page 
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APPENDIX B continued 

<4 meq/ 100 g soil by - bases + KCI extractable Al, or
 
<7 meq/l00 g soil by E cations at pH 7, or
 
<10 meq/lO0 g soil by i cations + Al + lIat pH 8.2.
 

a = (Al toxic): 
>60% Al saturation of CEC by E bases + KCI extractable Al within 

50.cm (20"), or 
>67% EA (exch. acidity) saturation of CEC by Y cations at pH 7 within 

50 cm (20"), or 
>86% EA saturation of CEC by Y cations at pH 8.2 within 50 cm (20"), 

or pli <5.0 in 1:1 120 except inorganic soils. 

I = 	(acid): 
10-60% Al saturation of CEC by i,bases + KCI extractable Al within 
50 cm (20"), or 
p1lin 1:1 1-120 between 5.0 and 6.0. 

i = 	 (Fe-P fixation): (used only in clay (C) types)
 
% Free Fc 2 0/% clay >0.15, or
 
hues of 7.5 YR or redder and granular structure.
 

x = 	 (X-ray amorphous): (applies only to plow layer or surface 20 cm (8"), 
whichever is shallower). 
pH > 10 in IN NaF, or 
positive to field NaF test, or
 
other indirect evidence of allophane dominance in clay fraction..
 

v = 	 (Vertisols):
 
Very sticky plastic clay: >35% clay and >50% of 2:1 expanding clays;
 
COLE >0.09. Severe topsoil shrinking and swelling.
 

k = (K deficient): 
< 10% weatherable minerals in silt and sand fraction within 50 cm of soil 
surface, or 
exchangeable K <0.20 meq/100, or 
K <2% of E bases, if z bases <10 meq/l00 g. 

b = (basic reaction): 
Free CaCO 3 within 50 cm of soil surface (fizzing with HCI), or pH >7.3. 

s = (salinity): 
>4 mmho/cm of saturated extract at 25uC within 1 m depth. 

n = (natric): 
> 15% Na saturation of CEC within 50 cm. 

c = 	 (cat clay): 
pH in 1:1 1-1 <3.520 	is after drying and jarosite mottles, with hues of 
2.5 	Y or yellower and chromas 6 or more are present within 60 -m. 

continued on next page 
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APPENDIX C. Sample management interpretations of FCC nomenclature. 

(A) Interpretationof FCCtypes and substratatypes: 

L Good water-holding capacity, medium infiltration capacity. 

S High rate of infiltration, low water-holding capacity. 

C Low infiltration rates, potential high runoff if sloping, difficult to 
till except when i modifier is present. 

0 Artificial drainage is needed and subsidence will take place. Possible 
micronutrient deficiency, high herbicide rates usually required. 

SC, LC, 
LR, SR Susceptible to severe soil deterioration from erosion exposing un

desirable subsoil. High priority should be given to erosion control. 

(B) Interpretation )J FCCcondition modifiers: 

When oniy one condition modifier is included in tle FCC class nomen
clature, the following limitations or management requirements apply to 
the soil. Interpretations may be slightly modified when two or more 
modifiers are present simultaneously or when textural classes are different. 

Modifier Main limitationsand management reqnuwenents 

9 	 Denitrification frequently occurs in anaerobic subsoil and 
tillage operations and certain crops may be adversely affected 
by excess rain unless drainage is improved by tiles or other 
drainage procedures. 

d 	 Soil moisture is limited during the growing season unless 
irrigated. Planting date should take into account the flush 
of N at onset of rain. 

e 	 Low ability to retain nutrients -- mainly Ca, K, Mg - for 
plants. lleavy applications of l.'se nutrients should be split. 
Potential danger of overliming. 

a 	 Plants sensitive to aluminum toxicity will be affected unless 
lime is deeply incorporated. Extraction of soil water below 
depth of lime incorporation will be restricted. Lime require
ments are high unless an e modifier is also indicated. 

h1 	 Strong to medium soil acidity. Requires liming for most 
crops. 

lHigh P fixation capacity. Requires high levels of P fertilizer. 
Sources and method of P fertilizer application should be 
considered carefully. 

continued on opposite page 
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APPENDIX C continued 

x 	 High P fixation capacity. Amount and most convenient 
source of P to he determined. 

Clayey textured topsoil. Tillage is difficult when too dry 
or too moist but soils can be highly productive. 

k 	 Low ability to supply K. Availability of K should be moni
tored and K fertilizers may be required frequently for plants 
requiring high levels of K. 

b 	 Basic reaction. Rock phosphate and other nonwater soluble 
phosphate should be avoided. Potential deficiency of certain 
micronutrients, principally iron and zinc. 

s 	 Presence of soluble salts. Requires special soil management 
practices for saline soils. 

n 	 High levels of sodium. Requires special soil management 
practices for alkaline soils. 

c 	 Potential acid sulfate soil. Drainage is not recommended 
without special practices. Should be managed with plants 
tolerant of flood and high level of water table. 

(C) Sample interpretationsof FCCunits. 

Classification Main limitations and management considerations 

Lehk 	 L: Good water-holding capacity, medium infiltration capac
ity. e: Low ability to retain nutrients, mainly Ca, K, Mg, 
for plants. leavy applications of these nutrients should be 
split. It: Requires liming for most crops. Potential danger
of overliming 	because of low CEC. k: Low ability to supply 
K. Availability of K should be monitored and K fertilizers 
may be required frequently for plants requiring high levels 
of K. 

Lgh 	 L: Good water-holding capacity, medium infiltration capac
ity. g: Limitations in drainage so that tillage operations and 
some crops may be adversely affected unless drainage is 
improved by tiles or other procedures. It: Strong to medium 
acid soil. Liming required for sonic crops. 

LCgeak LC: Removal of surface soil will expose undesirable clay
textured subsoil. g: Drainage is limited so that tillage opera
tions and some crops may be adversely affected unless drain
age is improved by tiles or other procedures. e: Low ability 
to retain nutrients, mainly Ca, K, Mg, for plants. Heavy 

continued on next page 
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applications of these nutrients should be split, a: Plants 
sensitive to aluminun toxicity will be affected unless lime 
is deeply incorporated. llowever, deep liming practices are 
difficult because of clay-textured substrate and because of 
low CEC in the surface there is a danger of overliming. k: Low 
ability to supply K. Availability of K should be monitored 
and K fertilizers may be required frequently for plants re
quiring high levels of K. 



Discussion summary 

Session III, Subsession 1:Acidity, Salinity 
P. Sanchez, chairman; A.S.R. Juo, reporter. 

In the discussion following the papers by Kamprath, van Breemen, and Ponnam
peruma and Bandyopadhya, a consensus on priorities was developed: 

1. Priorities for alleviatingsoil acidity constraintsin dryland soils 
0 Use of N KCI extractable aluminum is the most practical criterion for deter

mining lime rates (application of technology). Use of pH, buffered solutions, 
etc., as criteria should be abandoned. 

* Research to determine the most appropriate factor to translate milliequiv

alents of exchangeable aluminum to tons of lime per hectare for specific soil
farming systems situations is needed. 

0 Research to determine the critical percentage levels of aluminum saturation 
for main crops and cultivars is needed. 

0 There is a need to expand the number of long-term lime trials to properly 
evaluate its residual effects as a function of time and its effects on downward 
movement of calcium and magnesium. 

0 Cultivars tolerant of high levels of aluminum saturation should be developed 
both to reduce lime requirements (and eliminate them altogether in certain 
cases) and to improve root development into acid subsoils. The latter improves 
water utilization and reduces the impact of short-term droughts. 

* The absence of lime in certain areas must be recognized as a major con
straint; in such cases emphasis should be on developing more effective cropping 
and fallow systems, which may involve some tree crops. 

* Knowledge about critical levels of manganese toxicity and the soils where 
it occurs needs to be developed. 

2. Prioritiesfor alleviating acidity constraints in wetland soils 
* The wetland Sulfaquepts and deep ombrogenuus Hlistosols should be elim

inated from consideration where the possibility of payoff is extremely low. 
Chemical-physical criteria should be developed to separate hopeless soils from 
those that have potential, such as Aquults, ferrolysed soils, shallow Histosols, 
Sulfic Tropaquepts, Sulfic Haplaquepts, and others. 

* The soil factors important for the production of rice, taro, and sago palm 
in acid wetland soils, both for short-term and long-term productivity, should be 
quantified. 

* Studies on the effects of temporary drainage and oxidation on acid wetland 
soils are needed. 

* The acid wetland soils where experiments are conducted should be better 
characterized. 

* Flooded Oxisols often present iron toxicity problems so serious that flooded 
rice is better grown elsewhere. In Sierra Leone where there is no such choice, 
appropriate technology has been developed. 

3. Prioridesfor relievingsoil constraintsin saline soils in the humid tropics 
* Varieties tolerant of different saline soil conditions should be selected. 
• Soils where the soil solution is dominated by Na and those where it is 

dominated by A14+ " and Fe+ should not be lumped together. 
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* Criteria for determining which saline soils have a reasonable potential for 
paddy rice and other crops should be developed. 

* Critical levels for salinity tolerance at the appropriate growth stages for
important tropical crops and pastures and their main cultivars should be devel
oped. 
The constraints of saline soils in nonhumid environments were ignored. 

Session III, Subsession 2: P, S, K Microelements 
E. J. Kamprath, chairman; Somsri Sinanuwong, reporter. 

Phosphorus deficiency' in tropical soils as a constraint on agricultural output, 
by B. Dabin 

lighly weathered soils in the tropics such as Ferralsols, Acrisols, and Luvisols 
are generally deficient in phosphorus. The amount of phosphorus adsorbed by
soils is highly correlated with exchangeable aluminum and total iron content. 
In the highly weathered soils, soil phosphorus is mainly in the organic and 
occluded forms. Because phosphorus availability in soils is a function of the 
quantity-intensity relationship, estimates of the phosphorus requiremeni of soils 
can be obtained from adsorption isotherms. Most adsorption isotherms, however, 
are determined at 250 C in the laboratory, whereas soil temper ,ture of many 
lowland humid tropics approach 400C. 

For optimum plant growth a higher phosphorus concentration in the soil 
solution is required for sandy soils than for other soils. Various soil test methods 
can estimate phosphorus availability. The amended Olsen method, 0.5M NaHCO 3+ 0.5 N NI14 F, has gencally given the highest correlation with plant growth.
This undoubtedly reflects the quantities of active AI-l and Fe-P in tropical soils. 

Relatively little information is available on the long-term residual effects of 
various rates and methods of phosphorus application to soils of different minera
logical and chemmi al properties. Various views exist is to the degree of im
mobilization of fertilizer phosphorus in iron-oxide rich soils and in volcanic soils 
and soils high in allophane. In acid mineral soil of the savannas nsed for extensive 
grazing, the use of rock phosphate may offer some benefit particulaily for t.
with acid-tolerant pasture 
 crop species. Research to determine whether higher
utilization of applied fertilizer phosphorus can be obtained by management
practices and plant selection is needed. 

Sulfur deficiency in soils of the tropics as a constraint to f1od production, by
G. J. Blair, C. P. Mnamaril, and M. Ismunadji 

Soils in the tropics have relatively low levels of organic sulfur, and adsorbed 
sulfur is often the major reserve. Sulfur deficiencies have been reported through
out the tropics, but sulfur research is rather limited. Use of lime and phosphate
fertilizers will redu'ce the retention of sulfate in surface soils and may result in 
less sulfur available for crop growth. Fertilizers manufactured at present are 
devoid of or are low in sulfur; sulfur deficiencies will in~rease unless sulfur is 
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incorporated in the fertilizers. In areas where sulfur is deficient, sulfur fertiliza

tion dramatically increases the methionine content of grain. 
Priorities for sulfur research are: 
" Development of chemical methods to estimate sulfur availability; 
* Coordinated investigations of the effect of sulfur fertilization on crop yield 

and quality: 
" Selection of varieties efficient in the use of sulfur; 
* Study of sulfur reactions in dryland and wetland soils as regards efficiency 

of fertilizer sulfur sources, leaching and residual values, and long-term effects; 

0 Methods of incorporating sulfur into fertilizers that will be used in the 
tropics. 

Potassium deficiency in soils of the tropics as a constraint to food production, 
by G. Kemmler 

Coarse-textured soils and soils with predominantly kaolinitic clays generally have 
low reserves of potassium, but soils with 2:1 clays generally have good reserves. 
Indications are that the available-potassium levels of some soils used for rice in 
Southeast Asia are low. In areas where plant residues are removed and not re

turned to the soil in the form of compost or manure, the need for fertilizer 
potassium will increase. Long-term field experiments are needed to assess the 
potassium needs in tropical areas and to provide data for soil test correlations. 
Although many soils in tLe tropics are low in po assium, the use of fertilizer 

potassiurm should be based on soil test values rather than follow blanket recom
mendations. 

Additional information is needed on critical le, els of potassium for soils con

taini. g primarily kaolinitic clays and those conta,ning 2:1 type clays. Research 
on the effect of potassium fertilization on magresium uptake and requirement 
by various crops is needed. 

Micronutrients in soils of the tropics as constraints to food production, by A. 
Lopes 

Although micronutrient studies have been conducted in many areas of the 
tropics, lack of adequate soil characterization seriously limits the extrapolation 
of the results. Future studies must include adequate soil characterization and 
classification. In the acid savannas of South America, zinc deficiency severely 
limits crop production. Ultisols in the Amazon jungle of Peru are deficient in 
boron, copper, and molybdenum. Volcanic ash soils, particularly the older ones, 
are deficient in molybdenum. Overliming of Entisols, Oxisols, and Ultisols in 
Africa has resulted in deficiencies of manganese and zinc. On the other hand, 
manganese toxicity has been observed in the acid Entisols. Boron deficiencies 
are extensive in Africa on hydromorphic soils and Alfisols. Molybdenum defi
ciencies have been a problem in the acid sandy soils in Africa. Zinc deficiency 
in wetland rice has been observed in calcareous soils in Asia. Iron deficiencies 
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of wetland rice have been found in calcareous soils where low organic matter 
contents limited soil reduction. 

Soil characterization for soil classification purposes should include micro
nutrient analyses. Increased attention must be given to field studies or to response
of crops to micronutrients and identification of soils deficient in micronutrients. 
Various forms of micronutrients must be evaluated for efficiency in various 
farming systems and for their residual effects. Critical micronutrient levels for 
soil tests and tissue analyses must be determined. 

Session III, Sthsession 3: N, Bio N 
G. Uehara, chairman; F. Craswell, reporter. 

Subsession 3 discussion was broken into three areas - nitrogen availability, 
nitrogen fixation, ani inlegrated nitrogen management. 

NITROGEN AVAILA1I1LITY 
Nitrogen s a constraint to nonlegut,ne food crop production, by ). Bouldin, 
R. S. Reid, and P. J. Stangel 

The model Proposed by the authors provided a framework for discussion: 

Np = A' + NR + KFNI: 

where
 
N1, = nitrogen uptake by the plant,
 

=NS nitrogen supplied from soil nitrogen mineralization, 

N,? = nitrogen supplied from mineralization of residue nitrogen, 

1\, = nitrogen applied as fertilizer, and 

Kr = fraction of fertilizer nitrogen absorbed by the plant. 

Plant A'(N,). Samples of genotypic differences in the ability of plants to take 
up nitrogen from the soil viz. pasture grasses and millet - were given. Varietal 
differences not only in the amount of nitrogen taken Ipbut also in the timing
of uptake may be related to water use efficiency, especially in arid regions. 
Research in this area should be conducted in association with plant breeders. 

The need to tie research on nitrogen availability to cropping systems research 
was stressed. Research to develop new concepts related to multiple cropping was 
suggested because nitrogen absorption by two crops differs from that by one crop. 

Tile importance of rainfall in determining N 2vaiiability and uptake was dis
cussed. For wetland rice systems, the effect of wetting and drying cycles on 
nitrogen availability in the field was thought to be a major research topic. In 
semiarid areas, the effect of seasonal variation in rainfall on crop growth, iitrogen 
availability, anC' nitrogen recovery by plants was also considered important. 

The effect of other nutrients, e.g. sulfur, on plant growth and hence plant
nitrogen uptake should also be considered. 

Soil N (Ns). The importance of understanding the tinie course of nitrogen
mineralization in relation to the rate of plant nitrogen uptake was stressed. Cover 
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crops were suggested to absorb nitrogen mineralization at a rapid rate after land 
clearing. 

Residue N (Nit). Long-term studies in the field with different residue man
agement practices are needed. For nitrogen availability incorporation of residues 
is less efficient than surface mulching. 

FertilizerN (N.,. Measurement of the efficiency factor (K,..) in different en
vironments with different fertilizer sources, timing anld placement, and in dif
ferent cropping systems are needed. Research should aim to increase KF. from 
the present values of 0.3--0.5 to 0.7 or higher. K1;. should be measured at the 
time of maximum nitrogen uptake, which is not necessarily at crop maturity. 

Some speakers stressed the need to better understand ihe loss mechanisms 
operating in the tropics, viz. nitrification-denitrification, leaching, ammonia 
volatilization. Soil type and environment as well as fertilizer man agement are 
imporlant variables. 

Acidity due to excessive use of ammonium sulfate and other nitrogen fer
tilizers was cited as an important research topic. 

Research tethodo)log. l3enchmark-type field experiments to study the effi
ciency of different nitrogen management systems are needed. They are best 
conducted in farmers' fields over a long period in the cropping systems and 
environment of the site. Improved technology may be compared with traditional 
practices, where possible. Measurements of plant nitrogen uptake, soil nitrogen 
and residue, and organic waste nitrogen are needed. Each site's soil and environ
mnt should be fully characterized. 

NITROGEN FIXATION 

Constraints to biological nitrogen fixation in soils of the tropics, by A. A. App, 
I). R. louldin, P. J. Dart, and I. Watanabe 

Nonsymbiotic fixation 
Ailtotrophs. Research on the effect of soil constraints such as pit, water, phos
phorus, and molybdenum on the ecology and on nitrogen fixation by blue-green 
algae is needed. Research on the effects of nitrogen fertilizer management on 
nitrogen fixation by algae was given high priority. 

llterotrophs. The importance of nitrogen fixation associated with the roots 
of tropical grasses and nonleguminous crops was a controversial research topic. 
Some participants suggested that this source of nitrogen was not important 
agronomi ally, but others cited evidence to the contrary. Further research might 
resolve this issue. 

Symbiotic fixation 
Rhizobiuim competition and survival in soils were cited as an important research 
area. Identification and characterization of situations responsive to inoculation 
are also necessary. Research on forms of inoculum used and the selection of 
strains of Rhizobiumm resistant to heat, anaerobiosis, salinity, low p1l, and high 
soil nitrogen should be given high priority. [lost cultivars with high nitrogen 
fixation rates and resistance to soil toxicities and deticiencies without the need 
for starter nitrogen fertilizer applications should be developed. Research on the 
effects of soil physical factors (e.g. moisture and porosity) as well as of chemical 
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factors (e.g. fertilization with phosphorus, potassium, molybdenum, boron, cal
cium, cobalt, and zinc) is needed. The extent of nitrogen transfer from legume to 
nonlegume in mixed cropping was another area of research mentioned. 

Techniques for measuring nitrogen fixation 
Development of methods for quantifying nitrogen input from fixation was cited 
as a major research priority. The use of l-N, especially indirectly through label
ing of soil organic matter, was thought to be a useful technique for studying 
symbiotic nitrogen fixation. 

INTEGRATED NITROGEN MANAGEMENT 

Research should be designed to develop and evaluate management practices that 
increase the efficiency of nitrogen fertilizers and organic residues, and at the same 
time maximize the inputs from biological nitrogen fixation. 

Research should match biological nitrogen fixation with ecological zones and 
land types. 

Session III, Subsession 4: Drought,impedance, erosion 
N. Ahmad, chairman; C. Valverde, reporter. 

Water stress as a constraint to crop production in the tropics, by T. C. llsiao, 
J. C. O'Toole, and V. S. Tomar 

The paper discussed a model of the soil-plant system with respect to water up
take by roots and loss from leaves. Drought stress, which causes stomatal closure 
to conserve water, also reduces carbon dioxide assimilation and hence photo
synthesis. Water deficiency affects the growth pattern of crop plants much more 
basically than carbon dioxide assimilation does, and is more critical to cereal 
crop yields when it occurs at the ear elongation stage. 

More research on the growth characteristics-water deficiency relationships 
of tropical crop plants is needed to determine the time when irrigation would 
be most beneficial. The same is true for moisture retention-supplying capacities. 
More emphasis should be placed on these factors when tropical soils are being 
mapped. Various techniques of ;ssessing the factors were discussed. It was agreed 
that soil properties, rather than geographical location, should determine the 
methods used. The case of very fine-textured soils on the one hand and coarse
textured layers on the other was cited as problems in the use of instruments for 
meaningfully characterizing soil moisture relationship. 

In areas where there is moisture deficiency, various cultural techniques such 
as planting dates and duration of the particular crop in relation to the wet 
seasons have been traditionally used by farmers and should be considered when 
selecting crops for water-deficient areas. 

Because of soil limitations such as the presence of high-impedance layers, 
soil acidity, and associated problems, water stress in crops is not necessarily con
fined to semiarid areas. Essentially humid areas with a marked seasonal rainfall 
distribution could suffer from drought effects for several months of any year 
and irrigation would be essential for all-year crop production. 
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ijechanical impedance related to land preparation as a constraint to food produc
tion in the tropics (with special reference to fine sandy soils in West Africa), by 
R. Nicou and C. Charreau 

Soil tillage is done for many reasons: to increase soil porosity and infiltration, 
control weeds, and facilitate seedling emergence. In the case of soil porosity, 
both pore size distribution and total porosity are affected. These factors influence 
root development distribution. Tillage could reduce evaporation and maintain 
water in the soil during dry periods, thus increasing water supply to the roots. 
It incorporates crop residues into the soil, thereby influencing microb:,dl activity 
in the soil. It could facilitate seedling emergence, especially if done with provi
sions for facilitating drainage. One of the more significant advantages is weed 
control in the early stages of crop establishment. This is significant because the 
use of weed killers is not universally accepted because of their cost and uncertain 
effectivenss for all soil conditions. 

The effect of soil tillage on soil erosion should be carefully considered. It 
should not be assumed that tillage would directly lead to erosion. In some cases, 
if a stubble is worked into the soil, tillage could lead to a decrease in soil loss by 
erosion. 

The tillage requirements of each soil and crop should be individually con
sidered so as to reduce oertillage and ;o prevent its undesirable effects on soil 
physical properties and soil crust development. This is also important from the 
poini of view of power requirements. For many tropical soils where the soil 
surface hardens as the soil dries, tillage seems indispensable if a crop is to be 
established. 

The question of deep tillage was also considered. In some areas of pedolo
gically inducated subsoil layers, deep tillage may increase the rooting soil volume. 
This is possible if lime and fertilizer materials could be incorporated into the soil 
at the time deep tillage is done, to encourage roots to grow deeper into the soil. 

Soil tillage in tropical soils must be viewed in a broad sense and should not 
be automatically interpreted as the use of mechanical implements; chemical 
tillage may be appropriate where erosion hazard and the cropping system warrant 
it. 

Mechanical impedance to root growth, by HI. M. Taylor 

The effects of mechanical impedance on the growth of roots were discussed. 
Mechanical impedance results in restricted root development, particularly in 
limited elongation. Root growth pressure, defined as the difference between 
turgor pressure and cell wall constraint, must be greater than the impedance 
acting upon the cross section of the root for the root to elongate. Roots grow 
partly through existing voids in the soil and partly by pushing soil particles aside. 

It is important to characterize what constitutes mechanical impedance in any 
soil layer. Obvious indurated layers such as duripans, fragipans, densipans, ortstein 
layers, and petrocalcic layers require little further characterization and these are 
mappable features. A simple bulk density measurement is often enough to charac
terize the impedance of a soil layer in other cases. Values associated with lack of 
root development vary with texture, and range from 1.55 for clay loam to 1.85 
for loamy sand. 
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Soil strength, conceived as the resistance of the soil to the penetrating root 
bulk density and soil water content, is an important soil property. It can 
be measured simply by a penetrometer. Root elongation is known to decrease 
as penetrometer resisttice increases. Penetrometer resistance is not directly 
related to root growth !-.cause the penetrometer measures soil strength in soil 
volumes substaittially larger than the plant root and also because small flexible 
roots can penetrate soil layers through cracks, worm c-anilc", , nd root channels. 
Other factors, such as soil acidity, moisture, and nutrient deficiencies, affect 
root growth. There is, however, a positive correlation between soil strength and 
penetrometer resistance and root growth. 

Soil layers of high impedance can be mechanically shattered by deep-tillage 
practices such as growing certain crops with root systems that have the ability 
to penetrate such layers. 

Information oil the effects of mechanical impedance to the development of 
root systems in the tropics is needed. Tile ease with which high impedance layers 
can be developed in tropical soils by machines should be known. Such informa
tion should be incorporated into detailed soil surveys to assist national planners. 
The ability of the roots of crop plants to penetrate high-strength soil layers 
should be studied. Also, the effects of root growth - whether constrained by 
mechanical impedance or some other soil factors - on water and nutrient uptake 
should be irvestigated. Such information would assist planners in forecasting 
with some accuracy the conse(Luences of any proposed land development scheme. 

lErosion as a constraintto crop production, by R. Lal 

Under some cropping conditions in the tropics, soil loss by erosion can be very 
considerable and there are experimental results to show that where this occurs, 
crop yields are greatly diminished. More work on water as an agent in soil erosion 
has been done. Much more attention should be given to wind in soil erosion 
either per se or in its role of increasing the erosivity of water on rainfall. Soil 
erosion via surface wash or rillerosion has been most studied. Other forms of 
erosion such as gullying and land slipping could be very serious and difficult to 
control or reduce. 

The best form of erosion control is good soil and crop management that 
minimizes water runoff through improved soil structure and water infiltration. 
Continuous ground cover through cropping sequences or crop combinations 
would substantially control erosion by keeping the soil protected most of the 
time. Mulching with crop residues and tillage practices are also important factors 
affecting soil erosion. Land development and land use in new developments in 
the tropics should be planned on a watershed protection basis where land use 
on various slope categories should be carefully regulated to minimize the soil 
erosion problem. 

The methods of clearing forest land for agricultural development could greatly 
influence soil loss. The indiscriminate use of the bulldozer should be controlled. 
Factors such as cost, speed of clearing, and consequences for soil erosion must 
be carefully considered before embarking on machine clearing as opposed to 
hand clearing which is to be preferred for erosion control. 
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The erodibility of the major soil groups should be assessed as a guide to land 
development. Overgrazing as a factor in soil erosion, the effect of termites con
suming crop residues, and other components of the vegetative cover should also 
be assessed. The associated loss of plant nutrients and organic matter from the 
soil are also important consequences of soil erosion that should not be ignored. 

Session III, Subsession 5: Soil fertilit', evaluation, extrapolation 
A. Islan, chairman; If. Obeng, reporter. 

Constraints to soil fertilityv evaluation and extrapolation of research results, by 
S. W. Buol and J. J. Nicholaides, Ill 

The need of soil researchers for a quantitative grouping of surface-soil properties 
that define the boundary conditions of the uncontrolled variables within which 
field research is conducted for extrapolation of results is the nist critical con
straint to soil fertility evaluation and extrapolation of researcil results today. 
All other user groups of soil fertility evaluation, land use planners, extension 
workers, and both small and large farmers rely on information leveloped first 
by soil researchers. 

Soil properties considered for taxonomic purposes are not necessarily relevant 
for soil fertility purposes. Dudal has stated that the tipper 20 cm, which soil 
classifiers discard because it is highly variable, is the key zone for soil manage
ment and crop production. Data from Sopher and McCracken showed that 70% 
of the crop yield variability in 441 field trials was explained by a combination 
of all topsoil properties, whereas the subsoil properties explained markedly less. 

The Fertility Capability Classification System (FCC) as proposed by Buol, 
Sanchez, Cate, and ;ranger, aixi whiLh builds on soil classification information 
is presented as one means to ovcrcome the primary cons'-raint to soil fertility
evaluation and extrapolation of research results. The FCC consists of three levels: 
type - the texture of the surface 20 cm; substrata type - the texture of the 
subsoil if there is a change within 50 cm; condition modifiers - specific pro
perties noted if a specific range of conditions is encountered. 

The worldwide soils were grouped into 117 fertility capability classes with 
the use of published profile descriptions and analytical data for 244 soil profiles 
representing a broad geographic and morphological range. Four textural types 
loamy, clayey, loamy over clay, and sandy - represented 92% of the soils. Ten 
condition modifiers represented 51% of the population. 

When the FCC was used to group soils from McCollum and Valverde's potato 
fertilization trials in the Sierra of Peru, the 73 sites were grouped into 5 cate
gories. Economic analysis of the response curves showed that fertilizer recom
mendations based on a combination of the FCC and soil test analyses gave the 
highest gross returns to fertilizer of any system tested. 

When properly used by building on Soil taxonomy information and com
bined with soil testing, the FCC could enable soil researchers to help the farm
er - no matter how small or remotely located - reduce risks and increase 
his probability of producing economical crop yields. 
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REPORT ON SESSION IV: RESEARCH PROGRAM PRIORITIES 

Three discussion groups, formed during Session IV, were asked to identify re
search program priorities of particular interest to different ecological zones. 
Group A addressed priorities for the humid tropics savanna and rain forest con
ditions; group B, tropical wetland conditions; and group C, the semiarid tropics. 

The chairman anti the reporters of Session Ill circulated their drafts on re
search priorities to each group. Group reports were presented in a plenary meet
ing at the end of Session IV and were modified to include comments and 
observations made at that time. 

Group A: Humid tropics savannarain forest 
K. Kyuma, chairman; A. Smyth, reporter. 

For purposes of discussion the humid tropics was defined as areas under savanna 
and rain forest with a growing period of more than 150 days. Their soil problems 
are principally those related to low-activity clays of high acidity, low nutrient 
status, and low capacity to retain moisture and nutrienits. 

In rnaily contexts a need for systematic land resource evaluation of these 
regions - which leads to some sort of land classification in terms of climate, 
physiography, and soil - was recognized as a basis for technology transfer. The 
land classes thus established will serve as the frame of reference for the researches 
to be conducted under the following headings. 

Acidity 
In the context of acidity, a liming formula based on N KCI extractable aluminum 
was recognized as the most practical criterion for determining lime rates. The 
most appronriate formula for specific soil-farming systems needs to be deter
mined. 

The major research needs include 
" long-term liming trials to evaluate residual effects and balance of cations, 
" development and evaluation of cultivars tolerant of high levels of aluminum 

saturation, 
0 development of cropping and management systems not dependent on lime 

for areas where lime is not available, 
" practical methods of liming into subsoils, and 
• nutrient toxicities and deficiencies in acid soils. 

Phosphorus
 
More information on residual effects of phosphorus fertilizers through long-term
experiments is needed. There is also need for standardized methods of measuring 
phosphorus absorption and fixation capacity of soils, which is particularly serious 
in Oxisols and Ultisols of high clay content. The method must be standardized 
in relation to crop response. Other issues include lack of information on desirable 
maintenance dressing of phosphorus, on the significance of mycorrhiza, and on 
the best use of locally available rock phosphate. 
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Sulfur
 
Some evidence of sulfur deficiency has been reported in these regions and it is
 

possible that this problem will increase. Information on the extent of the prob

lem is needed so that fertilizer manufacturers can plan accordingly.
 

Potassium
 
Additional information on critical levels of potassium in kaolinitic soils is needed.
 

interaction between potassium, magnesium, and calcium needs further attention.
 

Micronutrients
 
In Africa, deficiencies of zinc, molybdenum, and boron are most significant.
 

Zinc deficiencies may be important elsewhere. Overliming may induce zinc and
 

manganese deficiencies especially in Oxisols and Ultisols. Micronutrient analysis
 

in support of soil classification is desirable but will necessitate the use of equip

ment.
 

Nitrogen 
Particular stress is placed on the management of organic matter in this context, 
including the residues of relay cropping, green manures, and organic refuse. 
Quantification of leaching losses from mineral fertilizers is especially necessary 
in these humid regions. 

Deleterious and side effects of nitrogen fertilizer, notably acidification, are not 

well understood and require study. Methods and time of application, and forms 
of nitrogen fertilizers need further evaluation particularly in the coarse-textured 

low cation exchange capacity Udults and Orthox soils in the high rainfall regions. 
In general there is need to raise the efficiency of fertilizer to obtain better 

economic returns. This applies not only to nitrogen fertilizer but also to other 
fertilizer elements. 

These are the short-term research needs. Studies on the potentials of bio
logical nitrogen fixation are the long-term needs. 

Drought
 

Despite humidity in these regions periodic drought stress can be important. Poor 

root development in acid soils aggravates drought hazards. Crop management 

studies are required to maximize use of available water. Interdisciplinary research 
is called for to establish specific soil-crop-water relationships. 

Strongly interacting with soil moisture stress, high soil temperature regime 

can be a serious limiting factor and needs to be investigated in terms of crop and 
soil management. 

Mechanical impedance 
More attention to physical soil properties in the topsoil is advocated both in the 

context of seed emergence and root growth and in land preparation. Overtillage 

must be avoided and this requires consideration of the tillage requirements of 
individual soils and crops. 

Erosion 
In parts of the humid tropics, notably in Latin America, erosion is the most 
serious constraint to agricultural development, although less serious in udic than 
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in ustic zones. The need for extension based on research relevant to the farm 
level was stressed. Keeping the soils covered at all times is seen as the most 
effective control measure presently available; nevertheless more knowledge on 
crops adapted to dry season conditions is needed. Mixed cropping of perennials 
and anhuals will often be appropriate. 

Investigation of alternative methods of forest clearing is a research priority 
and there is need for widespread evaluation of parameters that affect erosivity
and erodibility. QLantitication of yield loss in relation to soil erosion for a range
of soils and crops is needed for planning for land development, bearing in mind 
that erosion may lead to loss of the land resource itself. Methods of restoring 
eroded land also need study. 

Soil fertility evaluation 
A three-phase approach to evaluation was envisaged. A macro investigation of 
climate, physiography, and soil is followed by fertility capability classification 
and finally by a soil fertility evaluation phase which includes soil testing, foliar 
analysis, and field trials. 

Systems of interpretation should provide flexibility to adapt to local environ
mental conditions and to specific uses of the land. 

Group 1B: Tropicalwetlands 
B. Balankura, chairman; F. Dent, reporter. 

Tropical wetlands are lands that are water saturated to such shallow depth and 
for such durations that they require, for their agricultural use, either critical 
dranage or the growing of adapted crops - mainly rice - for at least the period 
when there is lack of oxygen in the rooting zone. 

Research aims for each of the five subsessions and their divisions are listed 
in order of priority. They are restricted to areas where few studies presently 
exist. 

In all studies of wetland soils a complete taxonomical, chemical, and physical
characterization should be made before and during the experiments. In addition 
field experiments should record relevant climatic data. 

Wetland acid soils and Histosols 
Chemical and physical criteria to separate definitely unsuitable Histosols and 
acid wetland soils from those that have such as shallowpotential Aquults,' 
Hlistosols, Sulfic Tropaquepts, and Sulfic H-arlaquepts must be developed. 

Where other options to increase food o-oduction are available, deep ombro
genous listosols2 Sulfaquents and Sulfaquepts should receive low priority.
Where no other options to increase food production exist or commitments have 
been made, priorities should be given to them. 

'Wet Ultisols (Aquults), shallo v Histosols, and moderately to slightly acid sulfate soils 
(Sulfic Tropaquepts, Sulfic JlaplaqmIepts).

2Strongly acid sulfate soils (Sull'aquents and Sulfaquepts). 
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Managemient strategies for all taxa and acid sulfate soils (dressing of lime,
rock phosphate: preflooding, dry season irrigation, shallow water table; growing 
of adapted cultivars), Ilistosols (minimize waterlogging, trace and major nutrient 
application, weed control), and Fe-toxic inland valley swamps (growing of 
adapted cultivars; interception o." interflow; application of organic matter, po
tassium, and phosphorus; minimal N application) should be tested and refined. 

The effects of temporary drainage and oxidation on the chemistry of acid 
soils and on crops (mainly rice) grown under such conditions must be studied. 

Saline soils in the humid tropics 
The different kiunds of salt-affected soils must be recognized and demarcated. 
Their dynamics and the variability of their chemical, physical, hydrological, and 
climatic properties should be characterized. 

Critical levels for salinity tolerance for important tropical food crops must 
be developed and the breeding of cultivars with tolerance for salinity should 
receive further attention. 

Criteria for determiring which saline tracts have a potential for rice and other 
food crops with high benefit-cost ratios should be developed. 

Phosphorus. sulfur, potassium, and microelements 
A common feature of this group of nutrients is the need for coordinated long
term studies among a network of sites. 

Particular emphasis should be placed on the effects of continuous flooding 
on phosphorus transformations,. Screening and understanding mechanisms re
sponsible for increased phosphorus efficiency in rice and other flood-tolerant 
plants should be encouraged. 

There is a need to conduct multilocation experiments to supply planners of 
fertilizer facilities with information on where sulfur deficiency is now a problem 
and where, because of changes in technology of multiple and double-cropping, 
it is likely to occur. 

There is a lack of understanding of fertilizer sulfur transformations in wet
land soils and the effects of different sulfur sources on soil properties, parti
cularly p1l. 

Characterization of soil properties to predict potassium resl., nses tunder low 
to medium technology appears adequate. Studies on low activity clay soils to 
assess potassium requirements under high output technology are needed. Direct 
yield effects and those attributable to disease resistance should be noted. 

The major priority of micronutrient research should be delineation of zinc
deficient areas. 
Nitrogen, bionitrogen 
It is essential that the major components of ne nitrogen program for tropical 
wetlands be carried out under the philosophy of integrated management where 
the important ritrogen sources (soil, crop residues, organic wastes, nonsymbiotic
and symbio:,. N, and fertilizer) are so used as to result in a high benefit-cost 
ratio. Specific attention should be given to evaluating the systems applicable to 
areas with different population densities and cost of labor. 

The proposed model N,, = + NR + KNN S F was accepted in principle as a 
useful mean7 of carrying out this research. Sonic components need refinement 
and will be identified further. 
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Specific attention should be given to the development of techniques used to 
measure nitrogen losses and nitrogen fixation. This may take the form of short
term studies where 1

5 N is used to measure nitrogen tranisformations as well as 
long-term studies at carefully selected sites at or at least related to the bench
mark sites. 

Within the framework described in section A the following items were as
sessed as needing high priority: 

Soil N (iVs). The importance of understanding the factors that affect minerali
zation of soil nitrogen was stressed. Specific reference was made to the influence 
of soil properties and temperature. 

Plant N (/V,)). Nitrogen uptake relative to time of need and nitrogen influence 
on yield components such as those affected by variety need to be studied for the 
various crops used within a given cropping system. Specific attention should also 
be given to the importance of water management and plant nutrient interactions 
because these affect yields. 

Residue N(iVR). Specific attention should be given to characterizing the 
variou, organic residues, i.e. plnt, animal, and human manures, as to their actual 
nitrogen content and benefit. 

FertilizerN (Al). The efficiency of fertilizer (KF) nitrogen should be deter
mined by identifying nitrogen losses (KF) through ammonia volatilization, de
nitrification, and leaching, and identifying periods of maximum uptake. Where 
pcssiblh,, information on nitrogen losses should be related to other environmental 
issues, including the effects on the ozone layer. 

Nitrogenfixation. Emphasis should be placed on nitrogen fixation systems
that are likely to have a high benefit-cost ratio. Specific attention should be 
given to the contributions of symbiotic nitrogen in mixed cropping and the 
effects of nutrients on nonsymbiotic fixation, 

Drought, impedance, and erosion in relation to tropical wetlands 
Within this group of constraints moisture stress was recognized as the most im
portant during certain growth stages of the rice crop. Constraints relating to 
impedance and erosion were considered of lesser importance. The following 
research priorities were, therefore, considered: 

Soil hydrologic studies, inclusive of the total landscape where necessary, with 
a view to characterizing the seasonal sequential p;operties of the hydrology; 

Search for specific morphochemical characteristics of the -- Ifile that would 
significantly reflect the seasonality of the soil hydrology; 

Better characterization of wetland soils with respect to their soil physical
properties inclusive of the influence of plow pans because they influence tillage 
and workability under different moisture regimes. 

Soil fertility evaluation, extrapolation 
1. For the use of fertilizer capability classification in wetland rice, a modifier 

indicating the degree and duration of reduction must be included. This modifier 
must be linked to a resetting of critical levels of plant nutrients. 

2. The reliability of fertilizer capability classification must consider soil vari
ability due to fragmented small holdings under individual management. 
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Group C: Semiarid tropics 
R. Murthy, chairman; R. Fauck and P. Dart, reporters. 

The semiarid tropics (SAT) are characterized by a pronounced dry season and a 

rainy season in which average monthly precipitation exceeds potential evapo

transpiration for 2-7 months during which 9511, of the rainfall occurs. The 
outstanding constraints to agricultural production derive from the undependable 
rainfall. 

There is a need to anaiyze and describe the present status of SAT soils to 
follow the long-term effects of their utilization particularly in relation to fer

tility and erosion and in certain geographical areas, on the development of 

salinity and acidity. Soil surveys should be conducted with a view to matching 
crop and environmental requirements so that recommendaiions of appropriate 
land utilization can be made. 

Because several constraints usually operate simultaneously, it is imperative 

that any resear'i be done within the framework of the farming system in current 
use or being dveloped to better utilize existing and potentially available soil, 
climate, biological, and socioeconomic resources. 

Soil-plant-water relationships. The constant risk of drought means that the 
highest priority sho .ld be given to research on the dynamics of soil-plant-water 
relationships and to identifying and developing appropriate crops which match 

better the probabilities of supply of water (both its deficiencies and brief 
sea:.onal excesses) and nutrients during critical stages in the growing season. 

Nitrogen. Nitrogen deficiency severely limits potential SAT yields. Pecause 

most of the nitrogen for present and immediate future agricultural production 
in the SAT zone derives from biological N2 fixation, both symbiotic and non

symbiotic, research on ways to increase and more efficiently use biologically 
fixed nitiogen is of high priority. 

A better understanding of the dynamics of nitrogen transformations and 
movement in semiarid tropical soils is essential for more efficient use of expensive 
nitrogen fertilizers. 

Much of the land is presently intercropped; therefore, research is needed to 

understand the effect it has on plant nitrogen nutrition, and the effect of man
agement on the interaction between the crops. 

Long-term field experiments to study the efficiency of different nitrogen 
management systems to see if the nitrogen status of these soils, and hence their 
productivity, can improve under cropping are required. International agencies 

should be involved in planning, locating, and executing long-term experiments, 
and for work using isotopic 15N, because of the expenditure and analytical 
support required. 

Efficient methods are required for recycling residues much of which are cur
rently used for fodder, fuel, or structures. Use of trees as a substitute source of 
fuel seems a desirable way of increasing crop residue availabitity for recycling. 
Composting may become economic as fertilizer costs increase. 

Soil impedance. In many semiarid regions severe problems of crusting, sealing, 

and mechanical impedance affect seedling emergence, water infiltration, soil 
erosion, root elongation, and mineral uptake. High mechanical impedance limits 

the use of minimum tillage as a means of water conservation and erosion control. 
Ways to alleviate these constraints should be sought through management prac
tices, and plant selection and breeding. 
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Erodibility. There is a need to assess the erodibility of the major soils as a 
guide to land development. The best form of erosion control is good soil and 
crop management, which increases water infiltration, and minimizes and controls 
runoff. Research on appropriate management systems is needed. 

Soil tesling. Soil fertility evaluation is required on a regional basis for total 
nitrogen, phosphorus, sulfur, potassium, and the micronutrients zinc, molyb
denum, and boron, which are known to be deficient in semiarid tropical soils. 
Because of the small holding size in the semiarid tropics, the potential for soil 
testing aid fertility capability classification on an individual holding basis is 
limited. Research to determine the critical levels of micronutrients for both soils 
and tissue analyses to determine the c.'tent of deficient soils is needed. 

Sulfur. Sulfur deficiency is rapidly becoming more widely recognized in SAT 
soils, and there is a need to develop effective testing methods to identify defi
cient areas. 

Sulfur deficiency may be especially important where nitrogen fertilizer is 
used, because the increased grain yields associated with it require more plant
sulfur uptake. The use of high analysis fertilizers will aggravate sulfur problems. 
National economic planners should be alerted to include the capability to add 
sulfur to the design for new fertilizer plants. 

Phosphorus. SAT soils are often deficient in phosphorus. It is, therefore, im
portant to determine the efficiency of use (including residual uptake) of P fer
tilizers. There is a need for research on sources of P fertilizers and their proper
placement; selection and development of cultivars that require low amounts of 
P for good yields; and response to mycorrhizal inoculation. 

Potassium. Long-term studies are needed to determine the rate of depletion
of soil potassium reserves with improved crop yields, and the maintenance fer. 
tilizer applications needed. 

Soil acidity. Fertilization with ammonium sulfate or urea may lead to devel
opment of acidity on sandy soils or soils with low-activity clays. Research on 
ways to prevent development of this acidity is needed. 

Soi! salinity. Salinity developing on irrigated lands also merits attention. 
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0 to strengthen national research programs by coordinating research efforts, 
establishing collaborative research projects, and supporting the application of 
basic research to the use and management of soils. 

* to draw attention to present and future needs in soils research and mobilize 
resources for the realization of such research. 

The objectives of the coordinating bodies should not be confined to food 
production; it should include a variety of crops, particularly when considering 
preservation of land resources. 

Question 3. Composition and structure. The p'erary sess. n approved the 
recommendation of the discussion groups that the organization would have a 
small headouarters staff with administration and technical coordination cap
abilities. It was agreed that research and training programs be implemented 
through co.laboration with appropriate existing international agencies, interna
tional research centers, and national institutes. 

'Fhe organization would have a Board of Trustees composed of members of 
soils research institutions, representatives of donor organizations, and subject 
matter coordinators. 

Question 4. Steering Committee. The plenary session agreed that a steering 
committee would be appointed to develop the necessary proposals for the estab
lishment of the coordinating body. The organizers of this meeting, Cornell 
University and the International Rice Research Institute, were authorized to 
circulate a report on the session to knowledgeable individuals in various national 
a-'d international programs. This way, a larger group of people representing a 
broad spectrum of soils research could be contacted to establish a broader-based 
steering committee. The plenary session encharged organizers of this meeting 
with finding appropriate ways to form such an enlarged committee. 
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REPORT ON SESSION V: RESEARCH COORDINATION AND 
INTERNATIONAL COLLABORATION 
L. D. Swindale, chairman; H. G. Zandstra, reporter. 

Three discussion groups formed during Session V considered the institutional 
aspects of international collaboration for research on soil-related constraints with 

the final objective of strengthening soil research capabilities at the national level. 
This session discussed ways in which this coordination could be structured. 

Discussions took place in three groups, each with a chairmian and a reporter. 

The conference organizers asked each group to discuss the following questions: 
0 Does the group believe that an international coordinating body for solving 

soil-related constraints is needed? 
0 What should be the objective of such a body? 
* What should be the composition and structure of such an organization? 

* Does the group authorize the organizers of this meeting to circulate a report 
on the session to knowledgeable individuals in various national and international 
programs? 

Plenary session group reports and discussion
 
The chairman and the reporter of each group summarized the group discussion.
 
rie following is a description of the items agreed on during the plenary session.
 
Where required, differences in opinion or emphasis expressed by the groups are
 
mentioned.
 

Question i Veed for coordinatingbody. The plenary session agreed on the 
need for an international coordinating body. Group A called it an international 
board. Group C agreed that an independent body should be created, but sug
gested that it should reinforce the existing national programs and take full 
advantage of basic and applied resea'ch programs already under way. 

Question 2. Objectives. The overall objective of the body should be to help 
feed the additional 2 billion people over the next 20 years by providing coordina

tion and encouragement of research on the properties, management, and utiliza
tion of land resources for crop production. 

The following specific recommendations for objectives were agreed upon 
during the plenary session: 

* to co!.mpile, collate, and disseminate soil research data from various priority 
areas. This may involve the development of a data bank and a documentation 
center and facilities for some service functions such as reference laboratories. 

* to inventory problems and set priorities for research on soil-related con
straints. 

* to develop broadly applicable research methods for the solution of soil 
constraints and for the extrapolation of research results. The session felt that 
standardization of research methods was not a practical objective. The body 
would rather provide a framework in which methods can fit and that allows 
comparisons between them. 

* to strengthen national research capabilities by encouraging appropriate 
training programs and conferences. 
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a period of time. Even if the 500 tests were to continue, the data from them 
would be more useful if placed in a data bank and if' the soils on which they were 
performed were classified in international terms. 

With regard to the developlment of Commo1n1 for classifying soils. Iimethods 
note some resistance to [he standardiZation of taxonoioical units. Standardiza
tion may not be desirable, but I believe it is desirable to have some agreement 
in terms of netlIodologics so that what is learned in one section of' the world 
can be interpreted properly in another. This is valid, not only from the stand
poitit of soil :lassification but from the standpoint of' the types of soil perform
ance tests that are being run. 

I am pleased that the'e seens to be a unanimity. or near unanimity, of 
opinion that we are not talking about more bricks and mortar ---about building 
a large physic:il facility. Needed facilities already exi2,: in organizations through
out the world. If we tteed idditional facilities. they ought to be associated with 
facilities of' orgaizalions already iite dstence. 

With regard to a governting body o: board of trustees. I was pleased you did 
not specify exactly how many individuals would serve on that board and from 
where they night be chosen. I believe the experience of the CGIAR-initiated 
organizations suggests that this ougiht to be left flexible until a decision is made 
as to the exact nat,,re of' the governing board, and its objectives and duties. 
Certainly membership in this body should include individuals that are acceptable 
to the donors. But it'there should be differences of opinion as to whether donor 
representatives should serve on the board, we should be certain that the donors 
respect the members. National programs ;oo should be properly represented in 
such anl organizati on. 

A small secretariat attached to an existing institution has been suggested. The 
organizational approach could be partly onl the basis of geographic regions and 
partly Oil the basis of' subject matter. 

With regard to the setting up of a steering committee. those chosen will have 
a lot of work to do; they must write a proposal and then seek support for it 
from one or more donors. They will serve on only a temporary capacity until 
a more permanent Board can be set up. I atn hoping that the steering com
mittee can do its job and can move toward the setting tIp of' a more permanent 
structure within a year. I may be a bit optimistic in that regard, but we must 
be positive. 

I have shown in general terms my understanding of the general concept that 
has been developed at this conference and others that have preceded it (Fig. 1). 
The concept is similar to that on which the International Board on Plant Genetic 
Resources is based. A governing board or coordinating body would be supple
mented by a small planning and coordinating staff', some of whotn should help 
set up and operate one or more data banks for storing soil characterization and 
soil performance data. The field work would be concerned with soil characteri
zation and classification or with soil performance. Research would be planned 
and implemented by groups of soil scientists concerned with regional or geo



Concluding remarks
 
N. C. BRADY 

THE GENERAL ATTITUDES HEARD at this conference differ somewhat from those 
expressed at a similar conference held in IITA in 1972, a conference which many 
of us attended. But I believe there is unanimity on two points. First, soils should 
be very high on the priority list of those concerned with international agricul
tural development, which means that soil scientists have a significant contribution 
to make to help the world increase its capacity to feed itself. Second, we must 
organize and present our proposed inputs in such a way as to make them at
tractive to others. 

Soil constraints are a major factor in holding down the production of food. 
We recognize this, and believe we can bring this fact to the attention of others. 
We believe there are ways we can alleviate those constraints as we work in co
operation with crop scientists. We can show through crop production - or lack 
of production - on different soils how important the soil is to helping people 
produce more food. 

I am pleased that this conference had suggested a mechanism for coordination 
of soils research and for support for that research. I am convinced that with 
modest financial resources, we can accomplish much more than we have accom
plished in the past. Over a period o time, success will help us attract support. 
It will help us mobilize the human resources as well as the econonic and other 
resources needed to get ajob done. 

Your discussions indicate an almost unanimous opinion that some kind of a 
coordinating mechanism or entity would be worthwhile. We are thinking of an 
organization similar to the International Board on Plant Genetic Resources, 
which is primarily a body coordinating what others do and a provider of some 
resources to get the job done. 

I noted among the objectives discussed the words "catalyze," "communi
cation," and "coordination." These words indicate what this coordinating body 
might do. Activities you mentioned include the inventory of the soil-related 
constraints, development of one or morL data banks, establishment of a docu
mentation center for communication, and finally the mobilizing of resources to 
get the job done. 

It is likely that on a given continent as many as 500 fertilizer experiments 
may be initiated in a year. I suspect that with proper coordination, so as to make 
valid comparisons from one test to another on a rational basis in terms of soil 
characteristics, 75 or 100 experiments might provide much more meaningful in
formation than the 500. Such a change will take place, not immediately but over 

Director general, International Rice Research Institute, P.O. Box 933, Manila, Philippines. 
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I. General concept for organization and function of an international board on soil-related 
constraints to world food production. 

graphic problems, or with specific problems based on subject matter (e.g. nitro
gen fixation, or soil-water-plant relations). The organizing unit for group planning 
might be a national or international research center, a consortium of universities, 
or other such groups with acommon interest. 

It is likely that the funds needed to support this effort would not be exces
sive. Travel for the coordinating board, salaries ana travel for the planning and 
coordinating staff, and funds for the data bank would be the major initial 
expenses. Funds would also be needed for workshops and planning conferences 
in the field, but in many cases these activities could be combined or dovetailed 
with existing conferences. 

1am optimistic as to the possibilities of our developing a mechanism to better 
coordinate research on soil constraints. You have contributed much during the 
past week to make this possible. I thank each one of you for the contributions 
you have made. I also thank those who took the immediate responsibility for 
the implementation of this conference. Dr. Zandstra and Dr. Van Wambeke were 
the two that did most of the organizational work and we ought to recognize 
their efforts. We should also thank USAID and the German government for their 
generous support of this conference. Lastly, we should wish every success to the 
steering committee that will be asked to develop the ideas presented by this body. 



Participants
 
AHMAD, N., University of West Indies, St. Augustine, Trinidad, West Indies 
ALCASID, G.N., JR., Bureau of Soils, Manila, Philippines 
ALI, MOHAM:i A., Soil Survey Administration, Soil Survey Dep., Wad Medani, 

Sudan 
ALWiS, K. DE, Land Use Division, Irrigation Dep., Colombo 7, Sri Lanka 
BALANKURA, B., Land Development Dep., Bangkhen, Bangkok, Thailand 
BANDY, D., North Carolina State University, Raleigh, N.C. 27650, USA 
BANI)YOPADHYAY, A.K., Central Soils Salinity Institute, West Bengal, India 
BENTLEY, C.F., Governiug Board, International Crops Research Institute for the 

Semi-Arid Tropics, c/o Dep. Soil Science, University of Alberta, Edmonton, 
Alberta, Canada T6G2E3 

BLAIR, G.J., Dep. Agronomy and Soil Science, University of New England, 
Armidale, New South Wales 2351, Australia 

BOULDIN, D., Dep. Agronomy, Cornell University, Ithaca, N.Y. 14850, USA 
BRADy, N.C., International Rice Research Institute, Manila, Philippines 
BRAMMIER. H., Food and Agriculture Organization, c/o UNDP, Dacca-2, Bang

ladesh 
BREEMEN, N. VAN, Dep. Soil Science and Geology, Agriculture University, 

Wageningen, The Netherlands 
BUOL, S., Soil Genesis and Classification, North Carolina State University, Ra

leigh, N.C. 27650, USA 
BURFORD, J.R., International Crops Research Institute for the Semi-Arid Tro

pics, Hyderabad, A.P., India 
CHAN, HLY., Rubber Research Institute of Malaysia, Kuala Lumpur, Malaysia 
CHIARREAU, C., Institut de Recherches Agronomiques Tropicales et des Cultures 

Vivri~res, Paris, France 
COCHRANE, T., Centro Internacional de Agricultura Tropical, Cali, Colombia 
CRASWELL, I., International Rice Research Institute, Manila, Philippines 
DAI3iN, B., Office de la Recherche Scientifique et Technique Outre-Mer, Paris, 

France 
Ti.: TUAN DAO, National Agricultural Sciences Institute, Hanoi, Socialist 

Republic of Vietnam 
DART, P., International Crops Research Institute for the Semi-Arid Tropics, 

1-11-256 Begumpet, Hyderabad 500016, A.P., India 
DENT, F.J., FAO, Land Resources Evaluation with Emphasis on Outer Islands, 

Soils Research Institute, Bogor, Indonesia 
DROSDOFF, M., Cornell University, Ithaca, N.Y. 14853, USA 
DUDAL, R., Land and Water Development Division, FAO, United Nations, 

Rome, Italy 
FAUCK, R., Office de ]a Recherche Scientifique et Technique Outre-Mer, Paris, 

France
 
GILL, T., Agency for International Development, Washington, D.C., 20523, USA 
GRANGER, M., Upper Mazurini Development Authority, Georgetown, Guyana 
GREENLAND, D.J., International Rice Research Institute, Manila, Philippines 
HSEUNG Yi, Nanking Institute of Soil Science, People's Republic of China 



Participants 467 

HSIAO, T.C., International Rice Research Institute, Manila, Philippines 
Hsu-Cill, Nanking Institute of Soil Science, People's Republic of China 
ISLAM, M. AmIRUL, Bangladesh Agricultural Research Council, Dacca-5, Bang

ladesh 
JOHNSON, W.M.. Soil Conservation Service, U.S. Dep. Agriculture, Washington, 

D.C. 20013, USA 
JONES, R.A.D., Rice Research Station, Rokupr, Sierra Leone 
Juo, A.R.S., International Institute of Tropical Agriculture, Ibadan, Nigeria 
KAMPEN, J., Farming Systems Research Program, International Crops Research 

Institute for the Semi-Arid Tropics, Hyderabad, A.P., India 
KAMPRATII, E.J., Dep. Soil Science, North Carolina State University at Raleigh, 

Raleigh, N.C. 27650, USA 
KAN;, B.T., International Institute of Tropical Agriculture, Ibadan, Nigeria 
KATYAL, J.C., Dep. Soils, Punjab Agricultural University, Ludhiana, India 
KEMMLIiR, G., Buntehof Agricultural Research Station, Federal Republic of 

Germany 
KYUMA, K., Faculty of Agriculture, Kyoto University, Kyoto 606, Japan 
LAL, R., International Institute of Tropical Agriculture, Ibadan, Nigeria 
LOPES, A., Departamento de Ciencias do Solo, Escola Superior de Agricultura 

de Lavras, Minas Gerais, Brazil 
MALCOLM, J.L., Tropical Soil & Water Management Division, Office of Agricul

ture, Bureau for Development Support, Agency for International Develop
ment, Washington, D.C. 20523, USA 

MENYONGA, J.H., National Agriculture Research Center, Ekona P.M.B. 25, 
Buea, United Republic of Cameroons 

METZ, J.F.. JiR., International Agriculture, Cornell University, Ithaca, New York 
14853, USA 

MOKWUNYE, U., Fertilizer Technology Division, International Fertilizer Devel
opment Center, Muscle Shoals, Alabama 35660, USA 

MOORMANN, F.R., Soils Dep. State University of Utrecht, Utrecht, The Nether
lands 

MoRIus, R.A., International Rice Research Institute, Manila, Philippines 
MURT1IY, R.S., National Bureau of Soil Survey and Land Use Planning, Indian 

Agricultural Research Institute, New Delhi, India 
NICHOLAIDES, J., Ill, Tropical Soils Research Program, Dep. Soil Science, North 

Carolina State University, North Carolina 27650, USA 
Nicou, R., Institut de Recherches Agronomiques Tropicales et des Cultures 

Vivri6res, IRAT/GERDAT, BP 5035, 34.032 Montpellier, Cedex, France 
NYANDAT, N., Kenya Soil Survey, National Agricultural Laboratories, Nairobi, 

Kenya
 
OBENG, H., Soils Research Institute, Kwadaso-Kumasi, Ghana 
OTOWA, Miciiizo, Soil Survey and Classification Laboratories, Hokkaido Na

tional Agriculture Experiment Station, Hitsujigaoka, Sapporo, Japan 
PANABOKKE, C.R., Dep. Agriculture, Peradeniya, Sri LanKa 
PANICHAPONG, SAMARN, Soil Survey Division, Land Development Department, 

Bangkhen, Bangkok, Thailand 
PARAMANTHAN, S., Soil Survey Station, Soils & Analytical Services Branch, 

Dep. Agriculture, Swettenham Rd., Kuala Lumpur, Malaysia 



468 Soil-related constraints to food production in the tropics 

PONNAMPERUMA, F., International Rice Research Institute, Manila, Philippines 
RASHE ED, M.A., Inter African Bureau of Soils, BP 1352, Bangui, Central African 

Empire 
RiEyEs, E.D., University of the Philippines at Los Bafios, College, Laguna, Phil

ippines 
SANCHEZ, P.A., International Tropical Soils Program, North Carolina State 

University, Soil Science Dep., Raleigh, North Carolina 27650, USA 
SATYAPAL, K.N., Division for Global and Interregional Project, UNDP, New 

York 100017, USA 
SCHARPENSEEL, l-l.W., Ordinariat fur Bodenkunde, Federal Repubic (f -,Tr

many
 
SMYTH. A., Ministry of Overseas Development, Surrey KT6 7DY, England
 
SOMI3ROEK, W., International Society of Soil Science, Wageningen 6140,
 

The Netherlands 
STANGEL, P.J., International Fertilizer Development Center, Muscle Shoals, A1.1

barna 35660, USA 
SUNANUWONG, SoMslI, Land Development Department, Dep. Agriculture, 

Phaphalyotin Road, Bangkhen, Bangkok, Thailand 
SWINDALE., L.D., ICRISAT, Hyderabad, A.P., India 
TAYLOR, H.N., Agricultural Research, North Central Region, Ames, Iowa 50011, 

USA 
U.HARA, G., College of Tropical Agriculture, Dep. Agronomy and Soil Science, 

University of Hawaii at Manoa, 3190 Maile Way, Honolulu, Hawaii 96822, 
USA 

VALVERDE, C.V., Programa Nacional de Suelos, Ministerio de Agricultura, Lima, 
Peru 

WAMBEKE, A. NAN, Dep. Agronomy, Cornell University, Ithaca, New York 
14853, UC, 

ZANDSTrkA, H.G., Cropping Systems Program, International Rice Research Insti
tute, Manila, Philippines 


