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FOREWORD
 

An international conference, "Water and Water Policy in gates and conferees gathered to develop general recommen-
World Food Supplies," convened May 26 through May 30, dations of the conference, based on responses from all con
1985, on the Texas A&M University campus in College Sta- ference participants. Using the "nominal group" technique,
tion, Texas. representatives at the postconference session sought to rec-

These are the nroceedings from that conference. oncile and prioritize major issues that emerged from two 
Under the leadership of Texas A&M University president earlier rounds ,f deliberations by groups from the six tech-

Dr. Frank E. Vandiver, this confercnce was organized as nical areas listed above. The thirty-three recommendations 
part of an effort to explore a broader, global role for tile uni- considered during the postconference meeting are listed in 
versity. Major research universities are not only national but Part XII of thc, c proceedings.
international resources. Dr. Vandiver's thought was that such 'File edited recommendations from the postconference
universities, strategically located throughout the world, meeting were: 
might be linked by a network of cooperative programs, I. Policies jfr sustaimaleagriculture.National policies
sharing expertise and helping one another and tile people for sustainable agriculture that are consistent with tile pri
they serve. oritized use of water resources need to be developed to meet 

The franmwork of the conference was based on the re- the needs of people. Needs in the areas of food production
lationship of water and water policy to food production and economic growth lutist be balanced against environ
throughout tile world. At the time of the conference, drought mental concerns. 
and massive problems of0food distribution were taking their 2. Education and Iraining. Practical and relevant educa
toll, particularly in Africa. The challenges of famine and tion and training need to be provided to managers of water 
pestilence were persistent. systems and rural development specialists, to other profes-

Other iSsues important to tile provision of tie optimal sionals, and to water users. 
amounts 0f food were generally not included in tile scope of 3. Fxisting systems. To iicrease productivity and efli
this conference because some.---such as population control ciency, existing irri ation systeis and management of those 
and the storage, transportation, and distribution of' food- syste is Must be improved
have received repeated and wide consideration in other 4. Imphn'menting tie systems aprch.Production sys
international conferences. tems that integrate planting, tillage, Ihrvesting, water man-

Ali additional element of the agenda of tie conference in- agcnicit, pest control, crop selection, and responses to the 
eluded discussions of IioV institutions. national and inter- environment must be developed. Flexible agricultural eco
national agencies, and governments can be coordinated to systems that can enable people (particularly small arnd poor
provide efficient, streamlined solutions to tie problems of farmers), crops, and livestock to withstand the effects ofex
food supply. tended drougllts are also needed. The site-specific nature of 

In order to explore important aspects of institutional iau' water and food issues must be recognized.
bridging, experts in the areas of water and ai'iculIture were 5. Incentives. Incentives for adoption of appropriate
invited froni all over tile world to discuss as a siigle topic water use and food production measures must be estab
the problems aIssociated with food and water. Participants fished to ensure efficient use of the resource. 
came from governmental agencies. both international and 6. Research and development. Within target cominuni
national: from ulniversity faculties and research organiza- ties, integrated ecosystems managenent Must be iniproved
tions from the United States and abroad, and from the pri- through iimultidisciplinary research and extension using
vate sector, local institutions and personnel, with priority oil farmer in-

Plenary speakers dealt with broad topics such as national puts. Appropriate agricultural technology and management
and intern ationalI deveIopinenii: irrigation and diai nage systems must be developed for higher and : ",re stable yields
problenls: new technologies for using water mole efficiently, in drvland and rainfcd agriculture. Alternative energy
and institutions that develop programs and policies. sources should be selected and devehoped. with particular

Six concurrent sessions dealt with technical aspects of the emphasis on small systems (less than 3 1IP).
following subjects: water supply: water saliiiity: water de- 7. Preservation mdimproved use elliciencv. Natural re
mand, water poli,:y, and ecoiomic development: integrated sources should be preserved. This should include water and 
ecosystems manlagemerit: encrg,, and waler: and tecniliology. soil, as well as germ plasn of plauts, anii;als, and micro-

The papers fron; both the pleniary and concurrent ses- organisms (preferabl> ill ecosystem preserves). 'The use of 
sions are included in these proceedings. these resources should be optinlized by keeping with Sound 

The second stage of tlie conference wvas an action- agricuItral. ecological, anid social principles.
oriented postconference working session that convened at 8. Drainageand salinit' control. Waterlogging. saliniza-
The Woodlands. Texas, oii liule i. A small group of dole- tion, and degradation of the production capacity of soils 
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nust be alleviated or prevented through efficient drainage 
practices and other management measures. 

9. Local people. Local people-water users-should be 
involved in water and energy development and manage-
ment. It is critical to involve local consumers, producers, 
and managers of water supplies or new technology through-
out the planning and implementation phases of projects de-
signed to increase food production. 
Io.Private sector. The private sector should be involved 

in agricultural and agribusiness development and recog-
nized as possessing the capabilities to accomplish develop-
ment. Partnerships of government and private firms should 
be encouraged. 

Dr. Vandiver provided the inspiration and leadership for 
the conference. The United States Agency for International 
Development, the United Nations Development Programme, 
the Mitchell Energy Corporation, the Whirlpool Corpora-
tion, the Conrad Ililton Foundation, the Inter-American 

Development Bank, Tenneco, Inc., Deere and Company, 
Pan American Airlines, and Jon L. Hagler provided finan
cial and materiel support for the conference. 

Organizers of the conference included Dr. H. 0. Kunkel, 
chairman; Dr. Jack Cross, conference director; Dr. Bill 
Stou, chairman of the Program Committee; Dr. Orlando 
Olcese, chairman of the Advisory Committee; Dr. Wayne 
Jordan, chairman of the Editorial Committee; and Dr. John 
-loyle, director of the nominal group technique process. 

Our special thanks go out to these and many others for 
their unique and productive contributions. 

H. 0. Kunkel, Dean,College of Agriculture 
Bill A. Stout, Professor, Depaitment of 

Agricultural Engineering 
Wayne 	R. Jordan, Director, Texas Water 

Resources Institute 



THE CHARGE TO THE CONFERENCE
 

"May you live in interesting times!" So runs an ancient Ori-
ental curse, and we surely live in times interesting, peril-
ous, exciting, and challenging. No challenge loons more 
ominous, nor more constant, than a world shortage of water. 
Governments, agencies, associations, individuals, all either 
know of this threat or have suffered its conseqluLenlces-
which is why it is vital to the world that you are here today. 

There are experts among you from governments, indus-
try, private groups of concerned citizens, and the academic 
community-nen and women versed in the areas of lood 
production and water supply. And you have, I think, at this 
moment, an opportunity to help mankind in a manner which 
has probably never occurred bef ore. 

This is a unique occasion because you wIl be discussing 
at one meeting problens that have been trcated separately. 
There have been numerous conferenccs on food production 
and ones dealing with water supply problems, but to iy 
knowledge, this is tile first time that aconference has Iinked 
these two areas which concern so mUCh of tile globe. 

You have been most carefully selected to attend this con-
ference. You come to Texas A&M University from all over 
tie planet, for the problems to be addressed here are corn-
mon to virtually every nation on earth. The most highly 
developed countries are not immune to decreasing water 
supplies. As our populations grow, feeding our citizens be-

comes an increasing burden. None of us have the luxury of 
putting off the problems of drought and famine. 

In the past, nations have resorted to warlare when food 
ran scarce. Food and water have been used as political 
weapons. But here today, men and women of goodwill have 
the opportunity to work for the betterment of all mankind, 
regardless of ideological or palitical persuasion. 

It is my hope that from this conference will come new 
approaches, new ways to cope with these problems. Per
haps, international organizations will find new ways to in
iluence world policies. Perhaps, governments will discover 
new approaches to enhance standards of living in their own 
countries and their neighbors'. The English poet John Donne 
said "No man is an island.' I think it is safe to extend that to 
say that no nation stands al onc in the face ol famine, pesti
lence, and death. 

I charge you today to put aside all differences and labor 
together to break down the walls that exist, to link univer
sity research with public and private endeavors, so that 
mankind may push back tie limitations of our time and 
bring comfort to the future. 

Frank -.Vandiver 
Prent 
President 
Texas A&M University 



OPENING REMARKS
 

It is our pleasure to call to order this opening session of the 
first international conference on food and water to be held at 
Texas A&M University. 

T[he convening of this conference is the dream ol nany of 
us. but of nonc so much as Dr. Frank E. Vandiver, president 
of Texas A&M University. For it was Professor Vandiver 
who thought that a university or a network of universities 
might take on a venture that governments and their agen-
cies, international unions of scientific societies, or pan-
world organizations may not be able to mount because of 
a variety of reasons. This conflerence is an experiment to 
that end. 

The issue facing this proposition, in the absence of other 
initiatives toward a purpose, is to bring together men and 
women fromn pAcCs throughout the world to talk and think 
together on problems that are common to many peoples. 
Called together" here are scientists, technologists, planners, 
and those concerned with national policies to ponder and talk 
of problems thl,t have national or regional definitions, hut 
which are based oi universal principles. Perhaps a univer-
sity has opportunities that consortia. inter national unions, 
scholarly societies, or inUltilational industrial organ iza-
tions do not have. Sone of the answers to these issues will 
be found during this week. 

Of course, Texas A&M Univcrsi ty has not put this con-
ference together on its own. A wide ranue of' institutions, 
notably the cosponsor, the U.S. ,,\gency for lnternationia 
Development; the World Bank; the Foreign Agricultural Or-
ganization of the Unit--J Nations; the United Nations l)evel-
opment Prograrnmc: the Inter-Aincrican l)evelopment Bank: 
the Mitchell Energy Corporation: Deere and Company; 
Whirlpool Corporation: Tenneco, Inc.: and foundations. In-
dividuals such as George Mitchell, Jon L. lagler, Robert W. 
Heard, Orlando Olcese, Nyle Brady, and the many partici-
pants have rallied to the effort. 

The principal limiting factors in increasing food produc-

tion are land area and water. Because technology and poli
cies can so greatly determine the presence and efficiency of 
water use and because concerns about water are an area 
of common interest to Texans, the thene of "Water and 
Water Poicy in World Food Supplies" was selected for this 
conference. 

The issues relating to water begin with climate. Fresh
water is the ultimate renewable resource for agriculture. Its 
renewability comes about by cyclic events that lead to rain 
and snowfalls over the continents. But weather is inherently 
variable. l)rought and floods occur. Fumines can be trig
gored. And unlike other vital resources, water is required in 
such massive quantities that it is not a commodity of inter
national commerce. 

Great engineering feats can work beautiful changes. A 
darn can make a desert bloom. The same dam can increase 
the salinity of the soil, increase the number of cases of bil
harziasis, cause the migration of thousands of people, and 
foul its waters with collected silt and pathogens of plants 
and animals. 

Watter is i complex issue, one at the heart of conflicts. It 
is at once I precious and a waited resource. It is at once a 
commodity that feeds mankind and that is used in vast 
quantities fr industry, commerce, and maintaining quality 
of life. 

This confercnce has a diversity of participants, we be
lieve quite unlike any other past conference. Here are scien
fists and technicians. Ilere are those who can influence pol
icy. Ilere, too, are those who came to listen and those who 
came to say what they believe to be most important. 

We are happy that you arc here. We welcome you to Texas 
A&M University. 

IHI.O. Kunkel 
Dean, College of Agriculture 
Texas A&M University 



WELCOMING REMARKS
 

'rhe needs of the nation and the world fOr increased lood 
and fiber fluctuate around a general set of problens of in-
creasing importance. Sometimes the problem is water: at 
other times, overproduction, low income for farners, or 
local shortages and high prices Ior consumlers. And still lt 
other limes, the problems are political, cultural, or so-
ciological. In this setti ng. tileuniversity Cstablishment faces 
a number of challenges. I low do we train people, how do 
we perform research, and ihow do we transmit knowledge to 
meet the challenge of the worId (ICenmand for food'? 

In our- country, we have had a grIoup of institutions that 
have dealt very effectively with America's agricultulral prob-
lems. They are the, land-Lr'ant institultions. Thus, it is fitting
that our same laInd-grant institutions begin to utilize their 
tremendous cii pac itics atid eXpCrt ise to 'foc us Oi world prob-
Icins stch as shorta Ces 0f' fIood arid water. 

Frot1 our land-grant universities IMs come researchI tlat 
produces drough t-resistant plants, controls inj Uriotis in-
sects, manages meager \atCr supplies. aiiid cot rols drought. 
There has Also been ii vision that recognizes global issues. 
But we must do more. Tl'exas A& M University, in its proud 
heritage and land-grant tradition, is responding to this chal-

lenge. We understand and appreciate the interdependence of 
our fragile world ecosystein. We accept the responsibility 
that our long-term success and viability is linked to our abil
ity to provide the solutions to problems that are not only na
tional but international in scope.

It is with this comlmitment to be involved, ,o become a 
part of tile we bring together such renownedsolution, that 
individuals as yourselves, to think, to innovate, lo motivate, 
and to provide a vision ot and a plan for \\flat concrete steps 
we can take that will help us all to solve food and w.ater 
problems. 

It is thus, with extreme pleasure, t1.it on behalf+of the 
Board of Regents of'the Texas A&M University System, our 
tour academic ilistitutiilns, and our eight services and agcen
cies, that I welcome \oil to aIconference with international 
relevance. Wc oter you our support, our hospitality, and our 
Columitnient. Feel free to call upon us for any help. Wel
collie. and have a great con ference. 

Arthur . lansen 
Charic I l 
ChTde her
 
Texas A&M University System 

(c
 



PART I. SPECIAL PRESENTATIONS
 



i. STATEMENT FROM THE UNITED NATIONS 

Michel Doo Kingu6, Under-Secretary-General, UNITAR, United Nations, New York, New York 

Mr. Chairman, Ladies and Gentlemen: 

It is for me a great honor anu a privilege to address this ima-

portant gathering on behalf of the Secretary-General of the 

United Nations. Ilis Excellency Mr. Jiivier 1'6rez ie Cudlar,

who was unable to be here today due to traveling commit-

ijents related to the performance of his demanding dui ies. 

Ile asked me to convey to you his very deep and sincere rv-

grets as well as his best wishes for a successfl conference. 


As you all know, the need to ensure adequate food sup-
plies for tie world's rapidly grow iig population; fIiniline. 
starvation, and malnutrition tiat unfOrtunat,:ly affllict many
developing countries; and the challenge of ensuring and 
managing our essential water supplies are all matters of' 
great concern to the United Nations and particularly its cur-
rent Secretary-(Gcneral. This is to say that Mr. Javier P&ez 
de Cuol1ar and his senior staff have a keen interest in tliis 
important meeting and look fkrward to the adoption and ini-
plenientation of its conclusitns by all member states, 

Although I am not :i expert on the subject of this confer-
ence, which is "Water and Wiater Policy ill World Food Surn-
plies," I ai delighIited to be with you IOr a while as I ailata 
son of Africa. a continent that has been facing for the last 
Iiftecn ycars aseries of recurrent droughts that are devastat-
ing aii increasing nuraber of its cotuics. As a result. I have 
a persoIiIl anil vested interest ii your discussions. Fu rther-
miore, being the executive head of a United Nations agency
the lI)lrplose of which is. inter alia, to enhance the effective-
ness of the United Nations in the promotion of economic 
aid social developelnt all over tie world, I am also deeply
interested ill the solutions that you will be able recol)-f 
meniid and which my agency is willing to consider and pro-
Ilote aiioiig tle dccisionmiaker, ill Third World couitries. 

Perhaps its never before, and most likely because or the 
tragic situation prevailing in Africa today, tlie world's atten-
tiorn is no% ftocused on the problems of ensuring food sup-
plies Ifor the world's growing population and on the vital role
ofiwater and water policy in meeting this challenge. The 
drought situation in Afirica has underscored the crucial inn-
portance of water in maliauinirlg human life. It has become
eminently apparent that an increased enphasis has to be 
placed on the availability and management of water re-
sources. I ai told that soon after yotir con ference. the Inter-
national Water RCsources Association will also be holding
its congress in Brussels, BIlgium, where the main theme 
will be "'Water RCsor rcCs for R,,ral Areas aid their Piopa 
tion." One month later, from July 15 to 26 in Nairobi, 
Kenya. the World Conference to Rex'iew and Appraise tle 
Achievemens oi the Unitted Nations Decade fo r Women 
will mect and discurss several items, one of' which i,; entitled 

"Food, Waier, and Agriculture.' We welcome all these dis
cussions which we feel are both important and timely. 

Actually, it was in recognition of the vital importance of 
watLr to mankind that the United Nations organized the 
International Water Conference in Mar del Plata, Argentina, 
in 1977 ind the International Conference on Desertification 
in that same year in Nairobi, Kenya. These two meetings 
had been preceded by a number of other United Nations 
conf'rences dealing notably and respectively with the en
vironment, population, food, and htln' i settlements. They 
were also foll owed by tie International Confcrence on New 
and Renewable Sources of Energy in 1981 and more re
cently tilie International Cone rclice on Population held in 
Mexico inl 1984. Our work within the United Nations leads to 
the conclusion that these global problemis are interconnected 
and that they cannot be entirely resolved independently. 

It was also in recognition of' tile crucial role of' water re
sources in human lif'e that the Gencral Assembly of tie 
United Nations declared the years of the i98os the Inter
national Drinking Water Supply ard Sanitation l)ecade. 

I)ec ade is an international education and action cam
paign involving ioo governments in developing countries, 
donor governments ill developed countries, 12 organiza
tions of the United Nations system, and dozens of non
governmental organizations. Since the lau nching of' that 
I)ecade in 198o, bilateral aid agencies have increased their 
support to the drinking water and sanitation programs fronl 
I percent to between 4 aid 15 percent of' their total aid 
budgets. 

Even in the brief' period since the events I just mentioned 
took place, it has become increasingly apparent that it is a 
matter of life-saving tIrgcnCy that iinmedi ate attention be 
given to ways in which our fixed global stock of water can 
be dcvelopCd and used wisely I r tlie decades thead. Ex
perts tell us that unsafe water andIinadequate sanitationi are 
responsible for 8o percent of all human illness and disease,
as well as heavy losses in productivity. They also add that 
the major causes of' death in the Thiri World are rialnutri
tion and discases resulting from polluted water. It is thLIs
clear that to light malnutrition in developing countries we 
shnoLld ilC eaSC fkod Iroduction in Ihose cOuntries. Siri
la ry. we should help their populations to get access to Lill
polllcld water to light contagious diseases. By tie end of 
this century, the population of developing countli ies will 
hav'c grow l'oni arold 3 billion now to :ipproxiinately 
5 billion. It is obv'ious that an issential nced will be fo 
wvater to providc food, ufactIireid goods. and energy toInniani 
support this growth. 

At the same time. in this Third World Development Dec

\N,
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ade declared by the General Assembly as the Third l)evel-
opment Decade, a most urgent problem is the need to de-
velop strategies to stimulate food production in the Third 
World and to improve community water supplies. It issimply 
;ot acceptable that hundreds of' millions in the Third World 
lack an adequate diet; that, in some low-income countries. 
as many as 40 percent of pre-school age children exhibit 
clinical signs of malnutrition. In the woids fIthe Brandt 
Commission, "'The idea of a commulity of nations has little 
meaning if that situnation isallowed to continue, it hIlinger is 
regarded as a marginal problem that Itii anity cani live with.-

The nieeting of basic huiian necds for Iod, drinking 
water, and sanitation undoubtedly calls into question such 
issues as the role of' the agricultural sector in socioeconomic 
developlient, th1e allocation Of restoulrces to rural areas, the 
distribution of the benefits of i-owth. and the prioritics to 
be accorddc to crucial social services. Anid. while the press-
irig problems that irc now attiacting our attention ire in-
mediate, it is essential that they be approached within the 
context of both emergency needs and mid- andilong-terrii 
development programs. 

As we have witnessed most tragically ill recent years. Be-
yond the problem of seCcurirrig access to adequate supplies of 
water to serve the developnment process and to iieet priority 
social needs loom tile devastating prob cims of droulght and 
floods. Each ye ar. Iiiore than 4 million liectares of crops irc 
destroyed by floods ill Southeast Asia alone. If!Africa, we 
see tile catastrophic effects Ofdrougilt. Ihiesecile situiations 
that call for tile i'Ormutation of, effective strategies 1*0r flood 
and drought control. 

Another area that cries for attention is the alarming pol-
lition of outr rivers, lakes, and groundwater. If we aie trt 
pass on ai environmentally acceptable habitat to futrtre gci-
erations, we must step tip action in this regard at the na-
tional, regional, and intcrnational levels. 

A cotnplicaitirng factor iii water-resotrce inalagctlefit. 
with political iniplications, arises froi the fact that many of 
the great rivers and lzkes of the world are common to two or 
more countries. Cooperation between riparian countries 
will become increasing lV critical as the pressures increase 
f'or alternative uses oif liited water Supplies. Yet. it is heart-
ening to know hat iiany cooipcrative ventures have already 
started iii this area. I personally witnessed the dCvClopment 
of' such cooperation ii Africa when ! was for eleven and a 
hallf years tie assistant administrator of tie United Natilns 
I)cvelopment Programme responsible for tile African branchI 
of that program. 

While all of these considtcrations concerning the long-
term and development aspects of water resourc manage-
ment require attention, it isoi the drought-affleted countries 
of' Africa and the terrible situatioi of' faieiilC, Starvaion, 
and death that has ari,,n i consequlnce if the drotght and 
declining food production iii that region that the world's attentitli tention~~ ~ ~ ~is focused at pireseint.-Mu isIOu datpeet 

As you know, the Secretary-General of tile United Na-
tions has been deeply concerned with the sitt!ation prevail-
ing in the drought-affected African countries. As early as 
December 1983 lie cal led the attention of the world colmniu-
nity to tlie development of tfat tragic situation. L.ater on. lie 

visited a number of those countries to gain a firsthand 
knowledge of the situation, lie subsequently established in 
New York, with a network of field offices in the countries 
concerned, an Office for Emergency Operations in Africa 
which, inter alia, monitors the emergency situation on a 
continuous basis and coordinates the flow of assistance to 
the affTcted countries. 

Twenty-one African countries' have been seared by 
drought this year, causing a,massive 14 percent drop in their 
combined cereal prodtction. The significance of' this de
terioration can only be fulrly appreciated it we realize that 
this output is now running at 2 1 percent below tile average 
f'or tle past five years. 

Natunrall, the cflects of' lite poor harvests have been f'elt 
tllrolghoul tile national ecolionies of those Countries. Not 
olty are food stocks depletci. ibutthe foreign reserves of 
many of the affected countries are also exhausted. As a re
suit. tie capacity of these countries to purchiase the 12.2 
million toils of' cereals they need is problematical. 

Reports from tle most affected areas inlicate that deaths 
froni starvation continue relntlessly and that tile destruc
tion of' pasttres his beef) so severe that whole Colmunities 
and tie ctiultunrC of some desert oiniiiads could well be oil the 
way to extinctioin. Eriaciated refLugees continLe to pour 
across natiiinal Ibhorders, driven by the desperate search 
fOr food. 

The actual iiuuiiiBer of viliiis to the A'rican droiuh t is 
not known: too ilitay whose strength Iailed them before 
they reached the f'eeding camps lie ill unmarked graves. But, 
(f the living. 3( iillion persons, roughly the equivalent (If 
twice the poptulation of Australia. remain directly threat
cnied by starvation and malnutrition. 

The aiiotniit of tdiage suIfTered is not quantifiable either. 
The figures which emerge oil production losses and swollen 
import bills reveal only a f'raction of' the damage ststained. 
They do not reveal tile extent of disintegration in social in
stitutions or the unraveling of' the social and political fabric 
of whole iations. In any case. how can we qLuantify hiuniian 
sif'fering or pit a price on hu1irilani li'c'? Ilow io wc place an 
accounting figure on the physical impairment stiffered By 
Millions (f' young people as a result of' iiialiUtrition which 
will condeir, them to marginal lives? All of these aspects 
escape national accounting. 

The international community, governiilts and inrdividI
als alike, have been responsive to tile needs 0Il tle d rotrglt
af'f'cted Af'rican coitries. Out of 7 million tols of food 
aid needed this year. 6.3 million toils have beei pledged. 
A major cause (if concern, however, is that only about 
40 percent of the 6.3 million tois pledged has actually been 
reecixed iii the affected countries. To he effective, fooL 
aid has to reach the pcolpl. fOr whom it is destinled, and 

i right now, uinfortunately, logistical constraint s are inipeding 

or refcnce: Western Alrica: Burkina Fas, ('ape Verde, Chad, Mali.rna Ngr ee 
Niger, Seneual.Mmiaianiai. 

F'aet Africa: lItmrtndi. l'thiopia, Kcenyah Rwandat. Somalia. Studan. 
"'t';nania. 

Southern Africa: Angola. Botswana. Letsotho. Mozambique, Zambia, 
Zillbabwe.
 

North Africa: Morocco.
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the distribution of food. particularly in some landlocked The United Nations Development Programme has beenSahelian countries. According to the United Nations Food involved in supporting the efforts of a dozen and a hallf Atand Agriculture Organization (FAO), only conterted action rican countries in planning the integrated development andright nov can avert a major disaster in the six most affected nanagemenut of their river aid lake basins, palicularly tilecountries, nie,1uly Chad. llthiopia. Malli, Mozainhique, Senegal River Basin. the Gambia River Basin, tile NigerNiger, an1d Sudartn. For tlie Salhelian conitries aMd Sudanii , it River Basin, the L.ake Chad Basin, and the Kagera Riveris essential to deliver as much aid as possible before the Basin. The relevait integrated basin developinent plansrinli S ii JuRICn make distant settlelments iinaccessible by road, have beenl concerned wilh ways and Ieans to make waterit sh uId aIIso be stressed thiat despite its e-seniial role, seive di fterelt purposes and to meet h0t11 connn111011 aid spefood aid cal at best only cilsure survival. If' Africa is to he cilic ob.jectives of the partner countrics. For example, in thefreed from the grip oI I.Minle. tile productive capacities of pri''i'an for the development of the Senegal River Basin,its slhaltered algriUiulture niust be rebuilt. This will entail the which involves Mali, Mauritania. and Senegal, tie con
application of new and appropriate teclologies of food and slruction of a ilajor dam at Manaitali to regllate the downenergy prductioii, tile vigorous implementation of' appro- streaii flow is designed to help .2ase coiinoi constraints 
p'iate national;and regional policies and str;rtegies, and tie such is poo, trilnlsportation infrastructure. vtlnerabilityaliBI ication of ne\ techlnologies ard iiiaagei tccll- to drought, and high energy costs. At the saie time, theniques it the coitinil's water resources. Experieice al- programn addresses the pressing needs of1 each countlry-ready gained duri-i tie implementation of tile Inlteriational agriculitUeC and live ock developmrient in the case of' Ma'uri-Drinking Water Suply and Sanit htioilr l)ecade shows that tania, diVersificaiti of tile erouxldnut-baised agriculture ilthle levelolmlent t nvew low-cost appropriatc technologies Senegal. arld access to the sea ill tile case Oflandlocked Mali.not only makes ',A1 drinkinu water and sanitation facilities There is no doubt thait the droueht, or in other words, the more affiirdable lor poorer co,+mmunitie,, in d'Vlo0iiig unavailability of water, is only one ofthe complex variablesCoilllries Ut ls imcilv stapped overnmetilis it) that have colltriblted ltthe decline ill per capita 10o1 prorealize considCrdble saving., ill the1implementation ot their duction in Africt over the past decade. In itXo each At-Decade strategies. [or exaiiiple. Ijidonc ia plained to invest rica1tn had ar+olnd 12 pl',.'erlt less homiiegrowin fod than$1.6 billion by [t)o to bring drinkin V pi,.,s,,tier ,l t. twent vears earlier: and lodaiy, per capila f\'icarrn food pro
75 percent of urban and 0o perCeitt oft rural people, aiid dtelCtioli is o to t 12 perceil lower than live years atgo. In asanitation to 60 lrcemIt f tie urhn anMd .51o p}erccnt of tile number of cases governments have allocated 1,\\ priorityrLral inhabiitani+ts. Now, hy utsir.. IO\\ -,.ost tct iiiooiCs the aind insuffi :iejnt resources to agricilture, piicing policies
Cost of' these expanded Services cait Collie dm, [1 1t. about have not always pIvided I'armelrs with Idequate iiceitives: rt billion a siviigs of almost 4o percent. research into iiiiproved crop varieties and lrowini methods

Your colfrence is trhuerCl' ri inillhtptilnlg empasis ot has been insufficient: Ioreicri aid has too Often SUpported
the riced to dCelop ald use the [il' st appropriate teciholo- large-scale schemes and export-orientued corminiodities rather
cies. wvhich does, not neceussarily iea nolsophisticated thn flood prudtrcliOr. 'he external siluation has also playedteclnobiueics. It is also well known that ef'-ctiveriess cal a diiUngirig role ill the situatioP being faced hy Africanbe enhaiiced tllrtougl improved inaiL.2,nnuil. ,,\S i result, cotintrics as they have severely silfered from the world
better lll.illa)ie ilt tecliiniques, can play all illlrtnt role ill 

re
cessioln i the It8Xis to m1liltion uit ()lie il the external

the Use of water aiid I]iltCleil lioll Of wtller lIliciCs in factors. By mid-igt)2. real prices of pliiary coi immodities
fuod suOlie. Your disu,iisi, on that iSL ire ihiurs Ill,' other than oil were los\er than at any tirii in the last thirty

JUStiliCd. 
 years alld 21 percelt lower tha1 ill t1975, t recessioin yearSubstantial water resoLurc, MVepttially available ii during ssich prices of prinmary con:nodilics had faIell hVSub-Saharan Africa,. hi ilmillra cir'ust'ieLts. the 'Niger iX percent. Accor,.lin, to the World Bank, between i 8ouPiver bsin, iuncldiiuU tie h3_llotlou Rivei basin. disII ges, 
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alind lyX2 llIC price of ioi-01l pimry coinniodities de•billion cuIc IetCrs i, eal ulltie Atlantic (),Cean. clined hby 27 er\cnt ii current dollar terms. The resulting

At Niamie,. ill the subarid part of (lie bmiin. the Niger Ibsin 
 shortage of' foreigil exclange carined by Africai couinlriesstill ColveyS 32 billioi cubic nters, pr Warl dotran.Sln, whose econolnics rely oil the export ltf priniary coninldi
enough to mcet tile potential eq'uirLlilCllltlls over i million tic; has limited the: availability of imported agricultural

hiectares of irigatCd Ugriculture. La.ke ('had in mianl ye-lrs 
 ilputs. Ill tile piiorest COuntrics budgets are so tight thatreceives some 43 billion cubic mneters ncr yearo \Iil its two coNVerilments have difliculties even ,aVii g the ';dilris of exmain tribut ries- the Iogoiie nd( ('h r. The Seneu;il tension vorkers. Clearly, tie reversal of' the trend in agri-River at BIakel discharoe,, whei there is ioi drotht, ain cultural production in Africa will call for a nmaZssive, conalver'age i 24 biflioiu cubic meters per yeir'. 'hese important 'erled efiTort addrCSiig the priileii ill its niny fWets.water rcsolrces should not reiiiii uiiutilized. (),'colrsC, ill- I wish to cioniclude these rese by sife ssilg the paraimirks
dividual water projects- -whether simple Or ilulilLlr-se - iimotrit importance of ensurimg adequate fiod for each hu
slou1( forni part ill integrated developmient i-his establish- niam being. At tile national level, mass hunger can lead toinig t broad relationship between the :vailability of, water chalos, destroying social and political intitutions,. Securityaid its [pOlssible uses hi VariOLIS ways: for irrigation, electric in Third World cilUrltries caiiot olV be eisuLred throughpower production., nilvigatiii., arid industrial and domesic imilitary protective Uneansures. It also htas strorig ecororliccOuIIstLIIptiOl. /Uiid social requireilieilts. At the international level, the idea 
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of a community of nations has little meaning so long as mal- 
nutrition and starvation remain at their present levels. As 
Secretary-General Javier P6rez de Cu61lar put it in his 1984 
report on the work of the organization, "In our world of 
growing economic interdependence, impoverished people 
faced perpetually with a variety of overvhelming economic 
and social crises constitute not only a challenge to inter-
national conscience, but a threat to international stability as 
well." The elimination of hinger is therefore one of the 
most pressing tasks today before the world community. 

In considering the present critical situation as well as en-
suring global food supplies in the long run, the United Na-
tions system has been engaged in an exercise of decep reflec-

tion and reassessment. A wealth of new policy initiatives 
have been put forward for the consideration of member 
states by the United Nations Food and Agriculture Organi
zation and the World Food Council. Othcr pertinent sugges
tions like the ones your conference may make are also most 
welcomed. 

There is no doubt that if we are to meet successfully the 
challenge of er~siring adequate food supplies to the world's 
population, radical new approaches will be required in 
water technology and management techniqucs. That is why 
the United Nations is so interested in your conference, an 
important endeavor which we consider a significant contri
bution to the achievement of our common goal. 



2. FOOD AND WATER: THE WIDER INTERRELATIONSHIPS AND 
THE LATIN AMERICAN CONTEXT 

Kirk P. Rodgers, Department of Regional Development, Organization of American States 

Ladies and Gentlemen: 
I bring you greetings from Joio Baena TSares. Secretary-

General of the Organization of American States (OAS). 
Ambassador Baena Soares has asked me to extend to Texas 
A&M University and to tile cosponsors of this meeting his 
heartiest congratulations. The convening of the First Inter-
national Conference on Food and Water is a pioneering ven-
ture. It links two interdependent development issues and 
brings together policymake.'s, development practitioners, 
researchers, mnd teachers from around the world. We have 
come to learn from each other. The Organization of Ameri-
can States is proud to be associated with this important 
international endeavor, 

My distinguished colleague. Michel 1)(,,) Kingu of the 
United Nations, will be speaking to Wou this evening from 
an international perspective. I would like now to speak to 
you fron a hemispheric viewpoint. The Organization of 
American States joins together the countries of Latin Amer-
ica, the Caribbean, and the United States in a common 
search f'r peace 1hrough development. We ,trive to facili-
tate north-south dialogue and transfer of technology within 
the Americas. Our basic goal is to promote harmonious de-
velopment within and between the countries of our region,
and to help countries in their efforts to obtain more equi-
table distribution of the benclits of development among 
their peoples. Our tools are technical assistance, training, 
and facilitation of' dialoue. 

Ladies and gentl:mnen. this conference is about interrela-
tionships. In the next few minutes, I want to speak to you
about two sets of interrelations: one between concepts and 
the other between people. 

Conceptually, I think it is important at this state in our 
conferen ce to underscore the fact that while policies af'ct-
ing water and food interact vith each other. they are part of 
much broader relationships in development. It is important 
to keep clearly in mind tnat water and food poliries mIust 
consider the economic, social, geographic, and environ-
mental contexts in which development is taking place. 

Let us look first at the environmental and geographic con-
texts. Water and land combine to produce food in particular 
pieces of space. These specific geographic contexts are 
called river basins. In the Americas. we must he concerned 
with the interactions that take pfice within our great river 
sysinmis: the Amazon, tIe Plata, and the Orinoco, which are 
shared by many countries. Ilanning th development of' 
land and water resources is a complex task. The approach 
must be an integrated one, both within individual countries 

and between them. Disregard of the downstream effects of 
land and water development can be just as damaging as fail
ure to integrate water and food policies. If "downstream" is 
in a neighboring country, the failures may provoke political 
confrontations. 

The hallmark of the approach of my organization to land 
and water resource development is geographic, and tile con
text is environmental. We assist countries in development of 
river basins and of regions. We begin with an overview of 
the physical environment and proceed from there to help
countries formulate specific investment projects. Recently, 
we produced a publication which reviewed twenty years of 
experience in technical cooperation in integrated regional 
development planning and the formulation of more than 
$4 billion in investment projects. It was a humbling experi
ence. Mistakes and failed plans stood out clearly with the 
perspective of time, but so did the occasional highly suc
ccssful projects that flowed from the plans. If there was one 
key lesson to be drawn from all that experience, it is that 
when we were effective integrators of data, institutions and 
people, and when we kept the geographic and cnvironmen
tal contexts clearly in mind, we succeeded. When we did 
not, we failed. 

Let us turn now to the economic and social contexts of 
development in the Americas that often determine the out
come of our food and water policies. I think Ihardly need to 
emphasize by now the fact that water and food issues cannot 
be seen in isolation from government socioeconomic devel
opment policies or international economic conditions that 
constrain these policies. Let me give you some concrete ex
aiples about current international economic conditions 
that are proving very frustrating to Latin American govern
ment policies on food security. Some Asian and African 
countries may he facing these same problems. 

t. As Dr. Ilusain of tile World Bank said in his keynote 
address on the first day of this conference, many developing 
countries are now being required to adopt stringent policies 
of -economnic adjustment' to deal with their foreign-debt 
problems. These policies, as necessary as they may be for 
restoring those countries to financial health, are tending to 
favor production for export over production for domestic 
consunptionI--icluding food. It'scarce investment dollars 
must go elsewhere, it doesn't matter how intelligent our 
water policies or food production strategies were. 

2. Subsidized agricultural products from developed coun
tries are sometimes sold inl international markets at so 
called "dumping prices," which directly decreases the in
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centive for food production in the developing countries, 
Food prices and the availability of credit for food production 
are clearly just as decisive in their effects as proper water 
policies, 

The lesson here is once again a matter of interrelationship, 
Just as land and water development can usefully be seen in a 
context of river-basin development, food production must 
be seen in the context of international market conditions 
and socioeconomic development policies. In the Americas, 
some of these interrelationships are sensitive indeed, 

And now finally, let us turn to the other basic question of 
interrelationship-people and institutions. Iwant to address 
this broad issue in the context of transfer of technology in the 
areas of land and water development in the Americas. The 
example Iwill use should have wider relevance. 

In the Western Ieniisphere, we live in a region with long 
traditions of' linkage. In Latin America and the Caribbean 
there are deep cultural ties that bind nations together. Be-
tween north and south, there are long traditions of inter-
action and dialogue. In the area of transfer of technology, 
we have for decades taken advantage of these linkages. Dur-
ing the Alliance for Progress. launched by President Kennedy 
in the i96os, there was a greatly accelerated pace of intcrac-
tion. Massive efforts in training and scientific interchange 
between the United States and Latin America were begun. 
A whole generation of l.atin American professionals was 
affected. Some of' them are here with uis tonight, for no-
where was this interaction more strongly felt than in the 
fields associated with land and water resource development, 

For the OAS, the i96os was the period when the Inter-
American Center for Integrated )evelopment of Land and 
Water Resources (CII)IAT) was created jointly with the gov-
ernment of Venezuela. In the early years, Utah State Uni-
versity played a key role in helping OAS and Venezuela 
launch this important training institution. This year, CII)IAT 
celebrates its twentieth anniversary. It has achieved enor-
1IOUs successes. By 1984, it had graduated 10.317 students 
of which 4,015 are non-Venezuelans. Between 1973 and 
1984, it granted a large number of mister of science degrees 
in fields such as land and water resource developncnt, hy-
drology, irrigation, and drainage, 

It is practically inmpossihle today to enter -ny major Latin 
American agency in water resource development without 
encountering a CIDIAT graduate or a f'ormer participant in 
.ne of its seminars or national courses. But quantity doesn't 
tell the whole story: qualitatively, this is a center in vhich 
Venezuela and Latin America as a whole can he very proud. 
Latin America can, in fact, be proud ahout tihe overall prop- 
ress made in the past twenty years in its training of profes-
sionals in the field of land and water resource development 
and the upgrading of the quality of its institutions in these 
fields. 

But now I come to a less happy part of this story. I have 

been stressing interrelationships between people and in
stitutions. As I said, in the 196os and 1970s, the tech
nological interactions between North and South America 
were very broad-based and very intensive. Today they are 
less so. There are many reasons for this. Latin America has 
come of age in the scientific and technical fields of which 
we speak. It has a strong cadre of land and water profes
sionals compared with many other parts of the world. But 
we have also seen that it still has many problems, and tile 
powerful north-south linkages that existed in the sixties and 
seventies have withered somewhat. Many connections still 
exist between U.S. universities and research centers and 
Latin American institutions, but they are financially con
strained today. The U.S. Agency for International Develop
ment is now active in only four of the ten South American 
countries. Its efforts are concentrated in Central America 
and the Caribbean. in several Latin American countries Eu
rope has replaced the United States as the major source of 
bilateral funding of technical assistance. The Organization 
of American States, while its programs in the field of land 
and water development have remained relatively stable, has 
fewer resources in real-dollar terms. The United Nations 
l)evelopment Programme (UNDP) in particular, has dras
tically reduced its funds for Latin America in order to 
strengthen its services to Africa and Asia. 

Severe shortages of funds for fellowships, seminars, and 
travel grants have constrained north-south interactions. The 
conference we are attending this week is a happy exception 
to this tendency. 

This problem, while serious, is not without solutions. 
ILatin America and the Caribbean after twenty years of' 
intensive efforts have important concentrations of high
quality professional talent. The challenge is to mobilize this 
talent to enable these developing countries to help each 
other and to reopen the technical dialogue between Latin 
America and the United States. The private sector and U.S. 
universities have an important role to play in meeting this 
challenge. 

Soneho,. wc all have to do a better job of tapping the 
talent that has been developed in the Americas. There is a 
huge investment here, and some of it is not fully utilized. 
We have to strengthen the linkages between Latin American 
and U.S. universities and research centers. We have to fit
cilitate tile process of' horizontal cooperation that will cn
able Argentinians to teach Bolivians and Venezuelans teach 
Ecuadorians and vice versa. lorizontal cooperation at a 
broader international level would also be valuable. 

Let us hope that this conference will stimulate us in the 
search for such interrelationships. From the perspective of 
the Americas, let us hope that this event will catalyze a re
strengthening of north-south cooperation and scientific 
interchange. We all stand to benefit. 
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3. WORLD DEVELOPMENT, 1985-2000 

S. Shahid Husain, Operations Policy Staff, The World Bank, Washington, D.C. 

It is a privilege for me to participate in this important con-
ference on Water and Water Policy in World Food Supplies. 
The themes of this meeting are major concerns to tileWorld 
Bank, and we are pleased that we have been invited to 
participate. 

Both the place and date of this conference have special 
significance. Texas is a state where water and food are 
major issues in the regional economy, and decisions made 
here have international impact. It is also fitting that this 
conference is convening in 1985, the midpoint in the Inter-
national Drinking Water Supply and Sanitation Decade: it is 
a time for reflection on the progress that has been made and 
for charting a course of action toward the objective of cx-
tending water supply and sanitation to unserved millions in 
the developing world. The year 1985 has also demonstrated 
tile our aspirations and the realities facingcontrast between 

people in Africa, where international
tile community and 
African governments are seeking to avoid further tragedy 
from drought and famine. The theme of this conference is 
thus timely and closely relateU to priorities for development 
assistance, 

A heavy obligation rests on allwho participate in this 
conference-and the professional communities from which 
we conic-to address these urgent issues. The management 
of natural resources through sound policy and effective in-
Stitutiotis is an essential part o(fdevelopment at a global, re-
gional, and national level. There is no coutItry that can 
claim to have mastered its water resource problems, despite 
the extraordinary significance of this issue for present---and 
Ifuture--generations. 

In my remarks, I would like to address some of the criti-
.al issues in policy and water sector.management in tile 
The World Bank is the lead multilateral agency financing 
investment projects and programs in the developing coun-
tries. With 148 member governments, we are engaged in 
investment. development of technology, institutional devel-
opment, and advising policymakers on ways to increase 
food supplies an1d develop water resources. We seek to pro-
vide policy advice to our member governments within the 
broader frarnework of their macroeconomic strategy and ide-
velopinent objectives. 

Let re begin by placing these issues within the global 
economic ctivironlnent. 1In1985, the developing Ctrt-
tries find themselves in a difficult conj unctuor oof cirCUiI-
stances. After nearly two decades of unprecedented ceo-
nomic growth,i a combination od global econon ic flactors, 
domestic policy, and management has led to a period of ad-
justrnert for both the developed and developing countries. 
Slow growth, high interest rates, and increased uncimploy-

ment in Europe and North America have all served to turn 
national attention to domestic concerns, and away from the 
needs of developing countries. There has been a perceptible 
decline in government commitment to open trading systems 
and capital flows to developing countries. Thus the develop
ing countries have found themselves facing both trade bar
riers and reduced prices for raw materials and other goods 
they export. The reductions in income have been particu
larly serious as they face high costs of' servicing debts 
entered into in more optimistic times. There are some paral
lels between the developing Countries and American f,,m
ers: Both borrowed against optimistic prospects for tilefu
ture and later found themselves inchanged global and 
national situations. And both need help if they are to over
come their current dilemmas. 

l)ifficult economic conditions have also been made more 
diflicult by the declining commitment to internationalism 
by tile l)cspite pressing, indeed emierdeveloped countries. 
gency, conditions in some regions, many developed coun
tries have turned inward, reducing their contributions to 
official developrent assistance. Only recent special efforts 
have increased assistance to Africa. Ilowever, globai aid 
flows, which can encourage governments in the ardjustment 
process and cushion the poor fron the pains of adjustmeint, 
have been relatively static. The developing countries, there
fore, must face these dilemmas and their attendant political 
costs without mLuch of a prospect of improvement in this 
environment. We at the \Vorld Bank are actively trying to 
provide financial assistance and advice to the developing 
countries, for both short-term adjustment and longer-term 
development strategy. Despite the World Bank's lending 
some $14.7 billion in1985. our resources remain small in 
the I:'e of the needs of the developing countries. An essen
tial ingredient in this adjustment process is the political 
courage of national leaders. It is worth noting that despite 
occasional incidents of political violence, there has been re
markable political stability in developing countries during 
difficult economic times. 

My conclusion from this brief review of the global situa
tion is that the developing countries Must iniprovL thir de
velopment policies more than ever, includting those for 
Water and food, both at the macroeconomic and sectoral 
levels. The costs of inefficiency are too great at this point 
for the developing countries to bear. Furthermore, sound 
policy must be backed with effective institulions and maii
agemlcnt, particularly with regard to resource allocation and 
finance. Many countries are making serious efforts to im
prove their policies. As committed members of the develop
ment community we must support them. 
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Let me now turn more specifically to the issues of food 
and water. First, I shall seek to define the issue of food secu-
rity as we in the World Bank understand it, based on almost 
four decades of experience with agricultural policy and 
projects. I shall then relate long-term food prospects to the 
issue of a sustainable natural resource base and tie manage-
ment of competing uses of water. As you know well from 
c,,erience in Texas, many of the problems in water re-
source management are common to developed and develop-
ing countries. They are also complex, controversial, and not 
easily resolvable. 

Food security is an issue of great importance to all coun-
tries. It involves both the availability of food and the ability 
to obtain it. e)spite enormous production of' food in some 
regions, particularly North America. there are still some 
750 million people in the world today who regularly lack 
food in amounts sufficient to permit them to be fully pro-
ductive. This is an unacceptable waste for the plat a 
whole. Since most of these people live in developing Coun-
tries-in Africa and Asia-it is remar able tlht countries 
in these areas have made :ismuch progress as they have. 

Whle icreaes iiitglobalCS , erInfor( Cion have,beeno
large over lie past decades ....-. for is iiowIrd ia. exa inple. 

self-sufficient ingrains---there is nevertheless tile
'act that 
food production is not always intile it islocations where 

needed tile
most. Even within a singe country--again, take 
India -there are producing regions aid consuming regions, 
The problem is how to ensur." ldCqUtC trade and distri-
bution systems. 

In some countries-particularly in eastern Africa--there 
is a need to increase local production so that food is avail-
able throughout the year. This will require new approaches 
in aricultural technology. We cannot be satisfied with the 
gans of the Green Revolution. We are still relativel' ig-
norant about effective approaches to African agriculturc. 
There is also a need for rescarch and careful evaluat ion of 
the many food-distribution systenis oi that coriti rent. Even 
so, we must recognize that there is ii upper liliiit to tilepo-

tential for food production inmany semiarid and arid areas 
because of insufficient and unreliable rainfll. This problem 
is exacerbated over krge parts oI Africa and norteastern 
Brazil by the absence of" major rivers and limnited potential 
for irrigation development. 
linaddition, questions of food security dnionst ratct the 

interdependence of the developed ;ind developing countries, 
One of tileiiajor fa.ictors affecting food security is price 
variation. Changes in food prices straii the already limited 
purchasing power of vast numbers of people ill devcloping 
countries. Decisions in iajor food production centers, such 
as the United States and tileSoviet Union. have direct effects 
overseas. This was dra iatically illustrated in(lie 1970s by 
short harvests in the Soviet Union arid stocks policy in the 
United States. Food availab~ility Wats Much welcoiiied in 
the developing countries during th;s period. And I would 
like to say that generous U.S. food support to Africa again 
this year is to be very much applauded. 

Price instability in today's world also cnies from iiione-
tary disturbances in the international economy. They may 
have little to do with what has transpired in agriculture, but 

it has very great implications for agriculture. It is a reason 
why many low-income countries may want to be a bit more 
self-sufficient in food than they otherwise would be. 

This view naturally leads to a concern about the inputs 
required for food production, not least the need for water. 
As I suggested at tile no countrybeginning of my remarks, 
is adequately managing its natural resource base. Both the 
developed and developing countries have difficulty deter
mining an appropriate balance between the present and the 
future for the use, development, consumption, and protec
tion of natural resources. There has been considerable con
cern in Washington about the problems of the Ogallala 
Aquifer. Poor management of local resources can have re
gional and national implications. I believe that tie case 
of Ogallala suggests important lessons for the developing 
countries. These include tie following: 

. There isa need for abroad policy framework and regu
ti for iiaer s or teire ravof andaqifr

lations for groundwater use over tie entire area of naquifer. 
2. Ogallala demonstrates the importance of limiting water 

use to sustainable yields over time 
3. And third, with limited rainfall, unbalanced use of'water resources can result in unsustainable approaches to 

agriculture productiotn. 
I might add that while the United States may be able to 

afford some inefficiency in the use of its water resources, 
nany developing countries cannot. The populations and the 
natural resource base in Ethiopia and Sudan are already at 
risk. The long-term prospects of both will worsen if sound 
policy is not put into place. l)esertification cannot be ex
plained by climate alone: clearly, man bears heavy responsi
bility for this process. On these issues, therefore, we must 
develop tframework for planning anod decision iiuking that 
acknowledges tile iricludmany different claiis for watcl, 
ing irrigation, iiiunicipal supply, and industrial uses. 

What are the components of such a framework? I submit 
thati from a global perspective, we do not face a water crisis 
per se. On tilesupply side. most of the projections of water 
use made inthe i96os suggested such a crisis would collie. 
lowever, these pro jections have been revised in tile1970s 
and 198os to suggest that some efforts at de maind miian age
nmet a global basis, we dohave been successful and that, on 

not face an absolute shortage of water in the near future. 
This is not to say that some regions are not flacing a crisis 

with regard to water. The point is to address these issues at 
the national and regional levels. where action ciii be taken. 
What is lItissue is the efficicncy of water use intiledevel
opcd and developing countries. ,nd p irticul. 'yin those 
countries with relatively scarce water resources. There is a 
need 'or well-defined water resource policies that (I ) start 
wvi. an inventory of what is available, (2)determine tile 
qhuantity arid quality of water required for each competing 
use. (3) manage the demand for water by investment plan
ning, pricing, and regulation to ensure sustainable yields 
over tie long run, (4) designate appropriate technologies for 
each use, and (5)ensire that water is used efficiently within 
those technologies. The instruments for these elements of 
policy are technological, economic, financial, and institu
tional. Serious demand management requires policies that 
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are understood by users and the pubic at large. It also re- the future may be used in projects involving natural re
quires effective institutions, which are sadly lacking in sources. The ilpacts of individual, badly conceived prol
many developing countries. ects are far-reaching. affecting soils, agricultural yields, 

The application of these policy instruments can vary and ultimately the incomes, health, and welfare of' many 
from general environnental guidelines to strict regulations rural and urban residents in developing countries. In the 
requiring conservation. Regardless of the context, the pol- World Bank we have coordinated and been extensively in
icy framework Ior managing water resources Must be inter- volved in the comprehensive, long-term water planning for 
sectoral: Agricultunrdists must be communicating with in- several of the world's major river basins, such as tile Indus 
dustrialists and public utilities and v'ice versa. Governments basin in tile j96os and i970s and more recently tile Narbada 
inust provide a framework in Which disputes can be resolved. River hasin in lldia-a inultibillion dollar program that 

Ani importrant comliponellt of*demaiand managelcnt is pric- will continue to be implemented over the next lifty years. 
ing. C(>sumers must receive signals about the true cost of A recent World Bonk -- assisted water supply pro.ject in south
the water tile) consulC.Ilublic subsidies to Water are not ernildia--in the state ofThmaril Nadu---illustrates the inter-
Justified in Most cases. Noreover, the faililtrC to recover tile sectoral aspects of this problein. The pro'ject Would provide 
costs of' investmcnt. operations, and maintenance is a nn jor drinking water supply to sone se'City-live townis outside 
obstacle to the extension of water-supply systems il (level- tile letropolitan area of Madrais. 'I he costs of using conven
oping countries and has meanit that tile niaj 'ority arc con- ational \\watCr sources to r these supplies arc close t tie liinit 
dcined to inadequate water supplies for tile l'orsecable of affordability of' low-income households. If the invest
futtu'c. ineits are to be self-sustaining and replicable, these costs 

This issue was highlighited ill the recent NIid-l)ecadC re- must be recovered from tire beneliciaries. Tamil Nadu state,
 
port submlittCd in April to tile comnmittce on Natural Re-
 with some 6o million people, cannot afford to subsidize 
Sources of the tUnited Nations, to be forwarded to tile (in- coInSo iierS. Moreover, azt lie sanie time. tie sources for 
eral Asscnihly. This report. which tile World Hank helped water for Madras itsell are in adCqutatC. To complicate tile 
prepare, reflects t consCnslS of tile intCrnation,,i agencies issue further, the preferred technical solution for metro
working on dri irking-water supply in developing countries. politan Madras involves bringing water front a neighboring 
Unless local resources are mobilized fOr investment iii water state---a proposition whose political costs I suspect Would 
supply, thior.: is little hope that tIre unserved millions of be well appreciated here ill Tcxas. World Btrk staff, work
households will receive water. \We are all too conscious of ing with officials in 'anil Nad., realized that this problem
the iact that external resources are tininal in the face required a much broader view than provided by a single 
of the very large deinand of water. Bank supIiIo;'t fOr tile water supply project . In) i'ject, the mtjor user of' water-
Water Dccadc, therefore, is very iuch linked to oui' Cetcour- irrigaited agriculture --- is quite iitCl'ficiiCt, with unlined ca
iclenlct to governent" to adopt replicablC technical soli- nals and high ratcs of' evaporation. This has led tie govern
tions that are afordablc to beneficiarics and which are iil ineit of.anil Nadu, with tie World Bank's financial and tile 
large part finianced h local resourcCs. United Nations' technical support. to initiate a statewide 

The same points call be madc ill relation to it ieation. water resources iarragemnilt stud'. 
I leavy capital investments it irrigation n.,,t be considercd This study \%ill, attiong other things. identify options For 
within a broad tranework tfi ircreasine yields over tisle. pricing water for varitous uses 11ridmake rccointendilations 
Re asonable econoiic rates of return ilist be matched by fOr investrents iii resource managemient ind irrigation that 
aidcquatC liiaricial returns its Cll. While irrigationt h:is will have direct implications for tile cost of water for drink-

MlltdC very large contriblutions to ilclCascd -griculturalpro- ing supply anid intdurstriarl purposes. It Will also provide a 
duction ill nuch of Asia, North Ai ica. and the Middle fralnework for irrigation investarenits ill the future. 
Last. ncw ilnvestilltlents must be carefnillV analyzcd ill terIs To sumilup. we believe that ialrltagellinent in the watler see
of additional costs and long-tcri benelits. It is potssible to tor ieans working oil both supply and ( niitiitd.It requires 
oVCririvest as well its underinvest iii irrigation. The issue precise technical underslanding and ecoitonic judgiient 
hlere is careful investmnt planning tnd good technical ibOtlt the rises of water if elficicicy is to be improved. More 
design. iinportant, however, effective nuagcment i tis sector de-

Regardless of ihe tie of xvator, it is iniportant also to Ininds a broad, comnprchensive view ( t' he viioUS uses ol 
CvatuIrtC tihe costs of he depliction 0f tiatuiral reslources. Ill water and of' tile iltipacts of using \vator for one purpose Ott 
ntmtv parts of the world, irreparable daItlagC is occurrill to its availa-ility f0r otihers. P- iple do not live in project areas. 
forests, soils, vater Courses. and grtomidwater. Nieatsuring ' whethcr urban orThey work and live in geographic regions. 
lie elflects of' depletion or pllution tile dclniarid ftor one rural, with particular cnvirontental characteristics. Ourr 

use underestiriates the significance off lost resources. We use of natutril ICSOLIrCS for hutain well-beiing IIst rellct 
rtuS1 appreciate the intersectoral ilpilcts within geograplhic an appreciation of interdependence. 
recions. This suggests that i projecl-by-prtject approach to I xvo..ild like to coinhltIdC by reflecting otl the role of the 
water resottrces mainagmileuiit is not correct. Raielir. we must internaitional colltlltitity il tte resolution of these prob
develop a conmprehensive, ong-terlm view of the iilipact of ltts. 'Tlie qleStiolns of food, water, and water resources 
public and private activities within river basins and ecologi- have been addressed in global contl'ecrences under the aus-
CaIl Iloitutinded regions . We are currently working to dce hp pices of' tle United Nationl. Global, regional, and national 
such ain approach to our own econontic analysis, which in concerns have been expressed: I believe that beyond raising 
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official consciousness on these issues, a framework is now 
needed for action at the international and national levels. 
This framework must combine policy improvements, in-
stitutional developmuent, resource mobilization, and coordi-
nation of external assistance. 

First, governments must make efforts to articulate sen-
sible policies in the management of their water resources. 
They must appreciate the financial and economic iniplica-
tions of their decisions. They must mobilize national and 
local financial resources for priority investments, including 
the rehabilitation, operation, and maintenance of existing 
facilities. Local capital can be selectively complemented by
external assistance, but only oil an exceptional basis. The 
bulk of investment in !he nmanage niit of water resources 
must come from tile developingl countries themselves. 

Our , -sponsibility is to see that the advice these countries 
receive is sensible ,and that external assistance is well used. 
Countries which arc prepared to adopt sensible policies and 
strategies l'or tle use of natural resources deserve external 
support; those couttrics which refuse to acknowledge the 
tradeoffs between short-tern Usc and longer-term sustain-
able approaches should rethink their policies, 

What is tie World Bank doing in this regard? Over tlie 
past live years, World Bank lending for agricultUrC and 
irrigation development has auiounted it) ahl(u $(3.5 hil-
lion annually. or onc-quarter of cur total lending. This is 
complemented by somc $ billion tiliaricing aunmally for 
drinking-water supply and sanitation investments within 
urban and rural development projects, as well as in free-
standing wazer supply and siliitaton programs. World Bank 
lending aounts to about half the annual totals of external 
assistance within the International Drinking Water Supply
and Saiitation lI)ecade. 'he se lrunds assist national invest-
ments by the developing countries theiruselves. thus alimost 
doubling the level of inestment ill these activities. 

M/loney is only one part of the assistance being pro-
vided by the World Bank. We have evaluated many invest-
ments in (lie development of water resources .iid concltUded 
thiat more attention should be devoted to appropri iate low-
cost technologies. The de loping conitrics cannot al ford 
to adop! tile costly approaches that havC been used with 
iiiixed success ill the de eIhpCd world. 'ogether with UNI)P, 
(lie World hBank is the exec tinrg agency ir a program 
of research and deVelopriclrt in how-cos( technologies for 
drinking-water supply and sanitation, including such basic 
technologies as hand ptumpls ard Oin-site sHiitat ion . Most 
cities in developiull countries xWill he tn'.ille to afford water-
borne sewage: less costly means un,,t be dexeloped. 

We are pleased that this joint \Vorld 1iank- UNI)P p:o-
grain has received extensive irternatirial attention and 
been well received in (lie developing couitn ies themselves, 

such as India, China, Brazil, and many in Africa. Demon
stration projects and technical assistance are in place in 
more than forty countries. 

We are also working closely with other donors and agen
cies to coordinate aid. For many reasons, including the scar
city of devclopment assistance, the need to improve aid 
effectiveness at the national level, an11d nlcst of all, to help
tile developing i tions formulate and implelerit sensible 
approaches to tie management of natural resources, we are 
in close communication with other sources of external ad
vic'. For example, on May 13 and 14, 1985, the World 
Bank met with tie members of Organization fOr Econoiiic 
Cooperation and l)evelopment (OFCI)) to discuss how to 
improve aid coordination in tile water sector, raising many 
of' tile same issues I have suggested here. I am pleased to 
report that many of the donors strongly support the thrust of 
these policies, and we are now moving to make our activi
ties mutually supportive at the national level. 

A recent meeting held in Sri Lanka, at the initiative of' the 
government of Sri Lanka, brought together tile sixteen ofli
cial external donors working on waier supply in Sri Lanka 
to ensure that we followed common objectives with tile gov
ernment. It is hoped that these types of' coordination irii
prove the quality and impact of'external assistance. I should 
add, however, that official coordination is no replacement 
for active cooperation aniong prof'essionals working in tie 
sect or. There is a need to share tecli cal inforniation, re
search, and operational experience so that a consensus 
emerges concerning appropriate technological solutions, fi
nancial policies, and organizational approaches. An iiipor
tarit part of this process is the training of' prof'essionals in the 
developing countries. 

In this connection, \\e have been asked to host an Inter
national Network of Training Centers for Water Supply and 
Sanitauion, which will seek to strengthen training in this 
sector by providiLr materials and staff' to existing training
institutions in the developing countries. Thiis network was 
created by tile donors iin 1984 and will be Stipported by bi
lateral and InUltileral coordination as part of' our effort to 
strengthen institutions respnsibleIfor water strpply ard 
Sanitation. 

Finally, let rile reiterate tlat wt, do not underestimate tile 
difficulties in de\eloping eflectivxe policies and approaches 
to managing natural resources. lo io so will require tech
nical skill, political courage, and commiitment. To do less. 
however, is to put tile populations of (lie developinig coun
trics at risk. This is unacceptable. L.et rue end with a quota
lion frori Seneca: "It is not because things are difficult that 
we do not dare to act. Rather, because we do not dare to act, 
things are difficUlt." 



4. FOOD AND WATER AS IF POOR PEOPLE MATTERED: 
A PROFESSIONAL REVOLUTION 
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ABSTRACT 

Hunger is an extremc sign of deprivation. Failures to eliminate 
hunger, and past errors of belief, are reason for humility and 
appraisal. Hunger in the modern world is a problem not of prodt .-
tion but of poverty, not of tih" total food available blit of ,who 
produces it and who can cot',mand it. No'ral piol'essionalismi is 
also part of the problem. To alleviate deprivation and hunger, pro-
fessitonals need to learn from and with those who are last-the 
poor--and to put their priorities first, including livelihoods and 
personal t rod security, 

Irrigation's benelits to the land-poor--the landless and those 
with little land-are easily underestimated. They can itIclde 
higher production, cmployment otn more days. hihcr daily wages,
less need lo migrate, and reduced risks. From canal irrigation, 
benIcclits to the land-poor can be realized through redistribution of' 
canal watcr. sliding scales of water entitlements, increases in crop-
ping intensities, more predictability ;and less hassle in water sup-
ply, and eq uitable laLnd distribution. From groundwater. benelits to
he Iand-ptor can be .,ouglit with pLtops OfV to 3 11P, rights and 
accc:,s to water, pubic policy with power tarifls, spacing wells and 
tubewells. and trees as poor people's solar pumps. Last-first ap-
proaches can also be applied to drinking water, water or pas-
toralism, common-property land, watershed devehlopment, energy, 
and agricultural research. Normal prolc sio nalism points away
from !hese opportunitics; to reali/e them and enable the poor 
overcome hutger and deprivation demands a new professiotialistl 
which pults Ilie last first. 

TEIE C'ASE FOR P-OFFSSIONAL HUMIIJTY 

In his Nairobi speech in September, 1973, Robert Mc-
Namara expressed a major shift that had been taking place 
in development thinking. lie focused on the poverty of 
people in tile developing world, and especially on what lie 
termed absolute po.erty, a condition of' life marked by dis-
case, illiteracy, malnutrition, and squalor, and so degrading 
as to insult human dignity. Ile asked: "And are not we \Nho 
tolerate such poverty, when it is within out' power to reduce 
the niumtbet' aflicted by it, failing to f1t1.iI tile lund anie!,' tal 
obligations accepted by civilized men since tile beginning 
of time?" (McNamara, 1973, 6-7). Ilis question is with 
Its still, and if' his language today sounds dated in its toale 
bias, that serves to emphasize that it was twelve years ago 
when lie asked it and brought antipoverty policies firmly 
to tile fore. 

'Tle record of those 12 ycars is sobering and hitibling. 
There have been successes. Life expectancy and literacy 
rates in most countries of the Third World have risen, Itri-
gated areas have extendod. Bangladesh in 1984 averted a 
famine when faced with conditions similar to those which 

had caused terrible suffering ten years earlier. And the list 
could be extended. But thc shameful fact remains that there 
a-ire some 750 million people still trapped in absolute poverty. 

At the World Food Conference in 1974 Henry Kissinger 
proclaimed the objective that within a decade no child 
would go to bed hungry, no family would fear for its next 
d',y's bread, and no human being's future and capacity would 
be stunted by malnutrition. But a decade later we have one 
of the worst. C. P. Snow's speculation twenty year:; ago was 
closer-that by 1984 we might be watching the world dying 
from starvation on our television screens. Such are the won
ders of modern technology and the failures of human will 

that we do indeed now see children dyitg of hunger in our 
living rooms and yet still fail to enable the deprived to avoid 
such outrageous suffering. 

Many dimensions of deprivation are discomforting. We 
often do not wish to look squarely at the ttuth, at the depen
dence of wealth on poverty and exploitation at unequal ex
change between rich nations and poor, at transfer payments 
by transnational corporations, at obligations of low-income 
nmtions to repay debts in strong dollars, and so on. There is 
also an easy telptation to treat deprivation as ifit were only 

"hunger.' Thus in a recett speech (Clausen, 1985) the 
president of the World Bank defined absolute poverty as 
n 2aning thovt "people are to poor to obtain a calorie
adequate diet." Such hunger is the bottom line, an extreme 
deprivation, and points to those most in need. But overcorning deprivation entails much more, including access to 
basic services, and to basic goods such as matches, salt, 
soap, clothes, nails, thread, batteries, and so on which are 
no longer available in many parts of rural Sub-Salarai Af
rica Ciambers, 1985a). Food and water are atmong the least 
threatc ling and most easily accepted aspects of deprivation 
for elites to examine. But as we shall see, when poor people 
arc put first, cotifortable and conventional professionalism 
is challenged even by food and water. 

The case for professional linliy rests not only ot fail
ures of action but also oi past errors of belief'. At the level 
of general theory, trickle-down cati now be seen as a naive 
wish it ifilliln t. At the technical level, too, there have been 
astonishing errors and ignorance. For many years, post
harvest losses at the village level werc believed to be of the 
order Of 30 percent, and special instituitons, university 
cour es, and research programs wcre set tip to tackle this 
enornous waste. Yet as meticulous research began to be 
done at tie village level, it emerged that farmers were not so 
foolish or incompetent, and that losses were lower, typically 
in the range of5 to 8 percent (Greeley, 1982; Greeley led.], 
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1982; Lipton, 1982). Another technical field still in disarray 
is human nutrition, with continuing uncertainty about the 
human nutritional requirements. Perhaps the grossest error 
has been the view, gratifying to professionals and elites gen-
erally, that the poor are ignorant, lazy, and conservative. 
Sonle of the most important lessons of the past decade have 
been that it is less the poor who are ignorant, lazy, and 
conservative than professionals--that we are part of the 
problem. 

Concernin folod, the biggest error has been to see hunger 
as a problem of total production. For a long tinle it seemed 
ComnfosensiCal that word hunger resulted roll a shortage 
of' fnood and that produngo c ioeod Would baislh world 
hunger. This view cannot sustained. World suppliesb grin 
have been rising laster than population. IlUg grlain Stir-
pluses are stored in the rich world. The Prlem is that low'-
income countries cannot atnord to buy them. Even in-re, 
poor people witlin those countries do not command or can-
not atford to buy the fioOi they need. [flunger is not iprob-
I-hii 0 total production: it is a problm of poxerty 01 naiions 
and espciallIy of' people. 

A strikinrig iIlustration of' this truth for people is to be 
foir idi n gilr startina hiok III( opl in)s 8 beSell's b or 

Ile analyzs fouir ulaJor fiamines to Show that starivation re-
suited l'ronia loss of food entitllincnis---the ability to coni-
inaind food, whther th ioIi produtc ing, earning, purchas-ilg, r recivin it. The 1rateiigal fanine of 143-

i i clivrhapsin illThe Great ga Inc r a4 i ipc pIlied. aft)43 
which perhaps i million people died. cal e alterfiailynormlla period ill tel'IIlS 01f I'OLIt IVaikability,. 0)lfitcialsa \\erec 

right in saying that there \as no0 erius S*orItage of' food, 

People died because of1'sRidden loss ol' earnings, high ila-
lionl, hirdiii', 111d OffliCial bunlgling\ hit.h mnl that theytiould hoicomanrd ffood altbmugh it whc mvailhle. tCial. 

Deprivation trl lii ricer \,Will riot be OVerrCtnle by incrcas 
ing production in the rich \orld; that rmiay even perversely 
inhibit nroduCtioi iii low-income countries ard make things 
worse. !eritiri i hlw-ingeril.lle s ingiscoverodme 

the deprived to grow tile food theisclves, oir to earn it, or to 
cornllanrid it in other ways. lncrcasing ly, this has been recg-
nized and eiplitsized by Scientists. NI. S. Swaininathan 
(rid., 45) in an article entitled "()i ' Greatest Clatllerge: 
Feeding a Ilungry World" has id vocated -Social security to 
provide tIle needed purebis ig powcr to( lie urban anrd ru rial 
poor through greater opportunities for-gainful employnent' 
as a CoIIh)i11ielt of a ri11ional food sCcurity' syStnri. Noriai 
llorlaug (n.d., 135) has \written that "the chief inmpedinmeni 
I eqitable f0ood( distril uion is poie rt y.---- lack oI" pur.chas-
irig po.'.ei'....- But the danger remains that the main 
percived professiial frontiers oif biolechnology, gene 
splicing, and the like will, as they work ilieriselves through 
in history, serve the rich aind not ile poor, incrcasing pIro-
dutlion in tlie x, riig places and fkOr the xv'ri iwngpeople, c\ Cn 
if' this is not what eilightened Scientists intend. 

The challenge, a tihe president of the World Bank put it 
in 1985, is "to generate giowIi aniong Ilw-incorle coii-
tries anrd ilo'-inlne JeopIe within countricN" (c'lanslnl, 
1985, 7; iuthor's italics). "'odo this, scicntists and engincers 
hii'c da unitirig power because their decisions have surch vast, 
if distant, ramifications. li one oh his songs Tomi Lchrer had 

a well-known rocket scientist saying: "When the rockets go 
Ip, who cares where they come down. / That's not my de
partment, says Werner von Braun." 

Where the "rockets" conie down is everyone's depart
nient. Technologies developed in laboratories, workshops, 
and on research stations can have massive impacts, for 
better or worse, on the distant rural poor, and those whose 
choices and actions develop them have causal and moral re
sponsibility for these impacts. 

NORMAl. PROFESSIONALISM 
Part of the problem is normal professionalism. We are 

trained and trapped in cores of knowledge, and our loca
tion, conditioning, preferences, and career incentives point 
us inward and upward toward greater sophistication" in
stead Of outward and downward toward the peripheries of 
knowledge, and especially the knowledge of the rural poor. 
"First" thinking, as it can be termed (Chambers, 1985), is 
powerfully pointed toward whatever is capital-intensive, 
mcthainical, cien ical, ;-aiid quantifiable anl away frol 

whatever is labor-intensive, powered by animals or people, 
tri an d difli ult qftyil'.. awvay a ti, from tile re

usourccs and techniques of the rural poor. Industrial, coin
mercial, Ind large-faruier interests add their pull in direc
lions scientists and enginc trs are . '.reidy inclined to go.

Nor are these all "liirs't" biases. Most normal profes
sionalisin deals with resourOi'S, lno1t people. The point ofl cn
try, debate, aind analsi. is 'ustrally technical. Choices in
 

research aid devCh)nirent are influenced by the latest tech

nology, skills, techniques, toos, and i-strtrmernts, and by 
ihe priorities of peers and fuidi ig agencies, often corinner1)isCipliies arind tFrl'Cssionls spec.ialize and tend to dig 
down into ruts, and to respond to challenges w.ith reflexes 

that lit their specializatis. Normal professiorals more 
than they realize, are trapped. blinkered, and biased in their 
view of reality. Above till, they see the world from the core, 
where they ire, and not frini the periphery where the de

pri ved ard liung ry are 

i . Technologies generated in "first" conditions do riot lit 
the needs anrid resources of those who are last. The cry is 
repealed for the transfIcr of' teehnology, but a tranusfe r-of
technology rientality is part il the Problei. It is gratifying 
to believe that we have the knowledge, and tile), do not, and 
tlt they muit be educated (ill farinig practices, in water 
n anage le it and So oil). But tle ignoriance is all Itoo often 
tlhait of the prolessionals. The transfer-of-tchnology para
digil (Chanb1ers aind Ghildyal, 1985) generates technolo
gics thaitdo not lit the cindiions of thc resource-poor, who 
their do not adopt tiem, n it because they are ignoranit hl 
bCa 11se they' ire rt ionil. 

2. The polor are ii iesidual . Resourt.es Colnc before people, 
but then aniing peiople, the less poor conie first, and the 
poorer last. SO we have Clhapter ()t-e General Bac kground, 
Chapter Two--Soils, Chapter h'Iiiee --- Ilydliology, and their 
tihe token postscripts of Chapter Twelvc---Sociological 
Constraints, and C hipte r Th irteeII- I ipaect Oil \'Oleni. 

3. Disciplines and professions leave gaps. A teipting 
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view is that if all known and relevant disciplines are applied 
to a problem, every important aspect will be covered. With 
normal professionalism, that view is false. Canal irrigation
provides an illustration. Sociologists, with few exceptions,
have studied the village level and what happens among
farmers below tile outlet (the official water handover point
between irrigation staff and/ proups of farmers). Engineers
have concentrated on design, construction, and mainte-
nance-the physical hardware dimensions of canal irriga-
tion. Normal professionals, both sociologists and engi-
neers, have in consequence neglected the operation of the 
main irrigation svstem, the allocation, scheduling, and dis-
tribution of water on the canals down to tie outlets, and 
conmmnicatio ns and controls. In textbooks used iin pro fes-
sional training of' canal-irrigation system anuagers, these 
crucial sUbjects are scarcely even iMentioned. 

4. Normal professionalism lacks the iuiagination to see 
that apparently technical dccisions arc normative. \VWhat sci-
entists decide to i to affects who gains and who loscs ill so-
ciety. There are no neutral decisions. But to see the iruplca-
tions of" decisions requires imagination to think tlrough 
caus:l chains to those Who may be afected, especially tle 
poorer of the perilhcrie,,. 

No~rmal pr0cSSiO l i,11 is 11111Stres alindI, ri (lie os th 11t just il )CIfCi. It oper-on, froins tie center outward, 

with abhle illf intelligent peplc seeing little nore than their 
own parts of the syste i co,s in the iriachine, not recogniz-
ing where they are going or the efftcts of' their actions and 
inaction. \Vhether they harm or help the peripheral por is 
theti largely coiricideital. -poorer 

'I'llE IRL;V IO''l(oN: 

PUTTIN; P(O()R (,I EN'I'S I R'IST 


A clue to the clia ice riCededi can be fhutld in PeterS andlrt" 
Waterniati11's (19y82) INdyoflessonIs front America's becst-ro 
companies. They qluote (p. 156) l ew Youn1g, cditor-in-chief 
(if Ih..ins' Week:; 

1iiitn
Probably rite ost.iioltp lrrltl I illdaiititanlinthat i 
being igmlrcd today i, StIyilli clos the cust to sllner,atisl,
his necids alld anticipate in wanls. In too iliiyiv cnlipanics. the 
cuslt.ir hias lcoic a bMoody till"allvC whose tirirediiahi 
beha 'iin ain c ,refullv iia re strateic plai,., whose aciivi-da cs 
tics itess up c ilptter pertioi),. atid wll' stuhbornly insists 
that putirchas pdlrh'is slt \\Idrk 

lhe athtors Iirltttt i exccllelI ciitlie s ari-c ifriVcii 
more by their ilirect orintationm to their customrs tihan by 
tccitology and ill sumiiria'.y say thai what their research Liii-
cov-ered on1tei Cutlocr ;ttribLitC wits that "tle excellenit 
colilpanics rca//lv ar' close to their c stomers. That's it. 
Other conlpanies talk ahout it; the excelletit companies do 
it" iibid. 156 57: their ieiipliasci. 

For companics, there are practiCal, ioiir1ci'ial resonis 
for putting clients lirst. Being Close to them Iays. With the 
rural poo'r the proiblci is difle-cril. Ihcy ciaInot exercise ie-
iintiil. They are precisely thse lo irc riost powerless, 
most scltterCl, Ilost unable to articulatc their iceds. nlost 
unable to mtake ilcniand in the system. They are, more-
over, easily despised andi rejected as ignorant and not know-

As if Poor People Mattered 17 

ing what is best for them. Neither commercial forces nor in
clination draw normal professionals to learning from them 
and identifying their priorities. To serve them is largely a 
personal and moral question. Robert McNamara recognized
that "The fundamental case for development assistance is 
the moral one. The whole of human history has recognized
the principle--at least in the abstract--that the rich and the 
powerful have a moral obligation to assist tile poor and tile 
weak"' (1973, 8). The problem is to mnake this abstract prin
ciple concrete. At issue is a moral choice, of' a personal,
professional revolution to put poor clients first. 

This revolution leads to a new professionalism. It entails 
flips" or reversals, taking hold of the other end of the stick,

seeing things tile other way around -- froi1 the point of view 
of poor clients, their priorities, their resources, their skills, 
and their knowledge. The effect is like taking aglobe of the 
world and turning it upside down, or standing on one's head. 
lEverything looks different. Criteria arid agenda are new. 

Three practical implications stand out. First, a key to the 
revolution isa sustained effort to learn from and wvith poorer
clients. I<ksearch, especially over the past ten years, has 
shown the richness and validity 0if Much indigenous tech
nical klnowledge (II)S, 1979; B'okerishi el al. [eds. 1, 198o; 

hiandilers, 1983, 75 I02; Richards, t1985,). Modern sciric tilic knowledge is so linked with power and prestige that to 

teih I'tnandtile p.Aor Iet-is it agjor role reversal fron 
telchin an . 
teti and lesrn. 

'[he sct.'d implication is to put the priorities of the 
first. 'he temptatioii is to kiow what is best for 

others. For rile to sN, nt\, what tile priorities of' poorer
people arc, or may often be, is itself arrogant, and there is 
no substitute for asking thern. again and again; but interim 
gesses that Ihei deprivation, are ll til1le,[lot just
poverty, but also physical weakness, isolation, vulherabiliwelsres1ai ht hi motsiilul ie
it, and poerlesness; and that their priorities include lic
lihoodis il tile serise 1aileilL.c aii sicure stocks and flows
off food and itiCOille, and reserves aalist contingencies. For 
this, aCCess to aId Colliinilld ovCr rodltic iVCresoLrces thll 
giVe it i deperidetice oftCn sierlll to be tile (iCsiret
goal. tigether-wit .laSSetSfor SeCliiy ilga inst disilstirs alnd 
sudn hlre needs. 

'p es nl•The third iltpIliC;Q'i1l is 1")r decisions hy p~r0fesSiolMlN Ci'[ e thi r i p atio i or ilei \iior, r 
lie t work, wI it to work on, wh at to seek iiitiils f(r, or 

whilt t0 put1ill the svllabus. \l any professionals have riiade 
reversals a1d dIicided to w\ork oit what matters to those who 
;ire last: root c'rops for failtinic reserves, pest and disease re
.istance to aiid puLrchiase if elieniicals, irrigatiori rlatagce
iiert to hcneilt smaller f;t'riiiers and tailenders, agrol'iorestrv 
for il1ip'ovCd traditioni.tl agrictlture, and so ott. But the 
great majority of1profesioiahl. hiave 1nt. The tOLchIot" is 
for all to ask of' their \%ork: Who \will gain? Who xvill lose'! 
And how\ could the pooier lose less aniid gaiii 1iiore'? 

If putting, the last lirst in this way appears the starry-eyed 
Cvilngelisii ol a jet-lagged Eiiglish ac'ilcliic. let ts test it 
against praitical potentials, takiiig fit'st :anal irrigation and 
secot, groulldwater and olher siiall Sources of' water for 
irrigation. 
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18 PLENARY PRESENTA'IONS 

tion system is unique, but on many, permissive issues inIRRIGATION AS IF POOR PEOPLE MATTERED headreaches create conditions of waterlogging that dcpress 
Irrigation is usually seen as a means to production. Let us yields while tail ends are depriv.d of adequate, timely, and 

instead look at it as a neans to enable the pt,orer to gain predictable supplies. The potential here is for redistribu
more secure and ladequIIate liveIihoods. For (hem.the inlpor- tion of,water so that Ill gaii trom more appropri ate, ade
tance of irrigation is not tilevolume of production that re- quate, timely, and preuictable water Supplies. At headreachesSuits, but the a111u1t aind stability of the food and incole this inight sometimes mean i shift to more employment

thev can obtain. Silli:mn aund Lenton ( 1985) in their study intensive, higher value, non-Ialddy crops, anld ittile tails, 
Irrigaiion ani tle Land-Poor, dcline tile land-poor to in- more employmnt because of a better water SUpplyl. 
clude those who own no lnd:, those who operate no Ia d, Raising intensities. Combina tions of reservoir Iiianage
anrid those wIcos'ht sourc is teuncnt, responrses rainfalll, reduction orIajir (it inlcome agr iculttHt water-saving toI ir

nIte this extenrded of night, nicawage eillpIoyli iCnit; thIat del illitiOn in- provencnt irrigat ion at improved conll n 
eludes IM illsnill t111 argiaI'r i ers. The atuthors lind tions, and decision m aking with illlnCiS Crscabe used to save 
thit altllougl thei r subjcCt Iias been neglected inresearch, watcr and increase intensities 'troilloet: to two, or Iro r two 
there is considerable evidence of stronigly positive eimploy- to three crops a Yellr (Cha01riies, 1984). Incracised intel
llnCllt incoie eflccts roillirrictatioil, iliuch Stronilger sities can also be expected to reduce olt-iligration. increaseard 
than with high-yielding varieties. The henclits can take in-migration, aind raise tile income:s of the lnd-poor. 
iiiany fori us: ligelcr incomes 1r I0aidl-pr ftriliers: higher Progressive entitlements to water. As on tie West Banas 
wa ces t1r lainrers hecause of hiihcr dcii ard arid tlii ier Project in Rajlasthan, water entitlements call be determined 
incolics of farniicrs whii enable them to pay ticir laborers on a progressi\'e basis, with per-lectare entitlements de
iire; work (ilmore das if' the ycar. aiid especial,, work size. Besides increasing ploductivitycreasing with Iarnil tile 
duriig tsecond or third scason when previonsly there \wis of water, this is likely to increase tile livelihllOd-iilterlsitV 0f 
none; reduced iied to li"rictc sCasOIla0ly to seek work else- its use. Such rights are IcIst dificult to establish betore the 
where. avoiding thel disrultiolns and rilsCcuritics involvCd stirt of a project. 
inliti givirll a better chancc to educat childreii: and irrigra- Predictability and low hassle. For Siiall and marginal 
tiloll t irrigatcd a'rcas with direct IbnCit, to tile liirltts f'ariers prCdictability aiid Io\ hatssle iil galillilg access to 
and indirect benefits to laborers wlo stay behiid because of' water a're cli illy vaIuLid. ()n the Iahi -Kat raI rojeCt in 
deceased competition for \\ork. Other potential beiclits call GIujIat in Indial, rCseaIRChers (JazyarMial Ct l. 1983) ha\ve 
be coIInjectUred, Iir c.Xanip Ic rCdtLCCd I' ncrability to ill- reported l;lll.is py ioet hCwcci seyen a.dIllt Isnine ti re s 
tleltcdlllcss aind imipoverishmesi nt, dtlreduced depinde nc itice isfor Cieal wa tile groui ldwatcr isUCIl f'Or grorlildwater wttr: 
Oii p;troris bcCaitSC ilcileCS arc Iliiler anld better spread relatively reliahle, but the canal water has to be obtaiiled 
throUighion t tile \C;r. tilu a and lC prcess.iou gli cOnl1lcx urrCli buireaIucratic 

Such points can he contlinmed by coiric directly to "last" A coimplex of questions colnceriniilg inft'riation,i power, 
people, sUhl islaIocrs Oil tile tail ends of ca1n; irrigation control, rights, aid trust (\Vadc. 19 5) is iivilv'ed here. 
systems. Womcn I laborers oil the tail end of the Kaudtula with tile prCstiiiPtiOil tilt high predictability and low hasslc 
Projcct inSri Lanka beinelited Iri m more work when addi- ill tile supply of' laId-irrigatiorl waltr Will eicouraet farm
tional supplies CeaiC to0their pruI'iI thrtigll the Maliaweli ers to irrigate Ilore and gencrate ilore Ciiploviient. 
Scheme. Iia Tamil NaLlI Vill'ce in lildi;I, Ilarijai women, anr1d ac(luisitioin and al0Catioll. Couritries diffcr in 
asked how tile\- felt aboult electric li'litiim installed il their policy as to whether liew caninal svstemiis are built to supply 
huts by iUO\'eriliicit prograri. did not praise the lighlhut water to farille s oil their existil inl, oi whelther the land 
coillaaiined thlat tnrcliblc pl\w'er supplies to their employ'- is aCluircd and redistrihutCd. Acquisition and redistribution 
ers' irrigatioll pUliiips rcstrictCd their work aild inco les as are eiirniorr nimAfrica, IOr example, as oilthe Nlwea Irriga
lahi irers. tion Settlement ii Kenya. and inthe l)ry Zone o'Sri Lanka. 

The prioirities of' the land-poor wilh irri!!ation irclikely, hut rare inIndia, olnc case heing tie Rajasthain Canal. Tle 
inshort, to be for aitCL.LC, s;thlc. pedirctaeil'lC. i ild tiielV potential for the settlement of" landless faMilics on land se
water supplics. both to gencrate CiiIIM ICilt ;111i CinlC 1'tr"ndto cured h Cnil'irciigIld ceilings, or i acquisition or 
those with somc lariii coiiiMinnd alld use the water. purchase by government when irriga1tiol is providcd, would 

Fromi thiis perspecti\c, let 05 ii0\ exailiic first. canal ir- secll very lgll'gil India and else\\ herc. 
rigatiolll, ild scodlt. 1riiLidwte1r. C rOulda",er 

Cana.li IrrigationiGI rId\VlCr which is riot foll' exploited can he seeii as a 

Maw1V IarTc Mrld IiCdiLIrii irlricatioll S 'StCIIIS illSr th and last i'lntictr (II)S, io ib), raii tile qLICstion olw',Whowill 
Soutlleast /\Asia operalte ltlhelow tlheir potential f0r gercrat- cet it,anid who will berlefit arid wi i lose nt fron its devel
ing emiplymct arid iIlcoliieS 10r the poor. The dcpriVCd oplment. InIndia tie ullexplhlited potential is still vast; esti
ol Canal irriga;li are oeten lahorers. irriial aind siiall rnates ol"ihc rle\'ewable recharge of" grr"lrdwater roughly 
I'larlilers, and ltil cRIdcrs. PI'rtVidiig htter Water Sulplies l'0r douhled between it)( an id 19,3 (Siilit. I983), ai1d by 
tail end I'll'iers helps bith licili their land. ial estiliMte Wits Ihtl33 peceIt (i)b;and laborers onl 1984 tile cillrent oli 
Five p-loilics clil he suggested. lly tsubstantial undereslirilate) was still unexploited. Much 

Redisti'ihutiing water irom teads to tails. Each irrigi- unused groundwater potentiai ia l ile leo wer Giangetic basini, 

http:aitCL.LC
http:l;lll.is


As if loor People Mattered 19 

in both India and Bangladesh, are coexisting with the great- sell their water or use it in sharecropping arrangements
est concentration in numbers, density, and desperation of (SPWI), 1984). This may he replicated on the Adhikola 
poor people in the world. The normall pattern of ground- ProJect in Nepal. as weil as elsewhere in India. 
water development is spotty. Scattered laIrer larniers buv All three approaches are smnalli-scale but spreading. All 
pulnps aMnd irrigLte, and puiic tubewells are installcd. allocate water more equitably than fle nire commrnon sys-
Spots or islands of irrigcation then appear, leaving betwecn t Io0' water to the strongest. All have a Iiighe r lioclihood
them uLlirrigaitcd araCs with many of the poorer tlarmers. intellsity of scarce wIl"er use than would otherwise he 
Somietilis the cone tt depressitin (tle conical depression in achieved. 
the water table canStLl by ptlunipil h IO clswater in neili- Managing tile groundwater market. Although they are 
bors' wells so that they lind irrigatio1 harder, costlier, or aenablc to policy interventions, mia rkets Itlr g riOUndwater 
imptossihle. Many other inequities have been LocuIilenteLI have been neglected. They p'esCnt two types 01fopportulnity.
with hoth puhic aind private wells a111.1tCIwells. I . SatLration. Where ronditiwater recliarge is very good,

Soic of the poorcr gaini work alnld wages kion this pit- Isin lich of the (iangetic basin. one approach to benelit 
tern fdeveloplnlent, hut they standlo gailimuch more from the lanL-poor is to install pullipilig overcapacity. This crc
more targleted approaches. ()Ithese. I'otr cal he on tlilledi wltr-buvcr 's Iln )istri ctI. te s ,i iark et. parts If (onla ill 

Small-scale pullips. In India and anghkledsh, antid per- Uttar IPraLdesh, land is fragented, altJatile sallic falrnie rs 
iaps Ohere itCLrioUS, gap in the pulps ilvail- mayv be sellers Oit\;tter On some plots and huirS On others.elsewhere. is 


able on the markel. At tie locr eull Iicre is alnldlalI,lntl l'bCs 111-cheap iiI'ore liillerotlS Ihaii the diesel pLIlllpS
alni- Ir 

Mial lift. little ttr itlthine less than 3 Or 5 1i1 P lPpl , that are
hut tlei hired ald IllOed arlul.d. IlIISuch cOlditiuls, sm,1ll,
 
This gap coirteitlcs with file lcedls ot tells of iillions of pioor I'larlers are int strong position. Thev call purchase a
 
saill taruncrs Mhoc lald lies ab-ove acccssible 'roulldwater Secure inid 1Llt1e supply of VaCtr for irrigation iolli
ani~ tiflr whtum a or iI )5piullip ilay he too) large. unless I i it iwi capital eqtii
their neighbors evellihoigh tihe, 
the, sell water to uciulihrs. Nla I pii,hilities call he ex- lulet or eveni tites (('haulbers Mtil .loshii. 1983). 'Satura
ailliied: solar (Nc(Gtoslsn. 1)l I ptilli ptsscl'd hv hat- sLIcI
tion'" ill ireis apperts a flsible policy. Itcould he in
teries that arc taken homlie :ittnlht ant chargetl (toshi. ttrOlLLecL thirtough c;llips o1 ldnilliSitrati\ve. hnkin,. and
 
19)84) a1td lccc'ntlai/cd e..lCctlic Sy'stCms h;aCd Ofn
prtLutucCr technical stalfl" who could install overcapacity villae by vil
gas (.oshi erl ll..li318.There \won id aplpear to he a coil- Ilgc andLSo ,cliatC a walCr-uhver'slmarket for small farmll
lercial opptO1rttit. hcr'C. rLluiriuc itltacillaive rCsearch ers, atld also a seller's niLrkct *tbr' aiOrers because of ill
amtldevelopmntct clowc tO the clhelt,, creased lemllaLnd for lihor.


Rights to water. Rigltts tol water artt'tc'tt plriiPiiftiomll to ilt]
2. I'ricitig. spacing. IpuhliC tut)ewell potlicy. Ilit re
lald llllillitCL to thOsC with lauild. ReCetit ullatuoli cent Stutly((Sha. 185. lushalar Sllah of' tileInstitute Of
 
shown tllat Iltre eltuitahle apptriaches caln work. Three (see Rural Maliaenicent at Allilil lotelI and ilnvestigtcd anit1ia
alsit S"illinialn anLI l.cnttol. I)5) deseeV mention, lies in the grotlildtwater tmtarket iii Ilnlia., a suhiect thlt hald 

First. the (Gramt (;Outav r1atistlhan n1ca Putne ill hildii is af ]aigelv esclpcd noitce. lie contrlsts hih rltes ol 15 tovoltutary agency wich has helped ftriit rttups of falrm r5upees per hour in Gtljaralt with nmlh lwer rates 01"4 Itofalic, v i lilt irriatiioiwhere wvater is scaOrcer tliai htnLl. 1 rupees per 1ourii P'unjab and I.ItIttar riraflsh.The citorast 
Water ruihts are allocated ccttlineto nunihers it mmhbrs is ttrilbute to tlrc tlactors. First. PlunjLbInL .Tltr Pa
ittther ftuily. lhis is siuhject to the p1ollcI t ofI" ist habuv ai chaorge pr h
a ctintribu- tt ratec Plti i\'and pelllrann 

tutu per held ili thi sIttly]. htoiile the icesslry la01'iT. e wvher'aes in (tnl rat the charetge is hsed on units iptl\'er
altion itis kn plsm suthscibec at the tie cniis;tted. i nllsetftlenll-.L the i ruiln cO'st ,Iw.Iter ttalt l alclper 
itO stlrtinol e 1)C1: (I(l. I )S3).Thitv-fl r the sller is eCla tivCly high itt (iiujrfle .i hile Ceoligible iohhillICIe 

gritutlls were o CratilLg itt Iti)5. ai lr lOUtar- eh lital . Se1,t'ci. th 'l l v ]t tilij iiLl Ilirailcshi Gid . tuew lil splcing policy
areciteCs w\ere taktttg ap th apprhi1c8. ill (Ohutjaratgives a htrtttr with a tubeell a ntiiiipoly ivelr 

Setild. Irishika in Iangladesh. as w'll as other ilraplni- stute 2i LLr which buyers of water lck alte't hr, wihin 

itns, hal hi l)"4 c'lanled ithr thsa aelit dr ritilps nate s otrcs that tight kep price iiwsow. aitrd. piblic
 

iti]llltlss I)\csants t ,tlllire It han-itt rr tuhe\\sCs are sc ad lew11that theyLii
punp extrictine iS IIutartt soi C'tterel 
water triti tll lt i 'lrr t I t' m.lttarluniers. not effectively witl private lithew\ls to keep theuirpecs 01tilipete 

)tlter trgani/titins ,wc're iititig likCwise uO1;Iangladesh. a.lndl price O wa;tier Itll.\ Iligh prices a'tCin (n jaorat Lisfor r 

gritups oftlt selllth tlteir iasharecrop- crimoinate ginst small gh pt" I'atrs. Shah cijtludes,aler ,lnd lar on 
pi lie, basis.elotigh iatt less. thei ale thus enled t ga in Luite strailtfSrwarlhaligas iniiverlllelts that pStlicies
 
in the tlleexh lilc)il i0lIt tAhnllei,power spicilig. thcvclls citoluld
resittrectootwaterl tor piig, adliLpublic 
11,i): Wioil. 1984). ( )thor itrgalniitillds ini like- ing i (LijrMi inti wcrul inwc tratlslitrnll ernU dwatc r,tktls t ptl
wisce iil h9l.1)cll. n)il there was iliterst ill tis ikpprtl strllcts for lialltrlltlarLir Levehipnellt.

i illi Baswell . arcIhllps. 'T'rees aIspoorc irrigadp1Ir0cs penoplte's solar with 


hIe third c'rlls nit groitndwatcr sitiall areexeltlc poap has between
hut tin a soje't that fallen th sitis it 
dams. Skhiamljri and Nadlla .lavilIhaes all li l'sand irolessins. CitliClli l wilhnear ('h ligarh IlorcstLes acll 
n11S.tlrler India where the water ill very smitall dais built 1r Irees iltorests oit till tarlls; irrigation is usually thouelit 
crmhrn nit hee alhticatell equally ti ;all tailiios tif in termsof crops. Whiere waelr tables are high, holtwever. 

(hacarths) in the villaec. This includes the Iantdlcss. whio cali trees can be poor people's solar pumps. Thcyv reuirc phlat
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ing, protecting, and cropping or cutting, but they do not re-
quire farmers to obtain credit and hardware for pumping. 
Thus they could sidestep much exploitive has',ie. In the 
Gangetic basin and similar areas, trees could be a buffer 
against indebtedness for many poor people. To meet con-
tingencies, they can cut and sell the trees. IlEgypt, fodder 
trees might provide an alternative or supplement to berseem 
as an animal fodder. If the trees were more productive than 
berseem, they might release land for food and other crops. 
In any case, trees are a cheap and renewable means for tile 
poor to tap groundwater. 

OTHER RESOURCES AS IF 
POOR PEOIIE MAT''TEIREI) 

Sinilar approaches, starting with tie priorities and needs 
of the poor, can be applied to other resources and develop-
ments. The same questions of who has access, who gains 
and who loses, and hiow the poorer call lose less and gain 
iore, call e asked with each of the folowing: (Ii ) drinking 

water, including Case anidlequity of access, quality, and 
niainta inabilit)': (2) water for livestock, including questions 
of location, density. techilocy. own and Colntrolle rslhit 01f 
water supplies (Stanforl, 1983. 1985): (3)appropriation of 
land thrtough alproplriatioln of water. On the fringes of' tile 
Sahel, as also in Botswana,. right to install a v,,ter sup-tile 
ply gives de flIcto cotrltol over lamil. usually by tie better-
off iletnbers of society. The appr priation of those two 
Cointiii water and is scettias dcveloplne lt,re soiu re,,s, il. 
One can reflect. thoulgh, oil the jingle writteti at tiletime Of' 
the enclosLrC of CoIIIItII lanls illEnel'and: 

They clap ill 'ait or \;orallthe inall 
Who steals the goose froioil the coiiiin: 
Blit let the bi.Uecr ka ,cgo loose
 
\Vho steals the t-o iu llollthe oose.
n tlc 

Those \\ho appripriate wvatlr ati landIte detnyitg to others 
"'hat Wias hel'0rc atConioti011 resoturcc: (4)water f'alling ill 
watersheds. where COtitoiUr plowitng, tic-ridging, grassing 
waterways. argoforestvr. and other measures niv etable 
ilisadvalltated raiifed lInIers to retain nioe wter: 15) en-
ergy, which has bCen reglrded as a prih[tcit for the rich 
rather than an opporttMity li'r the poorl. Livelihood-
intense use oIf'producer ao hconotion IFocy ,atid Bar-
natld. t tjX) inl remote \\ooded o' ished areas 'lutldl bith 
save forcign excliatllce. l'tCtL,ltlClIatCwvlcrc Oil is illi[ anlld 
incomes for the pooir Whtio ciUldt briie \W' LIto the roadside 
tio sell as fuel to passing vehicles: and (()hagriculturtl re-
search ielhiiiodthlgy, wvheic a case has beel arguled ((ihi iii-
bcrs and (GhildVal. 195)I that a new par-attigni is nieedd0for 
research to serve rcsoultrce-poor falniCi's. 

In each of these Cases, as with Caniat irrigatian griiutid-1tid 
watCt 'or irrigation. starting with ihe te le aidt 

puttiig their priorities first presetit criterm atid agclda that 
lead to hew ideas of \what sliiiuld bledlic. 

C()NCiUt.SION 

Iti alleviating deprivatioin rlld pro-\\01dhliutigcr,intornal 
fe.isionalisin is not only ilotcnotgli, it ailpoint illthe 
wrong directilns. While there is a world food surplts, any 

scientist who devotes his or her life successfully to increas
ing food production in the rich world may have a net effect 
of making things worse for the poor since low world food 
prices encourage imports by low-income countries and in
hibit domestic production and income generation. Normal 
prolessionalism also starts with problems that are physical 
and scientific and with resources rather that- people, let 
alone those who are deprived. The distant poor are tilefinal 
residual in any analysis of iniplications, if indeed they are 
reached at all. Professions concerned with water have spe
cial problems. The inherent difficulties of water as a sub
stance to mlanagc and ieasure make them narrow theirfocus more than others. In consequence, and more than 
others, water-related professionals may overlook social im

plications of technical decisions and activities. Yet because 
water can do so much to reduce deprivation. their actions 
maiter Much, for better or for tilefor worse, deprived and 
hungry. 

The arguMine ltfor a )rIOfe ssional revolution is both moral 
and practical. It is the deprived who are hungry, aind their 
hunger will he overcome to the extent that they become less 
pooar. IPressiotal reversals to pit people before resources, 
and thelpoorest first of" all, generate new atidis for water 
policy atd research. Priority for livelihoods for tie deprived 
demtiands a fip of perception, and theti presents the excite
|uent and intellectual challenge of' a new pradigm to elabo
rate and explore. Above all. it hioldis out better hope of re
ducing deprivation and htger intile world. The iu estiou is 
whether etiough prolessionals will have tilevision and Cottr
age for tile ire needed.qiuiet personal revolutions that 
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5. WATER AS A CONSTRAINT TO WORLD FOOD SUPPLIES 

Manzur Ahmad, Pakistan Agricultural Resea.h Council, Islamabad, Pakistan 

ABSTRACT 


Water is the most important input to agriculture, yet it is not 'in 
unlimited resource. As irrigation represents the best hope of 
quickly expanding world food supplies, a detailed discussion of 
Pakistan's case is considered to be the most relevant to the theme 
of this paper, Pakistan being a typical arid country primarily de-
pendent (in irrigation for its agriculture. With tileconstnction of' 
additionl ,'irage facilities, development of the groundwater po-
tential an,' improved water management. the amount of water now 
available for raising crops can ultimately be raised to 278 percent. 
In addition, the benefits of available water itself can be optimized
by better choice of crop arieties, cropping patterns, ttse of tod-
ern agricultural inputs, and adoption of appropriate agronomical 
practices, which should continuously be updatcd through research. 
Pakistan can thus make a substantial contribution to future world 
food supplies, but this requires mobilizing the huge investment 
needed for hainessing and utilizing its water potential and tackling
socioeconotnic problcms as the development proceeds. 

Water is the source of all life. The loly Koran says "And 
We created from water everything living." No doubt, there-
f'ore, that it is the most important input in agriculture. It is 
essential for the very existence of plants and indispensable 
to their growth, being tilemain constituent of the protoplasm 
and making LIp 85 to 95 percent of thc fresh weight of nost 
of their green tissues. It has several fun,:tions to perforn: It 
not only carries tilenutrients from the soil to the plant but 
also is involved iti essential physiological processes such as 
photosynthesis and various metabolisn r.actions. It is also 
vital For the maintenance of plant turgor which, itteralia, 
maintains the ftorn ;and mechanical strength plantof tile 
organs. 

Water is the sine qua non of agricultre and food produc-
lion, but it is not ainuhlmited resource. No .aumthentic study is 
yet available as to whether water can support world food 
needs in the very distant f'uture. In i' nvAunuental report 
entitled "Agriculture Towards 2000,'" the Food and Agricul-
ture Organization examined the probable situation at the ap-
proaching turn of the century. In this study, FAO has come 
to the conclusion that irrigated areas can expand by 40 per-
cent in twenty years over the t98o level and can contribute 
about half the additional production required under an op-
titnistic scenario. That conclusion is based on the premise 
that the developing cointries will be able .o achieve tie 
ovcrall econonlic growth of 7 percent envisioned in the new 
United Nations development strategy and double their food 
output in two decades from t980 without water becoming a 
constraint for these countries, as a whole. Of course hmas-
sive inestnient will have to be mobilizcd for this putrpose. It 
has been estimated in this report that for irrigation facilitics 

alone in the ninety developing countries studied, the gross 
investment requied would be approximately $12.7 billion 
per annum in 199o and $14.7 billion per rnum in the year 
2000 (both in terms of 1975 dollars). 

Irrigation for agricultural production is a complex ac
tivity, In fact. it has six dimensions: three dimension; of 
space regarding point of delivery, tileother three being
quantity, quality, and time of supply. The last three dinlen
sions are detertiined by soils, ciniuate, crop varieties, and 
cropping patterns. On top of these dinensions is the multi
disciplinary character of irrigation, embracing as it does the 
interaction of engineering, biological, and social sciences. 
Water cannot be considered to have become a real constraint 

to ieeting the world food supplies as long as there is the 
scope for manipulation of the various underlying f'actors for 
further increasing the agricultural production. 

In dealing with the subject of this paper, the case history 
of Pakistan has been kept in view because the conditions 
here are typical of many arid countries. The conclusions 
that can be drawn f'rotn a discussion of Pakistan's water 
problems, prospects, policies, plans, and programs will be 
valid for very large regions of the world and, therefore, 
highly relevant to the theme of' this paper. The dependence 
of Pakistan's agriculture primarily on irrigation is yet an
other reason why the example of Pakistan is so appropriate 
to the theme; the relative contribution of irrigated areas to 
agricultural production around the world is much larger 
than the percentage of such areas in proportion to the total 
cultivated area. Moreover, irrigation holds the promise of 
being a major intrutnent of meeting food deficits iti future. 
especially inthe developing world. 

Pakistan has a land area of 8o million ha, of which nearly 
one-fourth, i.e.. 20 million ha, have been under cultivation 
and another I.0 millionl ha ha,,e been classified as cultur
able waste. It has been a traditional exporter of rice and 
cotton and reached sclf-sufLiciency in wheat for its 95 mil
lion people in t983. when it produced 12.4 million tons. 
However, it has been importing edible oil to the extent of 
Ifur-lifths of its requirenents, the maximum import being 
742,0oo tons in 1983-84. More than two-thirds of the culti
vated area is dependent on irrigation, the rest is by and 
large rainfed. Irrigation is responsible for more than 90 per
cent of the agricultural production. The annual cropping in
tensity has been about 1 115 percent. i.e., double cropto to 
ping hay been practiced in only a limnited area. 

Under the Indus WaterTrcaty, signed by India and Pakistan 
in Scpteniber, t96o, to rtcsolve the Indus Waters dispute, the 
three western rivers of the Indus System, namely, tileIndus, 
the Jheltim, and tie Chenab, have been allocated to Pakistan 
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40-	 flows are also marked by equally large fluctuations from 
year to year. They touched a peak of' 223.48 billion cubic 
meters (BCM) in 1959-6o and dropped to a low of 115.2 
BCIM during 1974-75. 

Until the 1950s, irrigation in Pakistan was entirely supply 
35 -oriented, although there has subsequently been a gradual 

TOTAL but only partial shift of orientation to resource develop-
DISCHARGE ment. In these conditions, the demand had been dictated by 

the availability of river water, the flow of which was under 
hardly any control. Nevertheless, effort was made to use the 

30. 	 river hydrograph as much as possible through a system of 
interconnecting rivers and a blend of perennial, nonperen
nial, and inundation canals. The perennial canals are in

o 	 tended to run throughout the year, although with reduced 
discharge in winter as crop requirements are less in this pe-

E 25 riod anyway. "'I nonperennial canals are meant to run only 
Li during summer from April i to October 15. The inundation 
(D canals operate for stidl shorter periods of very high riveror 
< 	 flows as there is no control structure such as a weir or a bar-
I rage on the feeding rivers. 

20 The inundation canals and non-perennial canals were 
constructed for irrigation only in those areas where the 

_j underground water at shallow levels w,,as sweet and could be 
m
1-_ 	 taken out by FPersian wheels for subsistence agriculture and

Sfor drinking i:n winter, when the canals are closed. As inun-
E 15 dation canals drew most of their supply during the flood pe

w.,,D 	 INDUS AT riods of sunmer, the quality and yields of the crops grownATTOCK
 
ATTOCKwith 	 this supply suffercd. Almost all the inundation canals 

Whave now been brought under weir control. The water al
,< lowances for areas served by these canals have been kept 

10 A high to preserve their right to tile flow water, but obviously,
C"ENA AT 	 the intensity of cropping has been low. 

Agriculture is the m:tinstay of' Pakistan's economy. It con
stitutes 30 percent of the gross national product of the coun

,try and provides employment to about 55 percent of its5 active labor t'Orce as well as raw materials for its major in
..../,--------- and it is the biggest source of foreign exchange. 

\With its population growing at the rate Of 3 percent gndex
pected to increase 50 percent to 5 millionr by the year 

-JHELUM AT MANOLA .... 2000, Pakistan has to produce more f1od and other agri
0 Icultural commodities not only for itself but also f'or export.

J F M A M J J A S 0 N D Fortunately, there is a tremendous potential for developing 

MONTH the water resources of Pakistan to mect the rapidly growing 

Fig. i. Mean monthly discharge of the Indus, RthI la. 1nd Chenab demand for this vital agricultural input. 
rivers at the point, indicated. The total availability of* water for irrigation can be in

creased by building storage areas and tapping the ground
water potential and through better water management, 

and the three eastern rivers to India. A transition period of which aims - reducing the transit or conveyance losses and 
ten years was allowed so that Pakistan could transf'er use of' promoting improved agronomical practices on the farm. 
irrigation water from the three eastern rivers to the new Each of these factors will now be discussed. 
western rivers. The annual flow in the eastern rivers is dis- Of the annual average flow of 168 BCM of the three west
tributed very unevenly over the seasons. About 84 percent crn rivers of the Indus System, allocated to Pakistan under 
of it occurs during summer, from April through September. the Indus Waters Treaty, only about 121 .2 BCM is being di-
Half' of the remaining flow occurs in the months of' March verted through canals. The canal diversions have steadily in
and October, and thus only 4 percent is available from No- creased to this level 'rom 99.41 13CM in i96o-6i as a re
vember through February. The individual and combined by- suit of the construction of major storage facilities at Tarbela 
drographs of the three western rivers giving mean monthly and Mangla holding 13.56 and 7.06 BCM, respectively, and 
flow have been drawn in Fig. i, which demonstrates the a. small one at Chashma Barrage of o.6 BCM. This im
wide seasonal fluctuations in the river flows. The annual provernent in supply should not be judged merely by the in
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crease in the quantum of water as it also ensures better of salinity, expressed in terns of electric conductivity (EC),
timing of supply because the water ieleases from storage and o' alkalinity, expresser in terms of' sodium absorption 
areas cal now be regulated to correspond more closely to ratio (SAR) and residual sodium content (RSC). But tile 
the fluctuations in actual water requirements of tile crops. higher these values are, the more careful and tile better de-

Even in' a mean year, about 46.8 BCM of' river water is gree of managCment tile use of Such waters would require.
still going to waste at sea. Some of it ci.l be trapped by As a result of field experiments conducted in Pakistan, it 
building additional storage facilities, fnr which there are a has been established that water with EC tip to 1500, SAR of' 
number of potential sites, especially on the Indus. One such less than to. and RSC of less than 2.5 can be used without 
project. namely the Kalabagh l)am on tile Indus, with a res- much ditfliculty.
ervoir capacity of 1t. 28 13CMI, is already under active con- As has been stated earlier, a large quantity of floodwater 
sideration of the government, with tile additional possibility Will continue to flow into tle sea unused for several years as 
of generating 2,400 MW of electric power. It would not be it will not be economical to build storage facilities to tap tile 
ecoII( ,ical to bottle up tile entire surplus flow of tIle Indus floods even in a mean year, not to mention the years with 
even in t me an year because tile storage f'acility req uired for still heavier floods. A promising approach to long-term in
this purpose woiiId not fill lp in many years. Onlv a partial creased ittilization of gron Idwater and conse rvation of 
regul ation of' tile mean flow would, therefore, be feasible, flood\aters will be. therefore, to induce heavy recharge in 
Studies have shown that 144 BUCM can be considered tie tile river flood plain by evacuating a large volunie of tile 
upper limit for diversion through tile ca nals by additional atli'er during tile low flow season. Preliminarv studies 
storages as '_onipared with the presellt level of 12 1.2 BCM. undertaken itl connection with the Revised Action Progran

Groundw\,ater is yet another source which can make a sub- for Irrigated Agriculture (WADA 1(.982) using analog
stantial contribution to water supply if)Pakistan. The entire roodt Is indicate that a total yield ofI 19.2 13CM from tie 
Indus plain is tunderl ain wili water to a depth of Ioo Iill and riverme reservoir is practicable; one-fourth of lthis would be 
more. Tiis vast reservoir, one of the biggest in the world. captured finrin tile previons unused flood flows and tlie re-
Ctal theoretically be tapped by "mining," which was being maiiiing would i'esult front additional canal losses and re
suggested earlicr in the history of Pakistan by several cx- ditced river flo\%s. 
perts. The idea olmining" was given LIp, however, ill view\ A substantial addition call be made to the total water
of the increasing use of epensive energy it would involye availability lotr irri gation by mini nizing tile losses that take 
and more particularly because it was justifiably believed place ill the coiveyance system, viz., canals, distributaries, 
that lhe high salinity (if water iii the deeper portions would and ill \vatercotrscs as well in the farniers' fields them
be irought up even to the shallower levels and thus ad- selves. A number of experiments have been carried Out over 
versely affect the usability o" the groundwater potential as a several decades to determine these losses. The latest esti
whole. It has therefore been decided to depress tile water Mates pit them at 25 percent in canals and distributaries, 
table to no more than 3 to 4.5 Illand to restrict puLping which are mostly Unlined earthen channels: at 46 percent in 
only to the annual recharge. This will have tie additional watercourses, and at 26 percent in the farmerns' fields. The 
advantage of'subirrigation. Studies have shown that ground- high water losses ill tile watercourses are tie result of Ie
water kept at this level, particularly at 3 ml below the ground glect by the farmers who ire responsible for their upkeep
surface, can reduce m. irrigation relirelient by as nMch and tie tnmaner in which cuts are made ill them by farmiiiers 
as 30 percent. drawing their share of tile water during their weekly turns. 

Ilowever, the entire annual recharge to the grO(ndwatcr The field losscs are due to tile poor application efficiency
will not take place in sweet water zones from which it can resulting from ttlevelcd fields and unscientitic irrigation 
be recovered more or less for direct use in Irrigation. The practices followed by the farmers, leading to f'reqttent ill
recharge iii the saline water zones can, however, be captured stances of over- or ntder-irrigatiot. In preparing atn annual 
only through skimming wells, which \will be shallow so as water budget for tile fituire, it has bee i aSUied that tile 
to draw water only 'rol tile sweet lper layers. Various es- losses can be curtailed in the canals and distributaries to 
tiiates have been Imade firnni tm tei f tIle usable o percent (after rehabilitation and through better ma iite
groundwater potential. These range fronl 48 to 72 13CM of nance). Ii tlie \VatercoLrses losses COUld be Ct to1 5 per
which at present 44.7 BCM is already being tapped both by cent throughirealignniet, bank strengthenin g, concrete liii
tubewells ill time ptibnic sector and of the farmers thei- ing in pervious tracts, cons:ruction of concrete turnouts, 
selves. For the purpose of' this paper, it has been assumed culverts, and buffalo wallow ponds. In tihe fields losses 
that only 52.8 13CM of water can ultinately be recovered could be cut also to t5 percent through precision land level
for irrig ationl IhrOtIgh inliii page, ill view o1 tile fact tilat tile ing and etucating fariiers by icans o!' improved extension 
recharge itself Will diminish atid when the delivery losses services. 
are curtailed with better water mnanagenient as discussed Taking into account the paOsnidle increase in sur',ce sup
later on in this paper. Adoption of this figure iinplies a cei- plies, the potential coitriutini of u' rdOundwater, and the dis
tain degree of. liberalismi i the interpretation of* what is trict potenitial for reduction of transit and field-application
"usable" groundwater. The groumdwater will, in general, losses, a water budget has been prepared for Pakistan show
have a higher content of dissolved salts and a certain atiouIt inig the goals iii comparison with time existing situation, as 
of alkalinity, and some of it can be used only after mixing shi,,'n in Table 1. It will be seen that there is a potential of 
with canal water. Opinions differ about the acceptable level increasing water supply for crops from tile 1982-83 level of 
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Table 1. Present water availability and water resources potential (billion
cubic rneters). 

Presen: (1982-83) 

Source 	 Canal Watercourse Crop
Seead Head Field Use 

Surface water 124 93 (7517,) 50 (541/) 37 (74';1) 

Groundwater --- 45 24 (54c4) 18 (74§/e,) 


Total 124 138 7.1(5494) 55 (74%4) 

Potential 

Canal Watercourse Crop 
Source Ilcad Ilead Field Use 

Surface water 148 126 (85'1) 113 (9'7) 96 (85', I 
Groundwater - 51 49 ((Or/, 42 (85'0 
Riverine reservoir 2(0 IS (9'.; 15 185';) 

Total 148 2(10 180 (90',70 153 (85%) 

55 BCM to 153 13CM ultimately, and this represents an cx-
pansion of 278 percent. 

The water budget mentioned earlier shows only the qntan-
titative picture, and as stated earlier, quantity of water is 
only one of several aspects of irrigation. The improvement 
in the tinting of supplies made possible by properly schedul-
ing storage releases and tubewcll pumping will have an ac-
celerating impact on raising agricultural production. Still 
another factor that cannot be brought out by a quanti tat ive 
water budget is the fact that conjunctive use of surface and 
groundwater supplies offers a mIch tmore powerful lever for 
agricult, ral production than is indicated by the arithtietical 
sum of the availabilities from these two sourccs. 

Management of water stpl v is not the only factor that 
detertnincs food atd agrict ltural production. It may alIso be 
possible to make adjustn ts in tile irrigation water de
mand itself in order to avoid a mitMatch with Supply at any 
particular tilnu because 01f ca al capacity limitation or water 
availability. As the water demand is a function of tile crop
ping patterns and crop varieties, any adjusltnctit in it can be 
effected by changing these two eletuents singly or in coni-
bination. Greater ettphasis in the cropping pattern 

9 
to lower 

delta crops, which reqt, ire less water, aid oil the use o11.' 
varieties that are comparatively more drought resistant (an 
bring abotlt a signiilicanit tedtiction iti tile deatnd. Exatmples 
in Pakistan are cotton aId rllaizc, whicih are lower delta 
crops, as opposed to rice atnd oiIseed crops in place of 
wheat as drotght-resistant alternativcs. 

An optintui choice of crop varieties and cropping pat
terns may still leave sottic water deficits. Care has to be 
taken to reduce lie in pact of such a deficit oti the crop 
yields by shiftin the time of the deficit so that it coincides 
with tie noncritical periods off fhe crop growth. Idntilica-
titon of Ihe critical periods of' the various crops. Ilherclore. 
becomes i vital faclor in scheduling canal supplies. For ex
atiple. in tile case of wheat, the most critical stage is the 
tillering stage, which is reacltcd about eighteen to twetnty
one days after the seed has been sown. This stage requires 
one-fifth of the total water applied to the wheat crop but if 

water is denied at this stage, the yield may go down by more 
than 50 percent. In the case of cotton, the early vegetative 
stage is the most critical one. On the other hand, anthesis in 
wheat and flowering in cotton fall into the noncritical cate
gory of their growth stages.

The development of water resources requires huge outlays 
of capital. It is therefore absolutely essential that optimum 
use is made of water by the application of the complemen
tary agricultural inputs, viz. improved seed, fertilizer, and 
plant pesticides in addition to adoption of scientific cultural 
practices, such as land preparation and seed and fertilizer 
placement. Unless these other inputs are simultaneously 
provided, large production increases with irrigation alone 
will not take place. The impact of fertilizer, for example,
with different irrigation dosages is evident from Fig. 2, 
which has been drawn from actial surveys undertaken by
WAPDA Master Planning & Review Division in connection 
with the Revised Action Program for Irrigated Agriculture 
(WAPDA, 1982). Control of weeds is also necessary as 
these are known to take as much as a 30 percent toll of 
crops. Soil sodicity can also vitiate the benefits of irrigation 
despite the application of other agricultural inputs, unless 
the soils have been properly treated With gypsum, as a 
cheap soil-amendment agent. Congestion of drainage too 
can have an adverse effect on production as the proper aera
tion of the plant roots will then be impossible. Amelioration 
of such congestion is therefore an essential prerequisite. 

The need for promoting tile use of cotmplementary inputs 
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Fig. 2. I'lte effect of fertilizer ott crop yield response to irrigation. 
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Table 2. Yield of major crops. 	 the landholdings are usually very small. In Pakistan, a 

Weighted Median watercourse with a capacity of 28 liters per second (LS-1 ) 
Mean Upper Range potential may be irrigating an area of about 220 ha or so, but it serves 

as many as fifty farmers, who have to work together to mod-
A B tx× 100% ernize their agricultural production. A beginning has beenA made in Pakistan by enacting a law for the formation of 

tRX) Water Users Associations, one for each watercourse, to enkg/ha 

Wheal 13.8 333
46.0 sure better water management downstream of the outlet 
Seed cotton 6.8 16.6 257 from the canal. Some outstanding results have been achieved 
Rice 18.4 50.6 275 in generating cooperation among the farmers on the renova-
Maize 13.8 41.4 300 tion, maintenance, and upkeep of their watercourses, but 
Sugarcane 294.5 782.0 266 this cooperation has yet to be extended to the adoption of 

better cultivation practices, crop rotations, and cropping pat
terns. While the "turn" system in vogue for sharing of water 

and scientific cultivation practices also becomes apparent by the farmers may be the most equitable, as the share of 
from the actual yields obtained by progressive farmers in each is determined not on the basis of his influence but on
Pakistan. The weighted average and the median upper range the size of the land he possesses, it is certainly not the most 
of yields differ by more than 250 percent, in the case of efficient as there is no built-in mechanism for avoiding waste 
wheat by 333 percent, as shown in Table 2, taken from and misuse. Reconciliation of equity with efficiency cannot 
the Revised Action Program for Irrigation Agriculture be achieved until the constraints involved are fully investi
(WAPDA, 1982). This tremendous yield gap, i.e., tile gated and the possible solutions have been tried in field condif-
ferential between the average yield across the irrigated areas ditions. It is therefore with the keenest interest that Pakistan 
and tileyield of tileprogressive farmers, is not entirely is looking forward to becoming the main cooperating center 
due to the differences in water supply but is primarily at- of the International Irrigation Managetnent Institute, being
tributable to the efficient use of complementary agricultural established with headquarters in Sri Lanka, with the objec
inputs and improved management practices. 	 tive, inter alia, of sponsoring action-oriented research on 

Optimization of the benefits of irrigation water interms all aspects of irrigation management, viz., biological. engi
of increased agricultural production also requires a constant neering, sociological, and economic, especially on their 
research effort. Some of the areas of research are: relative inte: 'tion. 
I. Identification and development of drought-resistant Two other factors come into the picture. First, there 

varieties should be adequate incentives to farmers for improving 
2. 	 Identification of the critical stages of crop growth for water management. This might be pricing policies with re

various crops when any moisture stress can be harmful spect to irrigation water as well as farmers' crops. It is as
3. 	 Identification and development of'salt-tolerant varieties sumcd that the farmers are continuously given the required
4. 	 Influence of water table and water and soil salinities technology that has been tested for its economic feasibility. 

oi, irrigatin requirements Second, existence of any interprovincial, interstate, or in
5. Role of watcr inrelation to other agricultural inputs in terregional water disputes within a country may also seri

increasing yields ously impair the prospects of optimizing the benefits from 
6. 	 Contintuots improvemettt in water management tech- water as itlimited natural resource. 

niqucs, from dhe technical as well as economic points The Pakistan case has demonstrated that with tie avail
of view. able water resources, it can make a substantial contribution 

Pakistan is aware of the key significance of this research ol to world food supplies itl the future, provided it can mobi
irrigated agriculture. With this objective ilview, it has es- lize the huge capital investment required for harnessing
tablished extensive facilities within the fratnework of a de- them ($5 billion for the Kalabagh I)am alone) and tackle 
velopment project at Mona (WAPI)A, 1981), where re- socioeconomic problems as the devclopnent proceeds. 
search is being carried out under farmers' field conditions 
oi ar,area of more than 70,000 ha and with their fullest co- ItE'FER' NCES 
operation. The results of the research have inspired several Agrculure Thwards 2000. Food n AgrictIturc Organization 
new policy initiatives by .ovcrnment, particularly in regard Rolne. 
to improved water nlattagement onl the f rtn. Revised Action P~rogram for Irrigatci Agriculture. 1t982. WAPDA, 

The vast irrigation potential cannot be mobilized through Lahore. Pakistani. April.
engineering and biological inlcasures alone. In deveIopi g I-va luation of Research at Mona Reclamation lExperinmental Project.
countries the social aspects are no less inportant because g98. WAPI)A. L.ahore. I'ski tan. 



6. IRRIGATION AND DRAINAGE IN THE WORLD 

W. Robert Rangeley, International Commission on Irrigation, London, England 

ABSTRACT the most rapid growth has occurred in India where in theA96os the gross area expanded from about 28 million to 37 
Irrigation has expanded dramatically in this century, from about 
40 million ha in 1900 to 270 million today, to the extent that it 
covers 18 percent of the cultivated land and provides one-third of 
the world's food. The current rate of expansion is about 4 million 
ha a year. However, technological advances have not kept pace 
with expansion. and mny recently constructed projects are ,il 
ready bCccoming toutIModCd, In recent years there has been a grow
ing awareness that cxpansion of irrigation is not sufficient in itself 
to mcet future needs, and furthermore, is it always the least-cost 
solution': "1Thday.there is amajor thrust to increase production from 
tile existing irrigated land, particularly in large parts of Asia 
where crop yields arc about one-third those achieve, elsewhere, 
This thrust involvcs programs to rehabilitate and modernize the 
old irrigation projects and to arrest tile current decline in manage-
ment standards. 

The Ina'jor drainage pro cct s of tlie world were first built in the 
developed countries in IEurope and North America. In recent years 
the emphasi, has moved to the developing comutries, where the old 
irrigation ,ystcis arc suffering from waterlogging, and ito central 
Asia \%here there is an urgent need to improve the productivity of 
what are now low-yielding lands. 

Both the Green Revltition of the 116), and abrupt increases in 
oil prices in t972 and t979 have had adverse effects ,'n the produc-
lion fron the marginal land,,, of the world and have favored the 
high-yielding land that has good Soils, irrigation, and drainage. 
This point is illustrated by the better rates of growth iii agricultural 
Oiutput in those Asian countrics with extensive irrigation compared 
with the rainlands f Africa. 

Finally thi s chapter stresses the need to iprove irrigation-
allalllalnlnt standards. It is proposed that over the next decade 

there be a special endeavor to focts on the issues of managemlent 
on a worldwide scale. involiL1g the establishnijent of a netwrork of 
national and interinational irrigation miallagemcnt training centers. 

IRRIGAT'EI) AREAS OF TilE"WORI) 
irri uation has xpanded dramatically in this century, 

frotn abOlt 40 million ha iti 19o to 270 million today, to the 
extent that it covers 18 percent Of the cultivated land and 
provides one-third of the world's food. 

Table i shows growth in irrigation dcvclopnlCt by Conti-
ncnts sitnce the middle (ff the century. 

The global rate of expansion has been particularly iti-
pressive since t950. In the twenty years from i950 to 1970 
the gross irrigated area of the world was doubled. It is inter-
esting to note that iti any single decade since 1950, the cx-
pansion has a, p roximatl' cl aualed tle total deve lment 
aclieveid during the first half' of the century. 

'Tlie worldwi.lc rate of it'lgatio dev'elopmcnt in tlie 
t96os averaged almotst 0 million ha a year. By the 197os it 
had declined to about 5 Million ha a Year. Within the whole, 

million ha, and today it is about 55 million ha. In the 198os 
the worldwide rate of growth had declined slightly because 
of econonlic recession, the adverse terns of trade for atri
culture, and new emphasis on rehabilitation and moderniza
tion. Reliable figures are not available, but the current rate 
of growth has probably fallen to about 4 million ha a year. 

CONTRIBUTION OF IRRIGATION 
TO FOOl) PRODUCTION 

The irrigated areas of the world are currently estimated to 
co)vCr about t 8 prcent of tile total cultivatt d area and con
tribute about ote-third of world food production. The con
tribUtion of irrigation to food production in certain selected 

countries with a tnajor irrigated cotiponent of total culti
vated area is shown in Table 2. 

I)RAINEI) AREAS IN THE WORLi) 
It draitage development, statisties are too litited to at

t n d ri a bl o n , statsing t i m i ontoat 
tcnlPt a sertous tabulation. hut using lie i i'ormation fron 
tietnber countries of the International Cotmmission on Irri
galion Development (ICII)), tile continental distribution is 
as given in T'able 3. 

OBJECTIVES AN DITERIA
AND 

THAT HAVE INFLUENCEII) IRRIGATION 
ANDI)DRAINAGE I)EIVEIOPMEINT 

The Early Aini-Fanine Relief in Asia 

In the early nineteenth century, irigatiotn pr'ojects were con
strueted in Asia and the Middle East as illStratnce againSt 
famines. When maJor irrigation works were first proposed 
in t 841 for the deltas of southern Ilndia, it was recorded that 
in tile Cauvery l)elta. "in one of' the worst \cars of drought 
enough water had been allowed to fliw ilnto tile sea which if 
used would have irricaied to times i:s iuch graint as would 
have supplied the vhole population of the region.' It was 
this kind of rcasonin, that prompted theconstrtuction of tile 
great irrigat ion wotrks of"tile CaittxCry. Krishna, and (oda
vari deltas. By tile end of' the century this region of India 
had more thati t rillion ha of' irrigated land. and severe 
faties hail almost bctue thitgs of the past. 

In tile northern parts of the Indian subcottinent, work 
was started in the second half' of the nineteenth century on 
the great irrigation systems of the Ganges atd Indus plains. 
The Indus system today provides 8) percent of the agricul
lure output OfI Pakistan and covers about 14 Million ha. 

http:worldwi.lc


_________________ 

30 PLENARY PRESENTATIONS
 

Table I. Gross irrigated areas by continent (million ha).
 

Present 
1950) 1960 197I Estimte 

Europe 
(ind. part 

Soviet Union) 8 12 20 29 
Asia 

(in. partSoviet I ii ion )
Africa U )3cLd 

66 
4 

100 
5 

132 
9 

I S -i 
13 

North American 12 17 29 34 

South America 3 5 6 9 
Australia and 

Pacific 1 1 2 2 
94 140 198 271 
. . . . 

Table 2. The contribution of irrigation to food production. 

Irrigated Food 
Irriated Area/ Produclion/Tolal 

Cultivated Area Food Produciton 
Country (percent) (percent) 

India 30 55 
Pakistan 65 80 
China 50 70 
Indonesia 40 50 
Chile 35 55 
Peru 35 55Niexico 30) N/A 

Table 3. Gross drained and flood-protected areas (million ha). 

Region Area 

Iurope 29 
Asia 5O 
Africa I 
North America 52 
South America 0 
Australia and Pacilic 2 

General 01jectives 
r 

'The general objectives of' irrigation development have been 
either to achieve self-sufficiency in food and fiber or to 
maximize economic efficiency in the use of land and water. 
The former objectivc essentially belongs to tile 'cveloping 
countries and the latter to the developed countri, .. Within 
these broad generalizations there are exceptiots where 
projects are developed for export produce, and perhaps the 
most striking examples of this objective are found in the 
Sudan and Egypt. Although these export-orientcd schemes 
have suffered setbacks in recent years as tie terms of' trade 
in agriculture have declined, there are signs of better stat 
bility and of some successful attempts to adjust to tile new 
economic conditions, 

The Issue of Cost 
Irrigation is a high-cost form of agricultural development,
and big projects have long lead times from project inception 

to full development. It is therefore not surprising that invest
ment in irrigation gives rise to much debate among agri
cultural planners. There is an understandable desire to seek 
lower-cost solutions that will achieve similar objectives in 
:erms of agricultural growth. In particular, planners, influ

by tile higih cost of capital, look for projects with 
shorter payback periods. Although the injection of "quick 
return" inputs such as fertilizers, seed, and low-cost in
frastructure has brought an excellent response in recent 
years, there are many signs of a leveling-off in the absence 
of greater investment in irrigation and drainage.

Costs vary widely throughout the world depending on the 
type of system, water source costs, size of project, and 
availability resources for construction. "1ie lowest costs of 
new major irrigation systems are foound in Asia and particu
larly in India, where surface systems cost fron $2,000 to 
$4,000 per hectare. In other countries where projects are 
large enough to provide economy of scale, costs are around 
$5,000 per hect are. 

In regions where proiccts are small and where there has 

been no long tradition of irrigation, costs are often $i o,o0o 
per hectare and more. The higher range of costs is typical of 
mtst of Sub-Saharan Africa. Here, irrigable land is found 
only in small scattered entities, which results in not only a 
high average cost of development but also a higher cost of'
infrastructure for transportation, marketing, and suppliesthat must be itmproved as part of the projoct costs. 

Drainage costs vary widely but are generally between 
$1,ooo and $2,000 per hectare. Thus, fer both irrigation 
and drainage a global average cost i:, !;alne $5,000 to $6.ooo 
per hectare. 

Opportunity Cost of' Capital
The high opportunity cost attached to capital has in recent 
years tended to influence irrigation strategies in several 
ways. For tmost projects there are options and trade-offs be
tween high initial capital investment coupled with low run
ning costs on the one hand and low capital costs with high 
running costs on the other hand. Clearly a high discount rate 
leads to a preference for projects with high running costs 
,and low capital costs. lo give a general example, puntp
schemes have been shown to be more attractive than gravity 
diversion dam schemes, especially in the period up to the 
mid-1970s when energy costs were low. Furthermore, high 
discount rates favored other energy-intensive modes of in
creasing crop production such as greater use of' fertilizers 
and mechanization. 

)espitc such detmonstrations of' economic disadvantages 
for capital-intensive projects, experience in developing 
countries has shown that the large gravity flow projects have 
proved more resilient to economic changes than projects 
with high running costs. Furthermore, the traditional grav
ity flow projects have proved less vulnerable to the general 
decline in management standards that has occurred in many 
developing countries. 

a( ' 



Irrigeation and Drainage in the World 31 

The Constraint (if Poor Drainage because high yields justify the inputs. Thus, both the GreenRevolution and the oil crisis have widened the gap in the re-
Whereas the growth in drained areas has in the past been turns obtainable from irrigated and well-drained land corn
ill Europe and North America, tie pattern has shifted to pared with those from marginal land or from good land with
other regions, including tile Soviet Union, China. Pakistan, uncertain water control. These factors make t very strong
Bangladesh, and the Middle tEast.In ,iome regions such as case for tile further development of irrigation and drainage
Bangladesh, eastern India, southern Pakistan, and Cam- and in particular for the rehabilitation and modernization of
bodia, poor drainage and Ilooding represent tie main con- the existing irrigation systems.
straint on agricultural production. )espite this constraint,
the poor ecenomic returns on investment have hitherto scri- PRESENT PRIIOBLEMS AND SOLUTIONS 
ously restricted drainage projects. iitahios it Water Resources 
Influence of the Green Revolution and the Oil Crisis on In many countries where irrigated land represents athigh
Irrigation )evelopment proportion of the total cultivated land, the available waterIt is interesting to reflect on some of the factors that have resources are approaching the economic if not the physical
influenced tile pattern of growth in irrigation a.ind] drainage limits of' exploitation. This applies to, for example, India, 
over the last lifty years. Front the middle oflthis century new Sri Lanka, Egypt. tile Sudalln, and tile southwestern United
technologies tIat had rema ined latent during World War I1 States. There are small island contrics like Mauritius and 
were rap idly applied totgricilt Urc throughout tlie world. At arid zone countries like Somalia and hotswana that need ir
tile saue ti lie large new investments were made in irriga- rigation but have t very p o oor distribhUtitm watter resources 
tion, particilarly ill those countries xvith in established tra- in relation to tile irrigable land.
 
ditim, 1 irrigated crop prodttction, Intdia., Sudan, IEgypt. Possible options
0 in regions of water shorlage ai'e to:
and Pakistan. for example. The resulIts of tile new technolo- (I) construct more storage rescrvoirs, (2) undertake major
gics and new investmcnts are demonstrated in tile growth interhasin tranlsfers of water. (3) better integrated use ofrate in agricuiltural production. For cxample, grain prodtic- ground arid surface waters, and last but most important,

tion rose by about 3 pcrcent a year in the period fron i950 (4) econiomize ili present water use by raising water niian
to 1973. Of tile new tecnlogies, tile nos t dramatic in its 
 agement standards and irrigattion eIficiencies.
effect %vas the iritri'oductio i ' Clop Valities ill the late In some reIgions the correct solution is to undertake most
if6os-the so cal led "'Green Revolution." if not all of these measures its part of 1 long-term investment

The new crop varieties were bred to respond better 1o program, taking into account that soic of ther are longer

farm inputs than tile traditional varieties, and it 
was there- teri than others. This is indeed the policy being Followed in
fore not sUrprising to find that the Juair increases ill yields countries such as India and Mauritius, to cite t large and
 
were in areas with good witer contrn l fr)m irrigation or snmll exanplc.

drniwage. liI Pakistan, wheat yields rose by sole 40 percent
 
ii .1space of three years. and rice yields dtoublCd ill ec- Storage Reservoirs
ade. Iil the drained areas of the Mckong )elta the new rice The measure with least dif'ficulty' of implenlentatioti is to

varieties proved highly responsive. By contrast, ii arects of' build storage reservoirs, but costs; per unit of water deliv
uncertain ra infall such as Africa. or of poor irrigation stch cred are often high. Given tlie necessary liiancing, tie ad
as in many irts of Soutlieast Asia, tile response was dis- ministrative and social constraints arc rarely severe. 
appointing. Th (ree Rcevlt titon the refiretunderlined tie It is usu ally casier to iiplement atstorage-darn project
value Of gotoid systc matic irrigation a1id drainage. India in than to construct arid bring into service the as ociated irri
piirt icuIar recognized tie enIanced value t1' irri-attiOn ;iarid gation system. There are many uii fort uinate cx11Caipl es in tile
pursued a Late ofexpansion in irrigation of' between I t illIf- world \%,here darns have been built without tile Ineans of re
lion and 1.5 million ht t year and has succCssfully iilproved alizing the total project benefits. Too often it is forgottten 
gra in prodUCti i per capita despite a Itarge demogra phic that in teris ofIiance aloie tile funding of a dam for ainew
growth. irrigation project is only tle beginning and involves perhaps

The second eveiit tIiat afTCCCed agriculttlA production no moire than 15 or 2o percent of the total prtoJect investment
and tie 'a tic of' irri atitn and drainiage was t e oil crisis iil' costs. 
1973 with its sectmd wave in 1979. Over this period oil One effect of the rise in oil prices has been to improve the
prices rose ahout sevenfold in real terns. The I973 i ease econioiic value of mltipurpose powr/irrigtion dars. 
ctintributed to t ra id decline in tile grwt Ii rate o)l' grain Where as bef'ore i1973 tie energy component ofl'an irrigation
producLion from about 3 percent to 2 percent in the pcriod pro ject was often smnall, being perhaps aiboiut one-third of
f'roun 1973 to 1977, and ill recelrht ycars it Iies falleni'oward total benefits tt less, with irrigation fwo-thirds, for tlie 

percent. In 1977, tile underlying reasonli Was that high oil sailie iro.ject tiday these proportions would be reversed. In
prices meant high input tosts, so areas xw'itli marginal yields some cases it is possible to obtain an acceptable rate of re
fell out of prtductim. IRcgions with poor climates aul soils turn fi'orn hydroelectric projects costing as Much as $3,50 
are the nost affected as we see frun the present situation in per kilowatt, and for some multipurpose projects this justi-
Africa. fies a atiii without allocation of any costs to irrigation or 

Iligh input prices favor irrigation and drainage sirnply other purposes. 

(hj\) 
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Table 4. Interbasin transfer schemes. 

Capacity lten£,li 
Location Scheme (1113•.s -1) (ki) 

Iraq Tigris to Tharthar depression I 1,M0) 64 
Iraq Tharthar to Euphrates I, 100 37 
Pakistan Marala to River Ravi 610 100 
India Himalayas to Rajasthan 524 178 
India Ghagra River to Ganga Plains 481 250 
Australia Snowy Mountains to River Murrv 

and River Murrumbidgee 260 211 
California San Joaquin River to Lake Perris 116 700 
Soviet Union Siberia to Aral Sea (planned) 2.4(0 2,273 

Interbasin Transfers 
River-basin transfer gives rise to legal problems betwcen '-" 

c o u n tr ie s , regions, or e v en d istr ic ts . Sev e ra l p roj e c ts h av e - --already been constructed, and these are listed in Table 4. 

There are many other projects invarious stages of planningor development in the Soviet Union, Peru, United States, I0N [4C.. 


and South Africa. Iran, and Bangladesh. >. .
 
It is expected that basin transfer pro*ccts will become a 

more common feature of watcr resource exploitation in the .7
 

next centuj'y.
 

Groundwater and Its Integration with Surface Supplies ,I....... 

Groundwater exploitation has always made a major contri- 1 14 
bution to irrigation, hut its effective integration With sur- -_ __.. 

face water Suplplies has eluded most authorities. Fig. igives <,Ft .... c.....,rot,.ter 

an example of a ground and surface water balance that - , r" 7 

could he developed in the Indus basin of Pakistan. It is, Crop
however, only achievable if the surlace water storage rcser-

t>, 

voirs (Tarbela and NI angla) are used in conjunctiott with the ,,, 
groundwater aqIuifers. In effect, this inc an s adopting a sys- oi / 
ten of seasonal groundwater piumin ping niMxi tn ize abstrac
tions when surfface waters tI'escarce and to maxinmize canal 
deliveries during tie flood season. Athough such atmode of M1n 
operation sound simplc. it is very dliflicult to apply in( ttay 

practice, particularly on an old eslablished irrigation sys- . <j1 .... 
tem where cutltivators ate inclined to treat historical canal_ _ .... 1 1: o,, 
flows as a right regardless of newly developed groundwater F,,,. 42 
Soutrces. to ,:
 Superimpos dot the legal and adtninistrative constraints L.- _.... 

are the prohlents of opeatting public tItbewel fields. Recent Fig. i.Indicative ground- and surface water balance in Indus basin 
experience has shown that managcement standards in the io"im'per year). 
surlace irrigation projects have dCclitned to seriously low 
levels, and it is therefore not strprising that the more com
plex managenent 0f the conjunctive use af ground and sur- 35 to 75 percent and conveyance efficiencies fronm 30 to
face waters should have an even lower degree of success. 9o percent. The overall efficiencies fiall mostly between to 

and 50 percent. Many large surface systems in Asia tave 
Imtproviig Irrigation Fficiency efficiencies aboit the middle of those ranges or about 30 
The improvement of irrigation efficietncy is the most vital percent compared with about 37 percent insome developed 
requirement of our tite. Not only is improved efficiency a cotnries. By contrast the more alva nced drip systems 
prerequisite to Ilu intnaity 85 percent sprinkler systemis developedrtlicr expaision of irrigated areas achieve and itt 
regions of water shortage, but it is also a necessary ingre- countries have overall efficiencies of about 6o percent. 
dient for any program of improved crop production. Ilowever, such advaniced systems are mainly applicable to 

A survey by Wageningen University and ICII) has shown industrialized countries or where crops of high-value are 
that in surface systems, application cfficicncies vary from grown. 



It is clear that the first step to raise irrigation efficiencies 
is to improve water management and farm management, 
and the former tends to be a prerequisite for the latter. For 
expediency we need to improve management without having
the benefits of system improvement and modernization, 
These physical changes to existing systems involve long-
term proicramls extending well into the next century.

For new systems there is a need to prepare lCsigns and 
layouts that permit good standards of' management taking 
into account such things as scheme sic.e canal co111iand 
size, and rotational unit size as merntioned above. Further-
more. tiere is a nced to link Wiater ii Iian. iiitlich closer 
to the work of the alrrmer or his progress toward lole etfi-
cient application efliciencies will be seriously hindered. 

I.ookinc ftnrt her ahe'ad, new irrigation technology will 
play an importaint part- in the achievement of better irriga-
tion efficicncy. It is to be noted that in countries with aIL-
Vanced tec,,it g iCs, tile water Lise per hectare is abtmt 1h'all 
that of' the less advanced. Advanced eclinolog. includes tile 
use of Sprinklers. nuicrosprinklers, and drip irrigalion. Re-
ccitly, nioire attention has hCen civeri to subsurl'ace drip Ss-
teils tlt inicct water into the root toies with great efHi-
cicliy. These llodern tecliolric iiie rapidly pntrii 
tile tdt.CVeholpCt c01unt-iC. Where W;.l is U.Sltidil Chil'getd
hb volumenC. Thev are unlikely to penctrale the devclopig 
world nii i ilore re alistic tariff slltriirc is adtopled fLr 
water. 

In the absence of water tarifl structures that prolvide 
farni rs , iti incentives to inc.lasc irrigation efficiency, it is 
inlpCrat iVC tlliat aunitit r tle irigiltioni prjiect shouldi nities 
dictate the water schedulite if' not exercise Complete physi
cal control iver it. l'ie S dan is a Special examinple of ce li-
tralized control ailoig develpinri7 t ntries, arid tile irriga-
lion efliciencics atlained arc well above average. 

Outmoded Irrigatioii Systems 

Earlicr in this paper it was Stated that lechnolocical progress 
had not kept pace with iri-igation expansion, resultin in tile 
existence of' large areas of land that call f',0l iiolerizallion. 
Added to this siturition arc the eflects ol' i lack o" mainie-
niance arid lod iia \ iir nlageieuit,the resutllt that maylln Ss-
lemlS i'eqluiirc both rehahilitation aidl nt11derii ,lion. 

Several points of' 1itilurc to liiect illodern reqircinlents 
call be idenlitlied. First. iost ,yIInis. a:ld eveln those con-
structed in the lt 1or- tyyears, are ha d oin crip!ing inten-
sities that werc too low to ilect present ielS. Second. there 
are inadCuateil control stictuires tl perillit Lotd water Iial
agi~eilerilt. Third, calsat rave excessive seepilg ls 

[)Cella 'o0r 
of' groUindWiler resources is an intClral 
Fourlh, thar bien 'ailLire to allow Ile exploitation 

pail of tile total 
water-supply syVlei. Fifti there ,,s at failurc to lice tip to 

the ciciltilln of' walerhoIgg; riiard saliniiy,. Apti'l rn Ilit.'se 
tgeneral observations, in the par'ticniluk ca e of sub-salrari 
Africa sorie iProiCct1s liax beef] built that1 are 1t smillall t be 
viable frolnl the poinits of* view of' naaliaginilt Structure. 
supply ofl inputs, and i-irketin . 

Mrdr'niilationi imust he applroa1ched itll gtll care. The 
risks of ceiatirlg systelis that are bctond tlhe capability of' 
the available lanagemleit resources arc luite real. Indeed, 
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there is a school of thought that believes the concepts of 
more vigorous water management to be fallacious and that 
they would lead to more sources of error, nmalfunction, and 
greater pressures iii the operators than at present. Against
that, it is doubtful whether the cost of modernization can be 
jUStilied without associated improvements in water control. 

Management 
Of the 27 1 Ii illion ha of irrigated land in the world 75 per
cent are in developing countries. Many of these countries 
suffer shortages to varying degrees in human resources with 
trained management capability. Even where ihe re is ai ade
lUatC spply of technical resources a.nagemnt rcSoll'Ces 
may be lacking in nmany sectors. 

The need Ior better Imanagemle nt in irri gation aiid drain
age is becoming widely recognizcd. The newly created 
lntcrnational Irrigation Management Institute (IIMI) set up 
last year and based in Sri ILanka is about to embark on its 
initial programs of study. This institute is rescarch oriented. 
It sets out to analze iianagemnent problenms and f'Orrnulate 
solillions. 

There is an urgent eed for training in techn ianageiment 
iooy a whole ainl irrigation naemnent in pirtiClllir. 

It is hoped thil training centers canll be se tip i)both interiationally and nationally to enhaice the comiipetence of 
miagers at all levels. S'onme con in ric s as Morocco.[lil 
have already dclmonlstria ted lie enttrmots retuirris that calln be 
obtained froit investient in better ainaigeient. 

Inistitutional aid Socioligi cal Prohlems 

Man l) [.expcrsfav aMorlruIeturrlefor wlter ienigCllentl 
whe i-c s play a Icadine role i ht i 

of water user associitiotis. Such a structure is successful in
iostle, the older irrigation systermis of' the developing world 

aidl in developed countlrics-. I lowever. it is often slow to take 

root in ian (tiller situations. particularly f'or tse coln
tios that arc eiibarukini on sytenatic irrieation Ior the first 
litie. Often the failures that arise are caused h' atteinpts to 
adopt unpllrolven technology. 'Ihe rsptOisC of frIlllle'S is 
ooten diflicuhl to predict, aild thCrC is i ICndtcicVl to cling to 
traditions aid( praclices whe se oneven thesli are hased rain
fed crop husbandry. Responses must be tested arid evaluated 
and irrigation ilethodologics proved ati prolotype scale be
f'ore ie f'a.lrnilers call assiliiC active participation in waler 
riratiaclin eilln. 

\Viiterloggiig, Sainil)t, aitd Salt Balance 
In this centirY there has been i tcndcncy to proceed with 
irrieatiori tevClopIneil arid leave Ihe draiil!iic nleasuies 1o 
b ulcndertaken as and when th neced arises. This is prnCd 
aitl ectuioniic approach save whce tie drainage works 
hivC becI uniiy dlayedi'Cl. I.liif'orturiely. lhere .re now 
large irrigated areas thll suffer froitl the twin ientaces of' 
waterlogging aid alinity. In SOiric river basins-heIl Indus, 

F'igri:,, aind Murray (Australia.), 'or exatiple-itEuphrates. 

is riot Siliply a alter If' dr'ainaige bt list)ote of' salt hl
arice. The Saline elluent has tl be disposed of either outside 
the iiain river channel through titall drains as in the Lhower 
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Indus, with in (ie basin in evaporation ponds as in Australia 
or Iraq, or by temporary retention tor release at high flood. 

Flood Control 

In countries such as Bangladesh, Peru, Cambodia, and 

Vietnam flood control is essential to any real progress in 

achieving more intensive agriculture. Although the farmers 

have learned to exploit the Iloods for crop production, crop 

yields are very low and the hazards of' the flood discourage 

the use of nnodern agricultural iltllts. The inivestmelntS re-


(Ilired to achieve flood control on a substantive scale are 
enornoLis, involving is they do storage reservoirs, river 
channel improvemient, embankmnts and polders, and Ci-
tler pumped dralinage Or Costly outfall channels. Flohod 
deinsaey ispulfotd piat . af'ftre orld smSof tii Ilie 
deNse lirepopuI lated parts Ltlhe woll, aiid 50 Lirge it ic-
sures are reired. For exmpl angdesh, with a pop-sl-sficit 
lation of Ioo m illion, has about 9lm illioi ha of cultivatedlandieof hic hal ubj ct ~2han in is o iitiidaioiihild 01' Which 11ore- thanil is to to)half1 subIject + iffuxldition 
varying degrees, 

TIl \WAY AlIEA I) 
In 1979 tle International Food Policy Research Institute 

(IF PRI tniadt' ii I'O jec ti m of polential ILood deficits ill thirty-
six selected developing market ecoioniy countries (I)MEs). 
The deficits were calculated by comparing consumlption 
with tile pro-dLctitn that would occur if' the It)61 -75 growth 
rate of about 2.4 perctint per aiiui is extended to 199o. 
The study eoncluded that with allow\ance for ilnicoLme growth, 
a total deficit woul arise in the i rtyN-six co11111ries If aout 
6o million to 71 Million tols if' MIaccelerated investment 
program was not a(ILOpcd fIOr agr icLltuiire as at whole Mind f1r 
irrigation in particoilar. III general it was predicted that half 
this deficit could be ILde II) frlinl r.linl'ed crops aild half 
frlonl irrigation. 

The total gross irrigated area oLf tile thirty-six co ntries 
was 75 iiiillioii ha iin i175, having expanded by IL)million 
ht over the period Iron 19(1o1 to 1)75. or 2 percent per a;n-

Sum. A simple continuation oLf' that growth rate wold add o27 million ha by , whereas to meet the IFI1RI pr~e-

tiiiS it Would b necccss ary tL add ablmnt 10 million ha in the 
same period ill addition to a prlgraill Lf rehabilitatin and 
modernizatiol Lf existing systeiis. Tl'k1-thirds of the way 

through the tine peritl, it can be said that it is unlikely 
that the late of expansion in irrigation in those thirty-six 
countries will achieve even the lower of these two levels, 
and ftlrthrniore por progricss has been imade with re-
habilitation. This means that in some countries nutritional 
standards will remain depressed aind1l in others. I'Ood imlrts 
will need to be increased Io mnaintai mininim standards. 

The IFIPRI pr jectiois identift lie inain 6l'0od deficit areas 
as Bangladesh. India. Nigeria. Egypt, and the Saliel region 
of Africa. Of these areas. India is achieving a better growth 
rate than IFFI<,I projected, but others - re doing worse, par-
tiCLIarly in Africa. Part of' Ile reason f'Or (Ile substantial 
growth in India is tlie high level of' investment that lilts been 
maintained in irrigation and drainage. Cereal production 
has increased l'roml ablut 35 MiiilliLi tL41 1llion tols a 

Tahle 5. Food production index per capita in 1981 in Sub-Saharan Africa 
(1970 = 100). 

Senegal 93 
Mauritali, 73 
Mali 83 
Upper Volia (1Burkina kaso) 95 
Niger 88 
Chad 15 
Iitl iopa 82 
Somalia 60 

year in the period 'ro i950 to 19H3, and more than 5(1 per
cent of this increase is attributal'e to irrigation. 

if India is to sustain its present growth rate in agriculture,this will iell itcontinuation l"tile growth rate in irrigation 
01Lfat least 1.5 Million ha a year. In these conditions India 

i c l st i to the ear 
1000l by wc h-sulic ie gross nt aea will y e000>. by which time thle gross irrigated area will have 

reached 9o million ha covering 8o percent of ile total potenitially irrigable land. 
YIBangladesh th1e siltuation is less I'avorable than iii Indlia 

because very little pr'ogr'ess has been iade toward tile prOVi
sion of a sound agricultural infrastructure that is so neces
sary if full use is to be iiade of*modern farm inpiits. The 
weakness of the situation is reflected in the lov I'(o(d pro
duetiiOl index per capita, which fell 6 percent in the period 
1970 to 1982, lld iil the growth rate iii agricultural output, 
which fell f'rom 2.7 to 2.3 percent between decades. 

I,oI turn to Sub-Saharan Africa. which is iiiucIi in tile 
news, tile sit Iiatiou is now worse than predicted by IFPRI 
when tile' did their study seven years ago. In tile eleven 
years from 1970 to 1981 tile fooId pIOLIducIi on indexes have 
fallen in most Lof tile coulLtries in this regioll, as illustrated 
iin Table 5. 

Sinice I 982 there has bceni a farther decrease in the pro
duetiLi indexes that lhave been abnormtally alfected by 
drought. Cereal impolrts are rapidly approaiching 3 Million 
tolls per annuIII. and deficits arisine iln the mid 198s are 
eomparable with those 1I:PRI predicted for i911. 

I99 Sub-Sahiaran African Countries listed in Table 5In the 

there is a substantial potential for irrigation development, 
but it is uilikely that progress will be rapid enough to make 
a iaLiLr lltributiLI to total f"od prudction be fore the end 
Lf this century unless an accelerated programi of investmlent 
is adopted. Even then, the social and institutional con
straints will prove severe iin regions that have 110 tralition in 
moidern crop Insbandry, let alone in irrigatilon. 

None of the eight colurics listed in Table 5 colntiins as 
inuch irrigable land us does tile Stidaii nevertlieless, tile 
tolal irrigable area (lifers a large potential, being in aggre
gilt betwee i 2 Million a.iid 3 inillion 11a depemilding Li elas
sificatioi criteria. The cost of irrigation develhpment will, 
hwever, be high because ofIle scattered pattern of' the ir
rigable land. the seasonal nature of the river flows, ard the 
ned to prolvide infrastructure. It is int,.resting to reflect that 
systematic irrigation of even I million hlilin these coittries 
Could provide ii high degrec of security against falninc such 
as the delta proJects did I'Or Southern India in the Inst century. 
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To look at the world as a whole, it is expected that irri- The first is that the new crop varieties respond well only in
gation expansion will continue at a rate ol 4 Million 1t good conditions of soil moisture control through irrigation
5 million ha a year or a little less up to the year 2000. About or drainage or both. The second is because the high cost of
half the expansion will take place in India and China. agricultural inputs favors high-yiekling land, and for many

The expansion of irrigated areas is not sufficient initself, regions of the world this means not only land with good
and as stated earlier in this paper, ot equal or greater impor- soils but also with irrigation and drainage and flonod control. 
tance is the need to increase productivity of the existing irri- Finally, it must be emphasized that better management of
gated lands. In many devchkpirg countries crop yields from irrigation systems is a prerequisite to any real progress in
irrigated aind are only about one-third of' those obtailned in the enhancelment of*agricultural productivityV. The first pri
developed countries. There must be greater emphasis on the ority is to raise management standards on the existing sys
rehabilitation ani nodernization of' existing irrigation sys- tenis as they now occur, without modernization, becaIise
tenis. The sociological. tccliicaI, ad inst ittionalI prob- any form of remn,:deling is a slow, long-termi process. To ira
ieis are severe. but there ar signs that a vigorous and oh- prove management, policies must be improved and the bu 
tective approach to tlheini i beie- :.i..hid reaucratic barriers inmany irrigation authorities must be
Indraillage ther'c will be a iitew foc us on tile old estab- br: ken. Ani important element inany program to improve

ished irrigation of' lndil su bcontilent, lgvyPt. management is to estabIlish a numbLer of' national anrid interoitla tile 
ard tie Middle Fast. In rainf'ed areas one of the larger pro- national training institutes. The international training ccii
grais of land drainage will take place inthe Soviet Union. tcrs should be creatLed on a regional and perhaps also on a
Inflood control, the Illost urgent case ill the world is that of linguistic basis 1tid should serve t0 give ii a iiege ir's g reater 
BIanigladesh. but tIieic are Inllly others suChcI; PsIe, ltidi, exposure to niethods used ill VlriOtls contries and to intro
aiid Clin, where tile conltol 0f intLdatiO is a plereq nisite duLice liCiii to appropri ate innovations. Over the liext decade 
to lilost other I'tOrilisof auriculturil advancetment, including there should be a special ClLeavor o lo'cus oil the issues of
irrig:tion. irrigation management on a worldwide scale. A drive to

As stated earlier inthis chapter, two iiiportant develop- raise irrigation iiiame iient stardards is tlie obvious com
nients in the last quarter ol a century have strengthened the pleinicilt to the very Cflectivye caii pa igns that Ihiave been pu r
case for additionaI investmelts ill irrigation and drainage. sued in agricultural research. 



7. NEW TECHNOLOGY RELATED TO WATER POLICY-PLANTS 

William L. Brown, Pioneer i-i-Bred International, Inc., Johnston, Iowa 

"Inculture after culture, fromi Sumeria to New Mexico, 
massive irrigation of arid lands foIllows a familiar pattern.
First, there is prosperity, and tilecIIIture expands. But rather 
quickly, the mriineral salts in tileirrigation water increase the 
salinity of (he soil, and fooId lroduCtiion dropsI Farmers try 
to wash the salts out with even more water, and while there 
is some success, ground water levels rise, surrounding 
vegetation changes, and the soil erodes away. Cities and 
puebhIs are abandoned, and civilizations which once flour-
ished by irrigation vanish." 

That is a quotatitn from ihe ('hrislian Si'e eMonitm. It 
obviously is not acompletely accurate history of tileeffects 
of irrigation on socitcv, and it may be overly dramatic. vet it 
does reflect, I think, the fcaris of' a growing number of 
thitighitfUl IOleIt over a prcexed imp cning US, water 
crisis. 

That crisis. if' indeed it occurs, will restilt not only from 
salinization, from defletion of Sotme of tilelargest tilldcr-
ge'ound reservoirs o freshwater---the htLge ()hallalaaquifer, 
fOr example-but allso froiim scriOttis contamination of"both 
surface and groutndkteltrs by toxiC chemicals, inutagens, 
and carciloemns. The (Coioi'ado River, whose water is used 
to irrigalc more than (tbo.tooo ha of prime farland, is 
slowly becoming illOre saline. In the course of its 1im% from 
its hladwaters ill Colorado to lie elxican bomder, the river's 
salt content increases flrolllabout 5 ndil. to more than 
Xoo mg/L. And We shloJld be lilluinded that this concentra-
tion is well above the nlaillfufll Sfe Iccl for drinking 
water, as established by 1 I A. 

Bccausc of tile extCeisiV' use (1 irligatiion ill tile west. We 
hear 111ucI about water prt+lriOc ill thai part of tle COMtltl,'. 
But water problels are nt linmitcd tottile west. A stulI' b, 
the U.S. Army (orps of' Engincis indicates that tile in-
creased drawin gf frhesh waler froill tile trihutarics of tile 
Chesapeake Bay is daklgelotsly increasil, salt levels in that 
hiuge body of water. 

Groundwater conlllinatioll has been iouiidill almost 
every state inwhich it ias been SltudiCd. And groundwater is 
estimalted to be tie sole soulce (If' drinkiil-, water I(r otrC 
than hall fof all Amilericalis . 

All excellent exaiiple of definitive esalrch til aigriculI-
tl're'S illipact nlsurface intl gitltl\,atcr quality is ;Ill in\'cs-
tigatilon now being collidtctd by tile Iowa (;colgLical Stir-
vcv in collalloriltion ,ith Ilowa State Ulnivcrsity.I L'arly stages 
of this work ill northeastern Iowa dtocumlent tile r'claiit iship 
betwcei rates of lititropln fertili/iation and lccls of' nitrate 
ill g' tudwater. Ill pclilninary data sluggcst thal ill icla-
tively wket ye'sarss "llultas 50 Plclenlt (If tie chcolicil 
fertilizer-N applied may be lost intiogrtlOuitrwater aid sur-

face water. In the Big Springs watershed in northeastern 
Iowa, there appears to be a nearly linear relationship be
tween rates of groundwater nitrate and nitrogen fertiliza
tion. (See also Lieth, this volume.)

It is becoming increasingly clear that fertilizers and pesti
cides may leach through the soil protile. eventually reaching 
even deep groundwatCr aquifets. And although several dec
ades of use may be required fhr allagricultural chemical to 
reach gtouii ildwater, once there, it could rcmain for decades.

It is estimated that aboult water83 percent of tile con
suncd is Used illf:r:ning. The water problcm, therefore, is 
large!y an agricultural p~roblem, and it was this recognition, 
i)) doubt, that led to this conference. 

Many of the problems relating to the conservation and 
more efficient uitili/ation of water in agriculture are hydro
logical and physical in nature and can be dealt with best by 
the engineers. They will be coverd in other chapters illthis 
volume. But there is also a gcnetic compontnl- -that deal
ing With tle gICnetic maniulatlMio of plants in ways which. 
if' succCssful, could gencratc new genotypes with iipioved
efficiency of water utiliiation, with the capacity to produce 
satisfactorily with reduced almOuntS of atvailable water, or 
with ti1e caipacity to utilize saline water. 

Suffice it to say that despite tie fact that plants have been 
subjected to selection !Ildby Man for cCntLiricS JlliC been
 
exposed to scicntific brleding technologics for more than
 
hlalf little hrCCdinlg Io drolight tolerance per
a cCILtu'. x'ery 

sc has been attempteol. t'his nleglect has persisted despite
 
the colnstlt OCCIIrItClIc OfIdrtu lt sAless
i:the arid pints (of 
tile ,Oetuiltry ;Hld the occurIienceilf d'tlr ht strsS in.uly or 
AugU'st (1 nltost calrs c\, l iltile U.S. ('orn lcit. This has 
been clc;irly, dellillStra-ed bv tile I1,aiiir l)otught Intdcx ;as 
reported by the National Climatic Center. IneCCl, it has 
been suggc:;ted by Jenscn and Cavalicra (i08)') "'that soil 
water deficits, CSlcially whenl acconlpailied by cxt:cssi\xelv 
high tellieraturos. arc pirobably tile most conlltln limiting 
factors ill mnai/c prolductiol." 

This is iolt tIosugge-t a dlii plcch' lack OIfp)IrL ss ill ill]
pl'tx'iilg tile drhOlught tolicirnce ttf ll 1lailts. There has hell 
pl'ogliCSs, but Witil very few CxcptiOllS, it Ias ocuirred as aI 
by-product t lf selection for likIher prodtuctix'ily and for' Coil
sistency of peIrforiancc Oel 111;rray If cnx'irlillents. For 
example. RIssell (1)74) leCp)Olt'ld r'csults if'a stuld' ill Wihich 
tile pfiance 0f' aiu (IOf lli,'C lIvblidS used Ill tle 
Cori] Belt ill tile t9I0s \werc co:l"lPtifed wilh 1110lic l u(ci 
hybrids. Russcll's dtla slhow thilt tie iclativec eflerl'lllalce 
advatitagCs 01f tile illtlC yhrid, was alHtIdil \';I rcalcr 
drougilt stess Ilocations tlhlil at Illore favorable test siles, in
diCating SOIIlC ildirect pitOlgress. Ilxwcvcr, ill a similar cx
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periment conducted by Duvick (1977), the modern hybrids 
demnonstrated their greatest superiority at the highest 
rather than the test sites having the lowest yield, 

Using regression analyses to estimate yield stability, 
Jensen and Cavaliera (1983) compared the performance of 
339 maize hybrids in tests located in most of the important 
maize-growing regions of the United States and Canada. 
Tile tests were conducted over a three-year period. To the 
extent that yield reductions at some locations in some years 
were due to drought, the differejices in performance should, 
to some extent, indicate differential response to drought 
conditions. Although the hybrids used in this experiment 
were all commercial or experimentals of potential commer-
cial value, considerable variability in yield stability (b val-
ues) was shown to exist among them, i.e., b values 1luctu-
ated both above and below i.o. These results can be taken 
to mean that, even in highly select maize hybrids of tile 
Corn Belt, considerable genetic vlriation exists with re-
spect to those genes that code for response to stress condi-
tions. In this experiment, there were more hybrids with 
b values significantly lower than it. than with b values 
greater than i.o. On this basis tie authors concluded that 
selection in modern maize has iindeed been for hybrids that 
are stable and stress resistant and not solely for high yield 
potential. Based on these results, Jensen and Cavaliera 
(1983) concluded that conventional breeding programs will 
continue to improve drought tolerance in maize. While this 
seems to be a reasonable conclusion, it tells uis nothing 
about the relativ, merits of conventional breeding programs 
versus others specifically dcsinud to address drought toler-
ance directly. 

In recent years, there have been a number of studies that 
deal with the physiological response of plants to drought 
stress. Many of these studics have been reviewed in an ex-
cellcnt paper by Jordan, Dugas, and ShouSe (1983). The 
thrust of' most of these studies has been to identify individ-
ual physiological processes that influence drought tolerance 
and to evaluate the relative importance of each of a ntumber 
of such processes. From tie standpoint of genetics and 
breeding, this approach seems to make sense. BLecause of 
the multiplicity of processes involved in a plant's response 
to water stress, field experiments to study tile end result of 
those processes-yield, harvest index, or whatever--are 
fraught with inhiumerable potential sources of error. Be-
cause of the difficulty of controlling all variables, genotype 
x envitonment interactions are frequent and highly signifi-
cant, and error variances are usually discouragingly high 
under drought conditions. Because of its complexity, the in-
heritance of so-called '*drought tolerance" is probably so 
complicated as to be difficult ifo1 ot impossible to effectively 
manipulate genetically even wlhen it can be identified. Yet to 
my knowledge, there is also little known about the inheri-
tance of any of the individual physiological processes that 
contribute to drought stress response. But it is reasonable to 
assume that tile genetics of these individual components will 
be much simpler than that of total drought response and, if' 
so, will be nmch more amenable to genetic application, 

A recent study oil the physiolopical response of plants 
to water stress is that of Scropian and Planchon (1984). 

They used three varieties of both bread wheat (Triticum 
aestivum L.) and dorum wheat (T. durum L.) as experi
mental materials. The three cultivars for bread wheat were 
Baalback, Capitole, and Sakha. The durum varieties were 
Bidi 17, Haurani 24, and Jori. Baalback and 1laurani 27 are 
considered highly drought resistant, Capitole and Sakha 
are susceptible to drought, and Bidi 17 and Jori are consid
ered intermediate in their response to drought stress. Using 
three parameters-leaf water potential, photosynthesis, and 
stomatal behavior-Scropian and Planchon observed the 
highest leaf water potential in Haurani 27 and Bidi 17, a 
highly drought-resistant and an intermediate variety, respec
tively. The lowest leaf water potentials occurred in Sakha 
and Jori, representing drought-sensitivc and intermediate 
varieties. Photosynthesis was altered least by water stress in 
the most drought-resistant varieties and was altered most 
in tie drought-susceptible varieties. The varieties that kept 
their stomata opened at low leaf water potentials exhibited 
the highest photosynthetic tolerance to internal water stress. 
On the basis of these observations, Seropian and Planchon 
concluded that "for the cultivars investigated, the ability to 
keep their stomata opened in spite of internal water stress, 
is an agronomic form of drought tolerance." 

The observed intervarietal variation in physiological 
response to water stress in these studies should be of par
ticular interest to the breeder. It suggests that commercial 
cultivar; are usable source:; of genetic variability in physio
logical traits that influence the response of wheat plants to 
drought stress. This is a most fortunate circumstance since 
the use of such varieties as sources of drought-tolerant traits 
avoids or greatly reduces the many problems encountered 
when the only sources of desirable genes are wild relatives, 
land races, or primitive cultivars. Noncommercial varieties 
always embody many undesirable traits. Eliminating such 
traits through backcrossing requires much time and, de
pending on the effects of linkage, may be nearly impossible 
to achieve. 

There are, of' course, numerous other physiological com
ponents of drought resistance under investigation, many of 
which have been listed by Bhum (1983). These include os
motic adjustment, plant recovery from dehydration, toler
ance in enzyme activities, tolerance in translocation, sta
bility of cellular membranes, and proline accumulation. 

Bluin (1983), however, played down the value of such 
traits when used as selection criteria in breeding for drought 
tolerance. Ile reasoned that the physiological methodology, 
while accurate, is too slow to be applicable to routine screen
ing. lie also felt that little inforniation was available on the 
relationship between physiological traits affecting drought 
response in plants and economic yields of those plants when 
grown within stress and nonstrcss environments. 

It is certainly unrealistic to assume the practical applica
tion of precise physiological methodology to large popu
tatioms of plants. Ilhwever, if drought tolerance and sus
cept ibiiity can b hiokci down into their several more 
iniportant colponents, and if through physiological studies 
the presence of these components can be identified in cer
rain genotypes, then this provides the breeder with informa
tion and sources of building blocks with which to establish 



populations known to carry genes that code for high photo-
synthetic activity, desirable leaf water potential, stability of 
cellular membranes, etc. With this knowledge and with ma-
terials of known genetic constitution, populations can be 
developed that should exhibit marked differences in tolcr-
ance to drought. With the use of such experimental materi-
als, we are in a position to begin to understand the basic 
mechanisms through which plants respond to water stress, 
Until this knowledge is available, applied genetics will con-
tinue to contribute in an empirical way only to the further 
improvement o1 droutght tolerance in crop species. 

In choosing materials with which to work in attacking the 
problems of dr,,mght tolerance, one should, in my opinion, 
range freely among the species of the plant kingdom and 
search for those organisms that respond in unique ways to 
drought stress. Many of'the most drought-tolerant plants are 
not cultivated but have adapted in ways that permit their 
survival under extreme water deficiency. For example, 
photosynthesis in desert plants often occurs at much highcr
temperatures than in other species. Leaves of such plants
often have thicker cuticles and \ewcr stonmata per sqlare
centimeter than nondesert species. 

Should it ever become possible to snip and paste genes at 
will, gene transfer may no longer be confined to meintbers of" 
the same species or closely related species. Some scientists 
have even s5uggested that molecular" biology iayn1uhi nateIy'
make possible tlie movement of any gene from any orga 
nism into any other organism. Should that goal ever be real-
ized. the entire plant kingdom could become the gene pool
for any given species. I expect, however, that biological
conservatism developed over nllions of years of natural se-
lectioni ninay place many unanticipated constraints oil the 
achievements of' stuch lofty goals. Yet tile breeder must find 
attractive even the rcmiote possibility of heing aible to trains-
fer t tlie soyhean, for example, i usefuIl Cniiiponein t o1' 
drought tolerance from itdesert Elwttorbia. Or the possibil-
ity that salt tolernce in the hlhphytic mangrove or wild 
toriato thriving oii the salty shores of sla Isabella of' tlie 
Galaipagos may in time provide the genes needed for maize 
to continue as . profitable crop in tile irrigated valleys of 
California. 

Yet no uatter how intrigtiing in theory tile Ise Of exotic 
genes for stress tolerance may be. thlere ar otlicr less exotic 
aind more compatible sources of potential stress tolerance 
that have been largely ignored even to this day. Perirnit rile to 
give ,n example: Some thirty yea,'s ago ilr tile course of' a 
study of'the evolution ofl'American maize, I iw cstigated tie 
origin, evolutinl., and culture of soic of ;lie important 
crops that furnish the nanir sou rces 01' food 1I0r ceitain na-
tive Americans of' the desert sntithwestCrn United States. In 
parts of' what are no\. Arizona and New Mexico. a ntuniher 
of' Indian tribes and their ancestors learned and practiced
with a high degreCe Of success the arIt otf drylard agrictlture. 
Outstanding ariolriln these tribes are the l l(pi and Papag o. 
The typical I lhpi 1aril lies at tle base of' one of' tile inny 
mesas from which cep lijiited amounts of' oisture. Aly 
raini that f,lls du,ring tle growing season is a honLIS that cn-
not be counted orn. A Hlopi cornfield would hardly be recog-
nized as such by the ndern corn farmer. bill tie way ill 
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which it is plhned and cared for is planned and purposeful 
and based on centuries of desert living. 

The corn is planted in hills about 2 m apart. The hills are 
in rows, which also are equally widely spaced. Each hill 
contains not two or three plants but ten to a dozen plants.
The Hopi have learned that the clumping of plants within a 
relatively small space apparently reduces the desiccation of 
the foliage, the anthers and silk thereby allowing normal 
fertilization to occur in that extremely arid environment. 
Moreover, the kernels of maize when planted are placed not 
5 to 7.6 cm below the surface of the soil but as much as 
25 cm, where there is usually adequate moisture to support
germination and the growth of the seedling. Of course, nor
inal maize so planted would never reach the soil surface 

because of genetic limitation on the maxinIum length of' 
hypocotyl extension. Yet natural selection over centuries 
under these conditions has resulted in the evolution of gen
otypes whose hypocotyls are almost invariably of sufficient 
length to fully emerge from that depth.

It would be most interesting and perhaps instructive to 
subject such materials to the modern laboratory techniqiues
of the plant physiologist and comlarc their responses with 
respect to stomatal activity, leaf water potential, stability of 
cellular meimbranes. etc.. to those of nmodern ciIltivars. 

Though I have described in some detail only tile drought
tolerant I lopi maize, those sa me primitive but highly obser
van t and intelligent desert farmers have learned to adapt to 
their use other food plants, including beans, sunflowers, and 
a number of fruits. These possibly useful genetic materials 
are still available. They should, I think, offer sole attrac
tioii to physiologis:s investigating the rbiochemical and 
physiological basis of drought stress. 

Plants have an enoriiotis capacity to adapt to environ
mental change. including temperature. i3jorkman and Berry
(i983, 37-38). for example, showed that Under conditions 
of extreme tempIratur-e change, a plant's photosynthetic 
activity responds by increasing at high temperatures and de
clining at low teiiperatttires. The increase at high tempera
tures has been shown to result froii changes in the chloro
plast riieiiibranes, which catisc the ,nembrarne to be more 
stable at high teiprturcs. Who Is to say that this trait,
vhen better IInndersttnod. Canlnot be !,ansf'erred to cultivated 
plants'? Or. more iinportantly, do we kno w that the trait does 
not now exist in some cultiv;ted species? 

Iligh concentrations of' salt ions ill soil water seem to 
have similar osmotic properties and similar cff'ects as those 
caiuscd by reduced vater a vailability. These similarities, it 
would seem. may provide additional opportunities to titilize 
modern cell culture tecliuties to study variability in re
sponuse to salinity (and drought) ill cclLiar populations of 
cutltivated species. Results with tobacco suggest that these 
teciniqiues May Iiave important practical application. 

Regulation of' the openlig and ('losing of stomutes, per-
Innps by substanrces that control plant growth, and greatly in
fLirciced bly water stress, varies in both wild and cultivated 
species. It' the variation is gen,tic in ilItuic, as it probably 
is, tlie trait is anienahle to improvement through selection. 
Osruorcguhlatiorn contirnes to be recognized as an important 
mechanism in aIplant's response to salt and drought stress. 
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Yet our understanding of the biochemistry and genetics of 
this and other physiological processe., involved in water 
stress must be enhanced before they can be cffectively uti-
lized by the breeder. And this requirement holds regardless 
of the breeding methodology involved, be it classical or 
some version ol biotechnology, 

I am inclined to think that the early and perhaps more im-
portant contributions of biotechnology to the solving of 
these problems may be in providing much of the new knowl-
edge required rather than in transforming traits, once they 
have been identified. It is encouraging to note, for example, 
that in bacteria, use of the lactose (lac) and histidine (his) 
operons may serve as probes for studying intracellular 
changes in solutes when these organisms are subjected to 
salt or drought stress (Rains and Valentine, i98o). The ex-
tent to which model systems based on prokaryotes have ap-
plication to higher plants is yet unclear. Nonetheless. Boyer 
and Meyer (I 9 8o) reported the results of an experiment uti-
lizing soybean seedlings in which it was observed that in re-
sponse to moiture stress, "soybean seedlings are capable of 
internal osmotic compensation for changes in water poten-
tial caused by the external water supply." Remarkably, the 
adjustment is thought not to depend on the presence of salts 
in the external medium and, according to the authors, is 
capable of occurring under natural conditions. These, it 
seems to me, are the kinds of data needed if we are ever to 
understnd drought stress mechanisms and if those mecha-
nisms are to be manipulated genetically. The chances of ac-
cumulating this knowledge will be greatly enhanced by 
closer integration of technologies from a number of biologi-
cal disciplines than is now evident in mniaw research institu-
tions. Unfortunately, the multifaceted aspects of what has 
come to be known as biotechnology have too frequently 
been isolated in the organization of research laboratories, 
Tihis, it seems, is particularly disadvantageous since the 
most promising areas of application of biotechnology to ag-
ricultural problems are extremely difficult to predict, and 
many costly mistakes will likely occur in the absence of 
close integration with related disciplines. Among the many 
important techniques of biotechnology is that of isolating a 
single DNA fragment or gene from a complex genomc and 
then transferring it to a new organism. But these techniques 
can be applied only after the gene in question has been iden- 
tified and characterized in some way. So, partly as a result 
of' progress in biotechnoloy, there is perhaps even greater 
need today for continued support for the more tradition-! 
disciplines such as biochemistry, physiology, classical ge-
netics, etc., and the integration of these with emerging new 
technologies. 

Perhaps the first constraint---the first bottleneck-we 
may encounter in attempts to apply molecular genetics to 
plants may result not from a failure of molecular biologists 
to deal effecively with the complexities of higher orga-
nisms, but ratther fromt a lack of' knowledge ofthe basic gc-
neties of those traits of'lackpl owhh are of' significant

fcrop plats which a signia 
agronomic and economic importance, including drought 
tolerance. 

Let me explain a bit further, again using maize as an ex- 
ample. I expect we know as much about the genetics of 

maize as any other plant. More than 250 genes have been 
identified in maize. The inheritance of each is understood, 
the chromosomal location of each is known, and there is a 
considerable body of knowledge relative to the linkage rela. 
tionships of these 250 genes. Yet, despite this knowledge, 
very little is known, even today, iabout the inheritance of 
those traits that code for perlorma-ce of the maize plant
those traits of agronomic and physiological importance 
with which breeders endeavor to improve maize cultivars. 
So, even if the tools were available for moving genetic ma
terial from one plant to another by nonconventional means, 
we would not know how many genes govern the expression 
of important agronomic traits, let alone knowing where 
such genes a.re located with respect to individual chronio
somes. Until that knowledge is available, it becomes very 
difficult, if not impossible, it seems to me, to move genes 
about in higher plants, even if the techniques for doing so 
were known. 

Planners of this conference suggested that projects or 
programs be identified in the various topics covered which 
justify lurther review, analysis, arid possible action recoi
niendation. One could namc many, of course, but under 
technologies applicable to plants, I suggest that the follow
ing points be considered: 

i . Research aimed at identifying, understanding, and 
evaluating the more important mechanisms involved in the 
plant's response to drought stress should receive greater em
phasis. These approaches to gaining fundamental knowl
edge about the basic life processes associated with stress re
sponsc should be interdisciplinary and fully integrated. 

2. Known and newly discovered stress response mecha
nisms 4hould receive timely genetic analysis in order to de
termine how such traits are inherited and hov they may best 
be manipulated in breeding populations. 

3. In the field of biotechnology, current research on the 
protection of plants from stress imposed by pathogens and 
arthropod pests should be expanded to include stress result
ing from water deficiency and increased salinity. 

4. In the search f'or additional sources of traits which may 
be used to enhance more efficient water utilization by plants, 
particular attention should be given to sources of germ
plasm known to have evolved during centuries of evolution 
under domestication in highly water-deficicnt environments. 
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WATER POLICY-ENGINEERING 
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ABSTRACT 

Although water managenient teclhiola)gy is evolving at an acceler-
ating pace, implementing these new technologies may require de-
cades. Additional investments in physical and supporting in fra
structure usually are required. National water policies that are 
constrained b' traditional systems and practices may hinder the 
impleme ntat;on of new technologies. Major advances in science 
and technclogy are being made, but basic crop production-water 
relationships still govern tie fundamental -roces;es. 

This p per summarizes some relationships between water use 
and crop produetion. Most agricuIt ira technologies have evolved 
over decades with periods of acceleration flI low ing mator break-
throughs i, related fields. Examples of technological evolutio aid 
implementation in agriculture illustrate that long times are re-
quired to develop and implement many tech nologies. Examples ol 
irrigated land development in three regions of the United States 
with different characteristics and over ditferent ttle periods show 
that physical features of land, tie availability of witer supplies,
and available technology aflect tie ate of,devclopment. Policy iri-
plications r 'ated to the development of improved technology for 
water management for increased food production are listed. 

INTROI)UCTION 

New technology for water management can significantly 
affect Iood produclion, but plant growth and water use are 
still governed by physical and biological principles. ltnple-
inentation of water policies intended to improve efficiency 
of food production should be based oti proven or evolving 
technology, not on potential scientific "breakthroughs." 
National water policies, tied to constraints of traditional 
systems and practices, may hinder the adaptation of new 
technology. 

Users must be trained to successfully adapt and continu-
ously use new technology. Finally, and equally important, 
incentives ire essential to achieving effective iiiplenienta-
tion of rew technology. Unfortunately, some policies do not 
create needed incentives. Some policies destroy the incen-
tives thvt may have existed. Low prices paid to farmers for 
agricultural products are a disincentive. 

In this chapter 1 summarize some relationships between 
water and crop production that govern food production, as 
well as review some basic terminology relating dependent 
and independent variables. I briefly describe the impacts 
that some recent advances have had in improving agri-
cultural technologies and in increasing food produtctioni. 
I conclude with a list of policy concerns that need to be 
considered, 

TERMINOLOGY-CONCEPTS 
AND MISCONCEPIFrONS 

Manageable Water Supplies for Agriculture 

Total, long-term annual nalional water supplies are essen
tially lixed. Water supplies that can be managed for irri
gated agriculture include surface flow that is related to the 
water requirements of crops, or flaw that can be stored ill 
surface or groundwater reservoirs and released or pumped 
as needed. As populations continut.e to increase, water sup
plies for agriculture Will decrease as competitive domestic 
pl i s r a nd i nc reas W il o und ate M ustic 
and imdustry deiands intcrease. \Vh ilIce aroundwatecr i st be 
used to create aq il'er p to enhatice antual recharge,
groundwater use in c:ccss of otinuual recharge, or mining,
should be considered only to meet supplemental or emer-
Lency needs. Some groundwater supplies are vast, but they 
can :,c depleted beyond economic pumping levels for agri
ciultttre in jLst 1 few decades. 

Assessnent of national agricultural Water supplies must 
include water that is available to rain fed agriculture. Water 

available for use in rainfed agriculture may be much greater 
than that used in irrigated agriculture. For example, in the
United States, the annual consumption (evapotranspiration) 
of water by irrigated crops is about t t 5 ki ( t 15 X t" Il 
(Solley et al., t982). Although irrigated agriculture is tie 
major coristtmer of water withdrawn (over 8o percent of 
total U.S. withdrawals), water consumption by rainf'ed crops
is about 12 times that amount (Jensen, t984). Assessment 
of water supplies lor food production also nust consider 
new technologies for conserving water and increasing food 
productionr Oi both rainfed and irrigated agricultural lands. 

Irrigated agriculture can stabilize national food produc
tion, and, in sotne countries, it may be the major source of 
food production. The role of irrigated agriculture depends 
oti the relative production from irrigated lands versus that 
from rainfed lands. Drought frequency analyses, the magni
tuide of vo riations in rainfed crop production, and carryover 
food storage requirements should be part of national food 
production-water supply planning. National food security 
and foreign exchange also are important factors. 

Irrigation Efliciency 
The general public and many knowledgeable professionals 
misuse or misunderstand the concept of irrigation efli
ciency. This misuse typically leads to the conclusion that 
agriculture wastes water. Misuse also may adversely affect 
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water/food policies and major decisions about irrigation 
projects. 

Irrigation efficiency (E,) is the ratio of tne volume of irri-
gation water beneficially used by a crop as evapotranspira-
tion (ET) in asrecified area (V,,) to the volume of irrigation 
water delivered to this area (V,). 

E, =V,/ () 

The term E, by itself is not adequate to estimate or predict 
available water supplies because potentially usable return 
flows are not included. When considering water supplies or 
water balance, a change in irrigation efficiency, as it has 
been defined and used for more than a half century, does not 
result in a proportional increase in water supplies because 
return flow is not considered. Major improvements in irri-
gation efficiency in an upstream pro.ect may have little 
effect on the water supply within a river basin because of 

flows.return 

l)rainage Requirements 
The most common problem encountered in irrigation pro-
ects is a rising water table and eventual waterlogging and 
salinization of the soils. Waterlogging and salinization of ir-
rigated soils are not inevitable, however. Basic hydrologic 
principles must be recognized and projects designed and 
properly managed to avoid these problems. The drainage re-
quirements and capacities, inclding both natural and ar-
tilicial drainage, often are ignored in project development 
until the water table approaches crisis levels. I)rainagc ic-
qilirements must be considered during the initial stages of 
project planning. 'There are many fictoirs involved and natu
ral drainage capacity may be difficult to quantify. Artificial 
drainage may not he needed immediately in new projects 
because several decades may be required for water tables to 
rise to critical levels. The excess irrigation water that even-
tually must be removed from the project by drainage (V,,,) to 
prevent waterlogging if thcrc is no reuse within the project is 
linked to the overall project irrigation cfficiency. 

V, I - Ei)V. (2) 

Eq. (2) clearly shows that if the drainage capacity is liia-
ited or if thle rate the water level rises because o, irrigation 
1uIst be decreased, pr(ject irrigation efficiency inust be in-
creased. This nay requite improving the water distribution 
systein to reduice seepage Iossts and to pernit timely water 
deliveries and u)gradiing the irrig:ttiml o I(')tt'ftlnis 
and the manner in which thev arC operated. When water is 
retised within a pri"ject, the absolute titinituin volumC of 
excess irrigation water that must be reltoved front the 
project is: 

V, = L.(V,) (3) 

where 1, is thC inititnuin leaching rCeLIiretIciit within tlhc 
project thal is necessary to control salinity. The I., is 'ascd 
on each crop's salinity tole rance. the salinity of the irriga-
tion water, and nnual ET. The dha inage sy stein also Must 
be able to control tle level of the water table so that soil 

salinization does not occur during nonirrigated periods. 
During fallow periotls, capillary flow of w;:ter and salts 

from the saturated zone to the surface of the soil leaves salt 
no- the surface as water evaporates. 

In some areas, excess precipitation also must be consid
ered. The timing of precipitation excess relative to irriga
tion excess is an important factor. 
Water Use Efficiency 

The production of the marketable unit of a crop per unit of 

water consumed in ET is called -'water use efficiency" 
(WUE) (also called watvr utilization eflicicncy). WUE indi
cates the effectiveness at which water is used in agricultural 
production. WUE assessment should be an integral part of 
both rainfed and irrigation project evaluations. 

The most common WUE expression relates crop produc
tion to the water consumed in ET from planting to harvest. 
I have defined this term as net WUE. 

WUE... = (yield in kg)/(El in cubic meters) (4) 

For rainfed crops it is more cominton to relate crop pro
duction to water consumed from the harvest of one crop to 
the harvest of the next crop. I have defined this term as 
gross WUIE (WU ,....) because the total water consumed in
eludes the alount evaporatCd during the fallow period be
tween crops). 

A term defined to cvaluatc the increase in irrigated crop 
prodLIction over rainfed production relative to the increase 
in ET resulting from irrigation is called irrigation water use 
efficiencv (Bos. 1980). Example values of net WUE for a 
grain crop are presented later in this chapter along with 
some general yield-ET relationships. 

CROPYIELD-WAIER USE RELATIONSHIPS 
C R elationships 

Extensive rcsearch has shown that when available soil water 
limits transpiration and the stress periods are distributed 
throughout the season, the yicld (Y) of the marketable coi
ponent of most crops dccrcascs linearly with tihe decrease in 
water consuLiiti) within a climatic regime. The relaton (1E1-) 
tionship betwecn a ov'egrolund dry nmatter (1)M) production, 
and transpiration (') is linear for all crops when soil water 
limits Tiand FT. Ilowcll and Musick (I1 8 4) summarized 
DM-T and I)M-L'' relationships for several major crops 
clCirly illustrating the linear relationships. IDM must be 
inultilPiCd by ;I harvest index (Ill) to obtain the inarketable 
yield (Y - Ill I)M). The Ill is tie ratio of marketable 
yield to dry matter production. 

A general empirical relationship of marketable yield to 
F'where iaximuml l-T is limited by climate cart be ex
pressed as: 

Y - aFT - b (5) 

where a and b are constants. The relationship of WUE to ET 
based on Eq. (5) is: 

WUE -- Y/E"T (a LT - bI/ET (6) 
b/F1 

With Y in tons per hectare It/ha) and ET itn millimeters 
(mmht, WUE in kg/m' is: 
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WUE = 1ooo a - ioo b/ET 	 (7) reduced much more and still provide the strength needed to 
Data from Stewart et al. (1983) were selected to illustrate support the grain and the length needed to permit combine 

the typical characteristics and magnitudes of these relation- harvesting. Current cultural practices also may be optimal.s ;Studiesships. or grain sorghum grown on the high plains of Texas of old and new cultivars of other crops show similarresults.(Donald and Hamblin, 1976; Wells and Meredith, 
they lb id: 1984).
 

Y= 0.ot54 ET - 2.20, for I£T > 225 nmm 
 (8) 
Yield-Applied Water Relationships
Using this relationship, WUE,., becomes:
 There is no similar, linear relationship between the amountWUE . = 1.54 - ,2o/El (9) of irrigation water applied and the yield increase except forthe first few increments of applied water. Stewart 	 et al.there are several important characteristics of Es. ( (983) reported the following increase in ET in millimeters 

t.oWhen soil 	 water limits T, yield decreases a above rainfed values 	 for grain sorghum versus irrigation
decreases, water applied (V) with a furrow system. 

2. When soil water limits FT,the yield per unit of water AFT = 139(1 W,) - 545 (to)
increases as ETand Y increase. The highest WUE occurs at
the highest yield. A threshold anmount of ET is required be- Fq. (to) indicates that FT increased linearly for the first 100tore the first increment of marketable yield is produced, to 200 miml of irrigation water applied. As more water was 

.1. Eqs. (5)throueh (9) (10 not include economic aspects. applied, a larger proportion either became runoff or deepFrom an economic viewpoint, if water is not limiting, it percolation. Stewart et al. (1977) presented a detailed analyshould be applicd up to the point where the price of the last sis of this rclationship for maize, and Vaux and Pruitt (1983)unit of water applied is just equalo t the revenue result i presented a detailed analysis of several crop-water produc
from its application (Vaux and Pruitt. 1983). tion functions. 

Coefficients a and b in Eqs. (5) through (9)can be devel- Yield -Salinity Relationships

opcd for most Inajor crops and current cultivars using exist- Clt d c s i 
 nsiing research data. I'js. (5)and (6) are valuable in evaluating Crop yiels tend to decrease linearly as soil salinity in

producivity of projects and the probable increase in creases above threshold values in the foilowing manner: 
\'leld to be expected from allocating water obtained through Y = ioo - b'(EC, - a') 	 (II) 
con se ivat ion . he'y also can be tised to evalultIthe net eco
nomic return to be expected f'roi
increasing usable water 
 where a'is the threshold salinity value, b' is the yield desupplies. A summary of WUI values to be expectcd and the crease per unit of salinity increase, and EC . is the electricalrelative yield 	 response for various crops is presented in conductivitya Foodiand 	 of a saturated soil paste extract expressed inAgricIture forgani/ation (FA()Opiiblication decisiecien per meter (dSii)oorenbos ai d KltOaam. 	 ')corrected to a temperature19791 
 of 25'C. A summ ry of a' and b' vluies 	call beAs new cutivars with 	 foundhigh r yields and new cultural in several publicatioils (Maas and loffman, 1977, and 
practices are developed, the a and b coefficicats may need to Iloff'ml et al., 1983)

be updated. uring the past few decades, the higher yields Yield-Excess Water Relationships
iva r.,
of new c tilt have resutlted priima rilIyfrom iinIli ca ~ses inithe Ill. New cultivars do not use less water ifn they have Th relationships between crop yield andmore 	 excess water arecomplex than effects of limited water becausesimilar growing periods. I'or example, Musick ct al. (1984) v riables 	 morereinvolved. For example, incool, humid cli
summari/cd ET ad XViii- valies fOr winter wheat reportedby invecstigators, wer thle 	 var es are iiI o d o iI incopast thIiree dcadetls aIli sI mates, poorly dria 	 fati ileusland. 
 ined soifsdo not warm tipas last inthe 

esxas t .(iable 

The Lt a 	

spring as well-drained soils, and poor trafficability shortensind I)N r'ritluicd ha.\c nt chaiged sign ifi- the potential growing season. Ileavy rains during the growcantly over three decades. btit LV I-values have doiubled ing season can depress yields as a result of poor soil aeracan~veC~e%,r.biltll-CW E V~is Ia~e(ILINLI tion. LtfalriscanbecausC of' increased Illinvolving plant density, nutrition. late fall -ea or prevent harvest.rans delay o 
water.and partitioning od photosy'nthates. Further iocreases In irrigated areas the benefits of drainage are primarily 

11it' I ~lin aiIi t ide are related to salinity. 13ciufits of' feel) drainagc of fiie-texturedi s n1ot Cexpec'ted becauLise Illimay be iri aesoi ncr i IsI v e 	 ideL eitd(JhioptimumL. 	 the proportion straw henear tile i.e.. otl cannot irrigated Soils on crop yields have been documented (John-
Stollet id., 1982). 

Table 1. -tand W IT valesIt. r tinler\%hem rtpiteti llitihltn. "I'ECIIN( )O '-A N EV (I ,JTIONARY PROCESS 

Tevs, 
 Today, nu y articles 011scientific breaklhrotighs and rev

(IT tionaryI' \F') ol prgress in agricUlture are carried in the news 
Researchers Years 
 M1111 	 filoghis aIkV in ' 	 media. lire a.kt do occLir. iid niany have had major

iIIpact soL agricultiral tecIIIoflogy during the past few deeJcne.tir SkCIn -6I 0 745 044 ades. I lowevr. we cannot assLime tdhat f'tture probhlemis ini 

Musickci at . 197') 82 	 )890'td f98 production Will be solved by hloped-for breakthroughs.
We must consider the current state and rate at which agri
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cultural technology is evolving. Scientific breakthroughs, or 
technological breakthroughs in related fields can hasten the 
evolutionary process. We need to continuously assess break-
throughs in other fields for possible adaptation to agri-
cultural technolo 'y. 

Improved techiology is primarily tileresult of evoluion-
ary steps rather t'an breakthrough,. l)ecades may be re-
quired to develop :;ophisticated technology. B~reakthroughs 
can greatly advance technology or lower costs. For cx-
ample, developnicnt of' the transistor had a major impact on 
the development of computer technology (Gomory, 1983). 

Everyone is familiar with the Green Revolution inagri-
culture, but most niajor improvements in agricul:ural tech-
nology have evolved slowly during the past century. The 
trend in future technology dcclopment is not expected to 
change dramaticallv rcgardless of tile iany hopes that are 
expressed. Also, some nevw techno!ogies artt'vry easy to 
iniplmenmi. while others require major capital investments 
and supporting software infrastructure. For example, to 
change cultivars, only the seed source is changed along with 
some adjustments in cultural practiCes. Even this may re-
quire a few years for adoption. In contrast, decades may be 
required to develop or to modernize an irrigation projecl. 

Large changes in pIOdLucti ou'StCiIS ire not Ipt to occI r 
quickly where vater is the primary limiting variable be-
cause in many developing cOLtries tilephysical infrastruc-
ture is not in place to tile on aimplemet new technology 
large :cale. Developing the nccssarv infrastructure and the 
necessary Supporting software will require careful plan-
ning. design. operiliion. maintenance, and managemeI t-
and time. 

xanlfles of'Technological Evohtiin in Agricultture 
I will mention a few examples oflicliological evolution in 
agriculture to illustrate tileeffects of advances on the evolu-
tionary process that eventually results in improved tech-
nology f'or water and ftOod production. 

New crop cultivars. Donald and Ilamblin ( 1976) re-
viewed tilebiological yicld (dry matter produced above-
ground, )M) the harvest index (I11), and grain yield for 
cereals of ICUtivars duvelopcd in this century. Many factors 
are involved in yield increases (plant density, ears. stems, 
leaves. nutrition, and water). but llere has not been itsig-
nificant change in )M. Most of the increases i',grain yields 
havc resulted fIon increases in tile III . 

Wells and Meredith (1984) eviltcd twelve obsolete and 
modern cotton cultivars. They touInd that net a.Sililation 
rates were not higher in new cullivars. The new cultivars 
produced more int becausc nore )M was partitioned to tie 
reproductive organs. There also was an increase inlthe num-
ber of' reproductive organs. 

Rainfed agriculture. Rainfed, semiarid agriculture tch-
nology has slowly evolved over fhie past century, and in tile 
United States. it has become very effective. For example, 
f'urrow damming,which was initiated in tile1930s ' Texas, 
rapidly expaided in the 197os because improved farm equip-
ient \vas available and herbicides could replace cultivation 
for wced control. Research results clearly dcmonstrat:d that 

crop yields benefited from furrow damming to prevent run
off from intense summer rains, )evelopment of mulch 
tillage started in the 1940s. Today, no-till systems can double 
the amiount of' water stored during the fallow period (Unger, 
1978). But no-till practices still have not been implemented 
on a large scale by U.S. farners in tilesemiarid Great 
Plains. Gerard et al. (1984) and Jones and Hauser (1975) 
summarized experimental results that clearly show the 
benefits of' using various conservation practices. Other rain
fed practices are described in a monograph edited by Taylor 
et all. (1983). 

Drainage. The development of corrugated plastic tubing 
in the 196os greatly changed subsurf'ace drainage tech
nology. About 9o percent of the drain tubing being installed 
today is plastic instead of clay tile. The adaptation of' laser 
control to drain install ation in tile196os also advanced this 
technology. Advances in drainage technology have greatly 
reduced the cost of drainage, but design techninques and cri
teria for subsurface drainage of irrigated land have not 
changed. Today, new techniques are being initiated in hunid 
regions. These techniques include controlling drainage out
flow and using the same system for subirrigation. 

Sprinkler irrigation. A farmer invented the center-pivot 
sprinkler system and obtained a patent in 1952 (Splinter, 
1976), and industry then developed this technology into a 
commercial system. The development of electronics inlthe
 
i96os and microprocessors in tile 
1970s advanced this irri
gation method to one of the most cficient and reliable 
irrigation methods available today. Further improvements 
using tileconcepts of low-pressure drop tubes aiid micro
basins developed by Lyle and Bordovsky (1983) are under 
way. For example, with these improvement:; they reported 
irrigation efliciencies of' greater than 95 percent withi a 
linear-move system. Ileermann et alI. (1984) adapted coin
puter control and optimization technology to center-pivot 
systems. Similar advances have been made inwater distri
bution, measurement, and technology f'or system control, 
but it has taken years to perfect such technology. In develop
ing countries, most irrigation projects still perform well be
low their potentials (PlusqluelleciX, can1985). Inprovements 

be made without highly sophisticated technology. For ex
amiipIe , Pltnsqiel leCeIlphasizes that not all automation of 
water control needs to be computerized. 

Surface irrigation. Surface irrigation has been used for 
centuries. M ajor technological advances in other lields have 
been uscd to improve technology f'or surface irrigation. For 
example, tilead aptation of laser controls to land leveling 
equipment in tile mid 1970s had major impact on tech
nology for leveling basins. With laser-controlled equip
nient, 4- to 8-hi basins can be leveled so that 85 percent of' 
tile i5 min of tie mean elevation. Irrisoil surface is within 
gation efficiencies of 70 to 1oo percent are now being 
achieved with level basins (1)cd,ick et al.,1982). 

Surge Ilo v, or cycling the flow to irrigation furrows. is a 
teefni ique developed ill the late 1970s to increase the ad
vance of water in furrows with a given amount of water. It 
has Made Ipossible to reduce runoff and improve irrigation 
unil'orinity oii many soils. "lThe commercial development of' 

/0)
 



automatic equipnnt using low-cost valves and electronic 
controllers has played a major role in the development of 
this technology (Stringham and Keller, 1979). Another new 
method of controlling water delivery to furrows is a method 
called "cablegation'" (Kemper ct al., j98 1). 1 has enabled 
autonmiatic and more unifforni distribution o1' flow to individ-
ual furrows, 

Trickle (drip) irrigation. Trickle irrigation technology,
often called drip irrigation oi nilicroirrigation, has advanced 
greatly durine the past two decades (Bucks et al., 1982).
These systeils, when properly designed, installed, and op-
crated, can provide excellent control ol' irrigation water. 
Plugging of' emitters has been a major problemi, but filtra-
tion arid chbe i.'al t rcatine nt of water minimize these prob-
leins. FTItor l st close-grow ing crops is essentially tie 
same w\ith these s''stcitiS as with other sys.,tcis. I lowever, 
dclease.s ill se. so, i ETl'I I to 15 percent can be acIlieed 
with hured. wvidely spaced trickle lines because of reduced 
ev .poration. Trickl irri gatIit0 is Used Oi onlIy abIout 3 per-
ceat of the irrigated lands in the arid southwestern United 
Statcs and ,1bout 5 perceit in tile liuiiird souLheastern states,
where sctils arc very saiid,,. 

Artilicial intelligence and expert systems. Artificial in
ielligence (Al) is the secnd col)puter revolution. AI coiii-
puters can be lsed to dCvelop expert systeriis fOr assistinge ill
the planning, design, anld operalioll of irrigation svstCnis. 
An expert sysiten is a probleni-solving cOMIilti- proriNIII
that uses judgmental and formal reasoning in solving prob
lers. Building an expert systeiri can require several years 
arnd cost sCveralIluntlrCd tlMu d dols. 01 CC devel)ed 
expert systems call be adapted to miili- and Inicroco i ipuiters.
This is an eicrging tecIiiolgy thitat ci be Lised to iinprove 
irrigatitto.' tin s arid water inariaclnt, 

Irrigated ag1iculture infrastructure. I low rapidly can 
irrigation be de\'loped to a tlIuf' protductiv'e systenl'! Table 2 
summarizes data oin irrigatito devclopment fron three re-
gions in the United States. Each region has distinctly differ-
cil Ifeaturcs. The period selected in each region represents
lie most rapid pe riod(1I' deve ItliIIt based on tile U.S. 

CCIsIS of Agriculture data (USI)C. 1981. 1984). IPifferent 
tiiie p)eriodS were ised to illustrate thai atILIaVcCS ill tech-
nology played a rnle. Most iniportant. the physical inira-
st-ut.'trC arLid Stipptl-ting SyStllS did not devCltop rapidly 
eve iii adqICte a ai :idac technical and ftinancial re-
SOUrCCs. A I :Znd A 2 in the follow'ing ti(l arc tC 11a1d areas 
irrigatcd at tile start ald erd t Off tIre pe r'it( ii t Ousalds 01' 
hectares. 

The average annual rate of' expansion of' irrigated land in 

TAhl' 2. Dat tn ionlrrgtio dovchumcnt. 

Regin tyriud Years 

Pacific Norltwcs 19144 82 35 
Sotithern plins N4 01) 20 
Central plaius 1904 -82 18 
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the Pacific Northwest (PNW) from 1944 to 1982 was only
1.67 percent per year compounded annually. The PNW is 
characterized by a steady increase in irrigated land since 
1944. Most of the water is pumaped froni rivers with high
lifts, and costs Ior electrical energy, which was readily
available until recently, have been low. Sprinkler irrigation 
was used extensively. In tie southern plains (SP), irriga
tion with groundwater began expanding rapidly during the 
drought years of' the 1950s. FuIirrow rigaltion could be used 
without land leveling because of ideal topography, and the 
costs for energy, primarily natural gas. were very low. De
velopment of irrigation in this region increased at ai1anni1alI 
rate of 4.36 percent per year. In the central plains (C),
grondwater was the primary water source, and the advanced 
cciiter-pivot spri klei- system was tlie main irrigation method 
ised. This systemiilide it possible to irrigate Ilad thiat Was 
riot ot iervise suited for irrigation iand to do it as soonias a 
source of' water was available. This combination of' readily 
available water and a muodcrn, cflicient system of applying it 
resulted in an annual iiicrease of 5.77 percent per year.
These data show that regardless of scientific or technical 
1i-cakthroughs that occurred during the past four decades, 
and nder favorablc cost-price coiditions and tax laws, the 
annial rate of1expansion of irrigated lands ranged from 2 to 
6 percent per year. Fxpansion of irrigation ill developing
colntries is riot expected to occur at faster rates. 

POI ICY IMPLsICATIONS 
Food Production-Water Assessments 
National Ifood production rclated to water anid water policy 
iust be based on Iong-erm pri ections of ftod production 

per capita. Two v-ariable s are involved in per capita p oJec
lions: production arid popuilation. °hl'his chaptCi conskier's 
only the first variable---productior. 

Food aid is only a temporary. but incaiiingfir solution 
to hunger and faririne. Fod iprodUCtiO. when limited by
watefr, cart be incrcasCd by applyiniIg current tech no logy ill 
most dcveloped and developing countries. If' water is the 
lirliting variable, the current production levels aidnwater 
use el'ficiencies for i-rain'cd and irrigated agricultuirC iiiist be 
evaluated. Whiat1rc tile relativc contributions to food pro
duction f'tiim each area, their expected variations, and the 
fiOod storage--transportatiO I requiriereills needed to level 
Out the ariiriral fod supply? An assessment of this type is 
lCcdcd tt deteriinc w here the greatest potentials and op
portunitics lie in dcveloping Ititod/,vater priorities and poli
cies. It also is needed to assess fhe relative cost and benefits 

Rate 

At A2 A2/A I ((, 

1,487 
1.278 
1.284 

2,7')1 
2.227 
3.527 

1.887 
2.3-47 
2.747 

1.67 
-1.36 
5.77 
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of investing in research to improve rainfed or irrigated agri-
cultural technology. 
Issues and Policies 

t. Water is a natural resource and generally renewable. 
The efficiency at which water is used is linked to its cost to 
tie user or the value placed on water. Water, as a primary 
resource needed for food production, should not be pro-
vided at little or no cost to agricultural users. Free or low-
cost water leads to waste, as well as additional or indirect 
costs like those resulting from waterlogging and salinity. 
Tile prices paid for farm products must be adequate to offset 
these costs.te Increasing food production with existing water sup-

2. I a F p t e nInternational 
plies requires incentives for all involved individuals. The 
impacts of positive incentives to increase food production 
have been demonstrated. For example, major agricultural 
policy changes introduced in China in 1978 greatly in-
creased wheat and rice production. 

3. The design, construction, and nmanagement of tile 
physical infrastructure is a critical factor in tie productivity 
of irrigation proJects. For example, salinity control involv-
ing the disposal of saline effluent to sinks or the ocean is 
essential to ie lng -te rt p roduct ivi ty of irrigated agric uI-
ture. The volume of saline wastewater can be reduced ani 

economnic returns call be gained by reusing moderately Sa-
line drain water oin salt-tolerant crops, or by using it during 
noncritical periods of crop growth followed by using good- 
qIuality water. IHowever, tlie salt load cannoIt be allowed to 
accumulate in the soil if productivity is to be maintained. 
Projects constructed without ensured long-term drainage 
and utlets or sinks for saline efflent are sutbject to failre. 

4. Advanced biolechnologics cannot be substituted for 

improved technolo v for water niianageniient antid associated 
ph 	a igratied

piysicaI infrastricture. 'hey can suppleInaet improved 
water management to achieve increased food productioni. 

5. Adaptation of new technology for water management 
is largely an engineering effort. For a counlry with limited 
resources, proven or established technlogy should be given 
higher priority than untried technology because tile evO-
lution of ncw technology is expensive. Adaptation and 
effective use of improved, proven technology generally will 

require increasCd training and use: skills, 
6. Delivering liiitied waler supplies at prcdetermined itd 

hiydriIlically ficit Irates and schliedtiles iiay n cc 1Pp. 
water requirements for crops. o assume that fi'iiers will 
automatically optinliZe the use of lilnit cd water suipplCS (I-
livered at arbitrary schedules ignores the real problems Iiiii-
iting food production in many irrigated areas. I-ven well-
trained engineers and scientists ire ti of able to optimlize 
waler use with the constraints Under which inav farnlers 
lutst now operate. Farmers must be accepted as partners il 

decision iaking that affects the productivity off p:ojccls. 
7. The lIng delay in developing alli rrigiation pr iect and 

the long life expectancy needed to retirn the capital costs of 
il project reqLire project flexibility. \Ve do not know tie fI 
tire requirentents tf' a systeut evei after one decade. They 

certainly will be MUci different in tile next three to five dec-
ades frot those that exist today. 

8. Investments in many irrigation projects are not pro
ducing expected returns today. This is due to many factors. 
Although drainage requirements must be established early, 
the installation of tile drains may be delayed. Policies that 
reduce the risk of low productivity or failure are needed. 

9. Some new technologies for water management nmy be 
too energy intensive for use in developing countries. Cur
rent and future energy resources must be evaluated in plan
ning and designing future irrigation projects. 
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9. WATER, FOOD, AND THE CHALLENGE OF DEVELOPMENT 
IN LATIN AMERICA 

Michael E. Curtin, Inter-American Development Bank, Washington, ).C. 

I am very happy to have this opportunity to convey to you
President Ortiz Mena's best wishes for a fruitful meeting. 
Being very deeply interested in water resource issues, he 
had hoped to be able to attend this conference. Unf'ortu-
tiately, the pressure of other commitments did not permit 
him to do so. I le asked ine, however, to outline to you some 
of our recent experiences and to share with yoU some of our 
concerns about this vital resource. 

Most of you have devoted many years to the study or the 
practice of managing water resources, the key factor in any 
attempt to achieve food security. Your expertise and tile 
themes being discussed here are of special importance to 
tile countries of Latin America and the Caribbcan whose 
development is the preoccupation of our bank. We congrat-
ulate Texas A&M University for its foresight in arranging 
this timely conference, and we welcome the chance to ex-
change insights and conclusions derived from dealing with 
problems of water nanagement in diverse parts of the world.
I am confident that all of us will benefit Iron this experi-
ence and that our experts, present among you, will return 
from Texas imbued with new enthusiasm and fresh ideas 
that we will try to apply in our operations, 

Twenty-livedr ears of )evelpment, Finaiciig, 
and Progress 

In prefacing my remarks, I would like to say a few words 
about the Inter-American Development Bank, which is 
celebrating its twenty-fifth anniversary this year. 

The creation of the bank brought a new dimension to 
international cooperation: the participation of tie bencfi-
ciary countries in decisions on the use of external financ-
ing. The direct participation of Latin American countries in 
the conduct of the bank's affairs, not only in policy formula-

tin but also in the day-to-day technical and operational 
tasks, made possible the flowering of i a viable regional de-
velopment institution, one molded by cultural valtes pcct 
iar to our peoples. This institution was born with the par-

ticipation ol Ihe United States and nineteen L.atin Arte rican 
countries. It; constittlency grew to a fauuily of nations that 
now embraces eighteen industrialized countries and twenty-
five member countries of Latin America and tlie Caribbean. 

During the first twenty-tive years, the bank's actions took 
place within the 'ra uiework of a.t ruly extraordinary age for 
Latin America and the world, one characterized by high 
rates of economic progress, rapid advance of technology, 
and profound transfortnat ions in social and political realms, 
both national and international. 

After 1974, however, the direction of these trends began 
to change, with major setbacks suggesting that the indus
trial economies may bc in the process of transition from a 
phase of dynamic expansion to one of slow, long-term 
growth. The real growth rate of the gross domestic product 
of the industrialized economics, taken as a whole, declined 
from an average of 4.9 percent per annum between 196o and 

973, to 2.8 percent during the 1973 to 1979 period, and 
to t.9 percent in the last five years. This last period has 
been marked by a spreading pattern of high unemployment, 
protectionism, and monetary change. A decline in tie rate 
of' growth of world trade and a state of uncommon rigidity 
in certain other economic variables compounded these 
difficulties. 

Latin America's gross domestic product grew vigorously 
until 1973, picking up speed as time went along and climb
ing from an average of 4.8 percent per annum in the 195os 
to nearly 6 percent in tile i96os and a truly exceptional
7.4 percent between 197o and 1973. In tile second half of 
tile 197os, despite the unstable condition of the world econ
oly, Output continued to grow at a relatively satisfactory 
rate of5. percent perannum. The following years, however, 
from 1981 to 1984, ushered in the most acute, prolonged,and widespread economic crisis that tie Latin American 
countries have experienced since the 193os. The region's 
total product suffered successive declines in 1981, 1982, 
and 1983. By 1984, its per capita product slumped to levels 
first attained seven years earlier. 

Since 1982, most of tile Latin American countries have 
exerted extraordinary eflorts to realign their economic and 
financial situations. The focus of their adjustment meiasures 
has bccn to safeguard their capacity to pay the interest on 
extcrn l debt by expanding exports inid curbing imports. 
Private international banks have cooperated in this adjtlst
iient elffort by postponing the payment of overdue financial 

commitments and through a marginal supply of new lending. 
The Intermitional Monetary Fund, in addition to its conven
tional fItunet ions, has played tile role of' inintermediary be
twcen debtors and creditors. The cost of the adtjusttnent pro
cess has been high. particularly in terms of the stagnation of 
ecnomic grovth and its accompanying effects, including a 
sharp decline in per capita income levels and a stbstantial 
rise in unemployment. Adjustrmeit ne1MiiSes Iiave cben 
Iratnghlt with difficulties for all of ouilr countries, both tile 
relatively less developed ones as well as--and perhaps 
more intensely those which had achieved higher levels of 
economic development and social well-being. After more 
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than three years of' adjustment, therefore, outr countries are 
searching for a new approach that could give greater weight 
to the goal of revitalizing long-term economic growth, to-
gether with carefu l discipliiie in tile monetary and fiscal 
areas, and compliance with external financial commitments, 

It is within tie context of' this desire for a new approach 
that we must view tile future contribution of agriculture. 

During its first twenty-five years, tile Inter-American De-
velopment Bank has actively promoted investment in Latin 
America's development. Through its lending operations, 
which totaled nearly $28 billio, by )ecember, 1984, the 
bank has made possible new investments amounting to ap-
proxinnately $im billion, in other words, More than lour 
times the value of' its own lending. The bank has strived to 
develop agriculture in Latin America through a wide range 
of projects, ra nvi ng 'roi increased direct investment and 
global agricUiltnraI credits to more e ton plex rural develop-
ment and rcecarcIi and extension programs. Agriculture re-
ceives about a Ifiarter of outr total Icling and a major elc-
ment of' this, a botit 30 percenit, Iihas been for irri atoil and 
drainage projects, which have brought improved agricuil-
tural techniqfuCs to a laige arla of' highly p 'ttdUctiVe lhnd. 
Just as importaint, the hauk's tchnical cooperation has f'ois-
tered institutional dcVCopinent, the training of' middle-level 
ard senior technicians, and the strengthening of lthe region's 
capacity to analyze aiid Clrlr.y out investmcllent projects. 

Besides indUstriali/iing rapidly, the Latin Anrerican cOun-
tries have exerted trie endOt us effO'rts to Cope will, tile row-
ing demand for social services. Between i96o and i98o, 
water-stIpply services wcle extended to 75 percenlt otf the ir-
ban population, with the number of beneficiaries increasing 
from 4o millioii to 168 million. With the help of' improved 
sanitary comditions and extended health-care programs fi-
nanced by outr bank, the average life expectancy in the re
gion rose by six years. The art: also devoted a najor efftort 
to education. While tie total population of Latin America 
increased by 70 percent between i96o and i*.98o, enrollnent 
in the primary sc hoolIs las doubled, in sctOda.l'y education 
nearly fUadrUPled, and ill inStituite s oif higher education , ill-
creased eightfold, 

RECENT TRINI)S IN LA IN AMERICAN 

Within this Irainework, tic perf'ormance of aigricuilture 
has been a disappointing elenent. l)uring tire decade of' the 
seventies, value added by agricultttre increased at aii aver-
age rate of 3.6 percent in real terms, well below the 6.o per-
cent rate at which gross donrestic prtiduict expanded. Thus, 
tile sector coritiritred the long-tcrm dCecliiiC ill its share in 
Valuc added, dropping from. al average of 15 percent in the 
decade of' tlie sixties to i I i percent in the periodilroln 976f 

to i98o. The sector did. however, iteet ie challenge of' 
populartion gr(O\wvl by providing a1 anr1al per capita in 
crease in otliptt of' 1.2 percent. 

Accoilpanying tile growthl of utput were changes in re-
source use, especially ill land and labor, and their produc-
tivity. In the i96os and 1970s, agricultural output grew by 
about 40 percent in each decade. Duiring that tweity-year 

period, employment in agriculture rose by less than to per
cent as the cities absorbed most of the increase in tile rural 
population. Since cultivated land areas expanded by 22 per
cent in the sixties, and only i percent in the seventies, 
farm-yield increases were achieved largely through the use 
of improved production techniques. 

Disturbing trends were also in evidence in the area of 
international trade in agricultural products. Between tile 
mid-seventies and the present, worldwide agricultural ex
ports outpaced the growth of production, with production 
increasing 12 percent and eXports 35 percent. But in Latin 
America, a 20-percent increase in output over the same pe
rrod was acCe ilpanied by a more modest, 24-percent ini
crease in the exp in1ad a near doubling of imports.rt volume 
Thus, in spite of' Latin America's superior performance in 
[he production area, on r reg ion hasIa ig ged behind tile world 
in export expansion and grealy incteased its dependence 
oni imports, especially imports 0' f'ootd and food -related 
products. 

The recent international recession had a greater impact 
on Latin America in terms of prices than in physical output. 
as outr agrictultural export and domestic prices failed to kee ) 
pace with those ' Or tantiflacturCd goods and pet role uIII. 
The trade sitiation began to iiIpiOW in 1983 and 1984, 
probably as a consequence of' tie in itial adjustmnent ina-
StireS, including cutrrency dCvahtations and import restric
tions. While the imlprosentent in the trade balance was de
sirable f'rom tile standpoint of' our region's cxternal debt, it 
occurred dtir ing a year wheii ltain Ainerica experienced a 
further decline in, per capita agricutlUral ouitput. Without 
a strong recovery of' output. ef'orts aimed at increasing 
agricultlural exports a1d reducing i ports may meet with 
di'fietiltiCs. 

PROBLMS IN FOOl), AG;RICULTURE,
 
ANI WATER I)EVELOIMiN'
 

I have atteinpted to review the national and sectorial eco
nomic trcnds in Latin America because of' their importance
 
as a backdrop for iinmproving regional Iod security and be
cause they, will incvitably shape tihe f'titire tf'water resource
 
use andnilanageic ni. Now I wotul like to tin to all issue
 
closer at hand: flow can water resoirces be miianaged to 
meet tile key IeVeIopmciit problems offLatin America and 

to enSLirne a.in acceptable level of' regional aMd iatinal f'ood 
security'? 

During past periods of' relative economic growthI in Latin 
America, as domestic ecoIlnoics cxpanlcd, bolstered by 
favorable international markets. the region \kas able to ili
vest heavily ill siMall. meditir, and large irrigation and 
drainage proijects. As tile cconomic crisis intensified in the 
early i98os, however. these cotmtrics have had to bring to a 
halt, or to delay, imy irr itation investmentsn iiiportant 

investmcnts which, iii an earlier period, would have raised 
agricultural prodtictivitv arid cuslioiined the rising urban 
fOoid deinands. And tie challenge of' creating viable water 
resource inistitUtioiis--whiicll the chapters ill this volunle 
will consider in more detail--now tests the ingenuity of'sci
entists and policy makers alike. 



Currently, the region faces a coniplex chaltlenge-to lse 
the existing resources more effectiveIy and to assig i limited 
investment funds to tIlehighest priority activities. This is a 
very dillIcult task because the cCom1nlic, social, and politi-
cal demands which con front Latin Anerica today aric many 
and of ten in conflict with each other. 
The first issue which colnfronts the rcCion is how to sus-

ta:: l'Ood security Illa time of' financial ald ecollollic crisis. 
We refer to this as the l(od gap. Yol ina ask- alrticulrly
those of you dealing with tie hullall ainguish and l0(1(1 pi'lib-
leis in Africa-- why i food be relevant in thiswOUld hap 

regioli, which is so ofiei callcd "nliddlC incoie"' 
 Why 
should IOod security he a probleni illLatin America? Ill 
fact. tle absence of' I' d ScCuritv i,part l a in ci qtie.cil) 

tle reVion's Slccess ill dCvchOlpiCit. (isV ilnLiiileIics hiavc 
mallit imlipoved diets ad.L silice the doiiestic a.gricttlr.tal 
sy stein responds slowly to cham-es in local I'ood demand, 
rising food imports. I)icts chaiinCed as our popumlatiOn tir-
bani,,ed, with people inicmeasing their proteim coutmiption 
and tisihg mrC iititritions fooLs., lifC traditimml fIiid 
staples began to ftdc frolni the Cosuicr,, (det. This CxpCri-
enice has been repeated over ald over again ihlcountries of 
Latin America that becalliel lrC nrbanicd. With the urban 
transition icarly coipletc. this ncans that a'riculira ill-

vestilmellts IntIme m1C
1miimltint of ',icti rsotircs lutist 

be designed to mmct such dicta'y needs ill urhall CeIllers five 

to tell'ears illthe future. ('iCqCiiitlY. 'od sCcuritV ill 
Latil Amcrica Cainiiot be seellomV in tlerills of potlectil u 

traditional fthod r)oductiol btut of milletimie the .hanwiie iC-
(luirCtncnts of a rapidly Ltmow0in2 and divcsified diet. 
"lh sCcondiinlaJor proiblei vkhich aff'ects the fllute of'a,-

i'icllturha i Illified cC1limmiiC fiscald hV tile antld 

crisis. Until recemily. ;WericLinrtle and water resources (level-

opumCnt hav fIo111
benefited extensive pubiihC ivestlmInt 

p ograms. on('otries such a, lra/il. NlC\ico. lPCtu. anod 
Venczuel have imniCted 1lC sums illitriatiom pieCuts, 

hliese prourals and their ,0,sciateL iicCliti\CsesCre ilntro-
luiced. in pait. Itocoiiipeiisat, iemiculturc for the faviirable 

ti'eatilllt Li\'ellollicr scctrs. spleciall. industryV. Fiscalto 
constrainlts ctrtCitlv require" that wc iiake established irri-
,ated apricultuire much more productive anduleficient father 
thiaispend 1lltmoclimew resources \\ill hacoi -,Orks. Walte 
to he used to miiax i/c i hproduction, wlich fits ii witli th 
expected nitional iniperativc ut f'ood secturity tlihnugh the 
endil f,this centlury. 

'he region's third prIblemIi arises frlm the fat tat virtti-
ally all if' the membcr Ctitri's arC Iacine sC\,lC',isi 
straillns. The social costs of the ecomloillic adiustmment poli-
Cies are reflected illCemploynelnt and inlome dtrips. ill lo.%cr 
,i)endiiig ofi health ald cdtCiItiol. and ill risimm social tell-
siolls. Governments 11111Nell be setine l'uutirciy Iilits t sA-
Cial p ogress hy restrahlieu, social proraims no,. 1I1I.tim 
America. public potic Itoday ilvolkes i choice betvecn 
img-tcii poductive ilivestfmiclits in fixed plant and equip-
iiient, such a, irrigation wirks. as,,opposed to ,iorl-lerinl 
investnlllt itl hliUinain 1esorlces and living standards. Ill 
imakinil chices, we shlld be awame iif' tie cots incuried 
by putllg sca1ce financial :'esiium'cs ili(t ieVstlnelits which 
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can only yield icturns some years ahead. I trust., therefore, 
that as scientistis, eIIiners, 1:and admintistrators, you Will 
strive for elective low-cost technical solutions to agri
cultural develOpnllCnit. 

I have mentioned IIrc critical problelS that are likely to 
ShapI-e the e'olution of' agriculture in Latin America and de
termine how Watter 1eSOt1iCOS ni"iht lit into outr region's In
ture investment plans. 

'IIE NEEI) I"OI NEW APIR)ACIIIES, POLICIES 
Now I wa'et eler to the role of international financial 

and technical assistancc a-iencies, universities, individual 
scientists. 1.1,1dsttll': ill helping to plliliiute viable agri
c4tltuiaI alid \',.tr resinr'c developm nt i tile years athead 
illLatin he selctiv,_ confer-Aiicrica- I \,ill becaluse this 
ncI, is coIci.mu! iaMV; of th11ese very Coilnand othcr topics 

prechen-,ively. FrImil the ,xlpric c of the bank, wc wish to 
eiiipiasize three mmajor LCvehli1ciii ttieCmis: I I ) proJCct 
preFpU'ation and filancinI,: (2) hsIttitutioiial dCvelilimlent. 
hoth l'or priiect administration and buiildinmg up technoloy. 
and (3)national1 and sector policy formimuaLtion aid applica
tioll. I wiil nentioi Cach of the.,,e\c\ briellv. 

We hals Icauned that tie pirocS of resocet dvCChlop-
Ilclnt, csjccially of ,Valtcr, procceds best withi an invcst
miti pro, fram voik. Ill tie pa't. pl'iccts have etf'li.d'ojcct 
nmainly to investminit in fixed infrastructure v,ith theii asso
ciated opcratili services. VC shomuld noM, rethink our per
ception of exactly \\,hat itpr ject is. In pimliticunlar , \C be
lie\'c that tie rehabilitatiol and bettCr ImIammacemnejit aiId Use 
OfCistim.g irigtion systemmsshtld be civeim similar wvight
ilitle region's phns ard stti&Cs as that accorded to linw and
 
cstly alditioins to iirigatel areas. This tics notiioiean that
 
we ,hoUld StlSspelid ieedCd irrieatiio11 Mid lrhilmlC in1vest
incnts: it nia.1s that in tities iif, tiscal scarcit,, vweshould
 
first think hard about hiii, to 1illmmilehe hinclits f'rillm the 
cxis.ting; iimrastructm'e. 

The scCond develhpimeitl thiemie relatcs to Ime inced I 
improve [liecapacity oiii' natimml instittion', iii srvc ;.
rictlItlreC ait s,'ar'1 01'cC Illau 111CiiiTh. hlieank his
 
providCd substaitial support l0. these rptMI'pOseS
ill the past 
iiimd ConlltoItlC', t rovide uici assislanceLt.C. Se'erllof the
 
lmiiciiir CitiMtrics. like MCico. llavC Ceat
made iistjtu

tioial plog ess, wlilc otlers such as ('osta Rica are etu
barkint on I intensivcll.e ie% prOgaii of iniprovements. 
There is ali oppIqorlunitlV for col peratiiiml i lloicoulltries 
and almollng instittiiln,. such ifa universities. to establish 
effective 0ii11i lication netorks. 'Ilhsc rescarch net
woirks, which we currenmtly support with technical coopera
tion, have becI ctfcctivc vchiclcs for the iiei'clie of 
techlmnology allione Countries. We recommemd that l.atin 
AI.'\eica 's national adninistrators and scientists he betler 
iiteU.,t,LtCxistili ;Aiiil] regional netmoiks:iiito ilkurnatin, 
I.atiii ,,\leriia cal both cOitribte t0 and cain I'from this 
excllanc. 'The Iitci-,\ilcrican )evhelipment Bank (IB)I 
stands rcaly to snppolrt this process. 

The thirdlieie that concerns us is the application of' al
plopriate lnalioiIl, sectoral., and regional eclii lic poli
ties.'"l'hi ll)It believed that thne if' lIhas hln f't'ilnthin 
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tional or sectorial policies is a matter for a country's own 
economic authorities. This does not mean, however, that we 
view such policies as being unimportant; rather, we feel that 
we are less able to say what might be the "best" policy at 
any particular moment in history. But we should not neglect 
the significant function that policies play in supporting agri-
cultural development. It is increasingly clear that, in many 
member countries, agriculture has not been provided with 
appropriate economic incentives during the past twenty-live 
years. This has occurred because of the way national and 
sectorial policies were designed to favor industry over agri-
culture, and urban centers over rural regions. To some ex-
tent these policies-aimed, for example, at industrial im-
port substitutions-have been modified by recent national 
economic adjustments. But it seems that there is still a place 
for countries to increase the contribution of agriculture 
by applying policies that incrcase agricultural incentives, 
Other structural measures, such as improving technology, 
strengthening institutions, and training people, are also es-
sential elements in agricultural development. 

While the bank does not feel that its function is to define 
national policy since we work through individual projects, 

we do stand ready to assist governments to clarify the con
sequences for water resource development of different eco
nomic policies. National economic policies create favorable 
or unfavorable markets for agricultural products. Sectorial 
policies, such as water pricing and subsidies, will likely de
termine how irrigation is organized and what types of com
modities are sold locally or exported. Therefore, we suggest 
that as scientists, administrators, and educators in the field 
of water resources, you give greater attention to economic 
policies and their impact on the sector's future. 

I would like to conclude with some thoughts about the fu
ture. What has occurred in Latin America in the last twenty
five years-with rapid economic growth, urbanization, and 
disappointing agricultural performance-suggests that in 
tandem with national economic adjustments, the agricul
tural sector requires its own adjustments. Looking ahead, 
the opportunities lie in better use of the existing infrastruc
ture and resources and a search for lower-cost solutions via 
more effective technology, instit tions, and economic poli
cies. We hope that in your deliberations, you will look for 
the new approaches that are so urgently needed. I wish you 
the greatest success in these endeavors. 
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io. ATMOSPHERIC ASPECTS OF VARIATIONS IN GLOBAL WATER 
SUPPLIES: PREDICTABILITY, RAINMAKING, AND PRACTICAL 

USES OF METEOROLOGICAL INFORMATION 

Thomas D. Potter, World Climate Programme, World Meteorological Organization, Geneva, Switzerland 

ABSTRACT 

Less than one-thousandth of i percent of the total amount of water 
on the Earth iscontained in the atmosphere. Yet this small amount 
of water is crucial for food production because most of the total 
water on Earth exists in saline oceans or in inaccessible polar ice 
caps. Water requirements for rainfed crops depend largely on past
rainfall and on evaporation. For irrigated crops, the water require-
ments depend mostly on past irrigation, which itself is related to 
past rainfall and evapotranspiration. For both rainfed and irrigated 
crops, the water supplies depend ultimately on rainfall. Thus the
atmospheric speots of water supplies for crops are a crucial as)ec 
of the entire crop-water issue. 

The basic problem is that large variations in rainfall and e\:oo-
ration occur from season to season and from year to year. espe-
cially in the regions where there is barely enough rain to grow 
crops. Hence, farmers and the entire agricultural community are 
faced with great uncertainties about water supplies from rainfall. 

This chapter will explore the atmospheric aspects of these vari-
ations in global water supplies for crops--their predictability,prospects for rainmaking, and finally some practical uses of mete-
orological itiformation in this important problem, 

BACKGROUNI) 
The Global Water Balance 

At any given location, tile law of conservation of mass (in 
this case water mass) means that over the long term, pre-
cipitation (P) equals evaporation (E) plus runoff (R): P = 
E+ R. The standard picture of the hydrologic cycle is shown 
in Fig. IA, along with a schenatic diagram (Fig. 1B) giv-
ing numerical values of P, E, and R for the land and the 
oceans. Fig. 2 shows the average annual latitudinal distri-
bution of precipitation and evaporation for the entire globe 
and for land and sea areas as well. From Fig. 2 we sCe that a 
water surplus (P>E) exists in the equatorial latitudes (about 
15'N to 8'S). The subtropical regions in both hemispheres 
have water deficits (E> P), with the Southern Ilemisphere 
having a more pronounced deficit. From 400 to 900 lat., pre-
cipitation exceeds evaporation so a surplus exists; in these 
latitudes the Southern Hemisphere has a larger surplus than 
the Northern Hemisphere. In the polar regions, both P and 
E are small and nearly in balance. 

For the globe as a whole, precipitation equals evapora-

The views expressed in this paper represent solely those of the author 
and dio not necessarily represent the position of the World Meteorological 
Organization or any olier organization involved in the World Cliilat. 
Program. 

tion, about j m per year on the average. Over land, it isfound that evaporation is about 62 percent of precipitation, 

which gives an average runoff of 38 percent of P. Over the 
oceans, E is about to percent greater than P, with the excess 
supplied by runoff from the land. The total runoff frol land 
has been found to be about 37,ooo kil'. 

Continental Water Balance 
Thesc latitudinal distributions are interesting and impor

tant, but they do not give us the infortmation we need aboutthe distribution of precipitation and evaporation on the con
tinents where food crops are grown. These required patterns
(P iungartner and Reichel, 1975) result front global at
.itospheric circulations and tile interactions with the oceans,

the cryosphere, and land surface processes (including the 
biota) to forn the complex clinate system shown sche
matically in Fig. 3. A summary of values of P, E, and R is 
shown in Table i. From this table we conclude that South 

America is the best endowed continent for potential water 
resources, with Africa and Australia the least well endowed. 
Some differences exist among various investigators on the 
relative positions of' tile remaining continents. 

Variations in IPreetpitation and Evaporation
p 

The average valuos of P, E, and R are important, but as 
noted earlier, it is their variations that cause problems for 
farmers and national decision makers in agricultural poli
cies and ultimately for the consumers. The variations of 
mean precipitation with latitude arc shown in Fig. 4 for 
January, July, and the entire year. The maximun variation 
in mid-latitudes is more pronounced in the Southern Hemi
sphere than in tie Northern Hemisphere. The variation of' 
mean annual precipitation is shown by month in Fig 5 for 
tile continents, the oceans, and the entire globe. The oceans 
receive by far the larger total quantity of precipitation, but 
the within-year variability is more marked over land than 
over the oceans. These variations of rainfall within a given 
year are very important for rainfed agriculture. Results 
from a computer model (Mitchell, 1981) give the distri
bution of P, E, P-E- (atmospheric supply to the ground), and 
R by latitude throughout the year. Precipitation was at a 
maxinmum during tie sunmer months. The seasonal varia
tion of evaporation was large outside the tropics. In middle 
and high latitudes, the seasonal variation of' evaporation 
was greater than (hat of precipitation, so P-E was at a maxi
nmuml in winter when E was snallest. In low latitudes, the 
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Table 1. Summnary of continental values of precipitation, evaporation, 
S., eergyand rnoff (km .1/yr). 

,)/ ,0..n- l ol Values in kni/yrmTo	 E R 
o l i 	 ' R " Ai r rn e s s S n o w A f i c , ( L. . ,. ' ,i ,,,o. .Afia 	 21,450 17,590 3,860 

ai :t. . ,nroo 	 Asia 30,390 18,440 11,950 
Australia 3.,560 

Evaporaion an:d:Europe 	 6,380 3,730 2,650t . Sn:.i::i!:o.o 
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Fig. iA. T'he hydrologic cycle. (Redrawn frot Malher, 1984). 
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Fig. 2. Latitudinal variation of evaporation and precipitationil 
the globe as well as on the land and sea areas. (Redrawn front 
Mather, 1984). 

North America 
Soulh America 

15,550 
27,030 

9,430 
15,470 

6,120 
11,560 

Antarctica 1,890 1.110 780 

Total 106.250 68.600 37,650 

SOURCE: Mather, 1969. 

variation in P was greater, so P-E was at a maximum in 
summer corresponding to the maximnum in precipitation. 
The water balance at the surface is completed by the runoff. 
Runoff was greatest near the equator and in the middle and 
high latitudes where P-E was greatest. Snowmelt produced 

w inrei-high latitudes in the Northern 
sphere at the end of spring. Shorter-tern variations in rain
all also occur, ranging from an hour or so, to days, weeks, 

and months, which significantly affect soil moisture and 
hence, crop growth. 

Droughts 

Droughts are extreme variations in water supply for a re
gion, ot',n being defined as a significant reduction in nor

rainfall for an area that results in a significant decrease 
in crop yields or other economic activities in the region.
Drought is a recurring but noncyclic phenomenon that ap

pears most frequently in the arid and semiarid subtropical 
latitudes fron about 2o to 400. Much is known about the 
getieral atmospheric conditions that produce droughts. Also, 
modeling efforts are under way to try to determine the 
effects of mankind's activities (e.g., overgrazing) on tile de
velopment or prolonging of drought. Unfortunately, such 
studies have not yet produced firm conclusions that are ac
cepted by all meteorologists. 

The most extreme drought in recent times began in the 
Sahel in 1968 and has continued up to the present (1985),
with only minor improvements in some areas in some years;
rainfall reductions of 50 to 6o percent or higher have oc
curred in SO11 areas in some years and sometimes lasted for 
several Successive years. Other recent dIroughts have oc
curred in eastern and southern Africa, in northeastern Bra
zil, in Australia, Indonesia, the Indian subcontinent and 

parts of Southeast Asia, in the Great Plains in North 
as well as in the Soviet Union, China, and many 

other locations. l)roughts occur commonly in all of these 
areas, and sometimes they persist for years. Agricultural 
production systems must be designed to be flexible enough 
to survive such persistent droughts. 

Climatic Changes 
Much publicity has been given in recent years to tile possi
bility of significant climatic changes, both natural or man
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Fig. 3.Scheatic illustrhation
of the components of te Coupled 
aevosphere-ocean-carth cliatic system. The fhilarrows are fx-
amplersof external processes, and the op-n arrows arc examples ooe 

made. One reads of impending ice ages or, on the other 

hand,ofipending " deaths," such as the "greenhouse
seat 
effect." Most climate investigators take the position that to 
date, there isno clear evidence that either ofthese fates is in 
store for thie aloneplant Earth in tpe foreseeable future, let 
demonstrated evidence that such cvnts ar now under waye 
even inplaces like the Sah lwhere drought has persisted for 

sixteen years. There isgreat concern, howec
ver, for the pos-
sibility that increasing anounts of carbon dioxide in tl e 
atmosphere from burning fossil fuels Willcausealng-w av 
radiation from the earth trese trapped by t lower atseo-ote 

sphere, resulting insignificantly warer temperatures in 

middle and high latitudes and probable changes inglobal
precipitation patterns as well. Such climate changes are [ot 
likely to take place until about the middle of tie next cen-

tury or later, and the possible effects andother activities arc not known at this time.of agricultureSimilar effects 
on the climate will arise from other radiatively active gases, 
which collectively will produce warming compa~rable to that 
of carbon dioxide. Active research is under way to Study the 
effects of' CO,. and other radiatively active gases. 

Concusins nVaiatonsin 1, E, ad Rdays 

The information contained in previous sections (and addi-
tional information not explicitly discussed there) shows that 

ltcn
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internal processes in climatic change. (Unersta ing CliWat 
Change,A Progratfer Action. Washington, D.C.: National Acad

of Science, aty Cd975). 

significant variations in P, E,and R exist regularly, on time 
scales ranging from an hour to seasons to interannual peri
ods and even to decades or longer.These variations signifi
cantly affect crop yields and are designated by many inves
tigators as having the single largest effect on year-to-year 
variations incrop production.Fie question arises: What 
can be done about these variations to permit better pM ning 
and better day-to-day operations'? CaNwe predict (e wria
tions? Can we artificially stimulate rainfall? Can we make 
better use ofexisting inlbration on tie effects ofweather 
and climate on crop production? The remainder of this 
chapter will review answers to these questions. 

IP RITT D E g rPCAN A GIIONA NTORIATI A MON THI 
RIATORCIO RNAD VAPO A NE-)NT 

PrdtinCpily pReMcREiN foraAN tho 
The atmospheric sciences have made great progress over (lie 
past twenty-five years in better undcorstanding of' the atmio
sphere and in cecvcloping an improved capability to predict 
short-term atmospheric circulation patterns out to seven 

or so. But tile capability to predict even general pat
terns of temperature and precipitation for a month or a sea

son has not significantly improved during this period. The 
capability to predict departures from normal conditions a 

• (A
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 Statistical Prohabilitics 
20 -(b)espitete f that we cannot yet make accurate predic

120_ _ _tions for time scales of one month and beyond, sote useful 
N900 6'050 4"0 30 2bO 10 00 0b 20 30 40 50 60 9oos information can be provided in the form of statistical proba

mm bilities that certain events will occur. These probabilities22020 can be developed from past records of climate observations, 
,6n from computer simulations of climate variations, or from,60 
 the limited but still useful skill in prediction. The proba

140 bilities can be given to decision makers in the same format 
120 as, for example, predictions of future economic conditions. 
0o A specific example could be that there is a 65 percent
80 chance that sufficient rair will fall during a specified grow
60 
 ing season v) ensure a successful crop. Even such a slight 
40 
 edge over blind chance can be very useful, especially where 
20 (c) it is combined with information on past rainfall that is re

0 flected in soil moisture conditions that persist for extended 
N90 60 50 30 10 10 30 50 6040 20 00 20 40 90'S periods and largely determine the future crop yields.

Fig. 4. Variation of mean precipitation with latitude: (a)January,
(b)July, (c) annual. (Redrawn from Jaeger, 1981). CAN WE MAKE PA'N OR SNOW,ESPECIALLY 

IN A DROUGHT? 
Artificial weather modification, more popularly knownmonth or a season in advance remains low, in the range as rainmaking, would seemn to be aready-made solution to 

of 55 to 6o percent accuracy; flipping a coin would give a water shortages, especially in extended dry periods. A very
50 percent accuracy. No attempt ismade in these predic- few experiments have demonstrated that rainfall can be in
tions to try to give specific daily or even weekly conditions, creased in certain special circumstances, but even here the
but rather, general categories of belew or above normal or evaluation process is long and difficult, and the results are 
near normal for a month or season. For longer periods of tlot unanimously accepted. The capability to increase rainfall 
interannual variations, the capability for credible predic- in droughts or chronically dry areas has not been con
tions is even lower. The meteorological community cur- elusively demonstrated. '[le conclusion of many meteorolo
rently has essentially no capability to accurately predict gists is that expensive operational rainmaking programs are 
interannual or decadal variations in temperature or pre- not yet Justified, especially in drought areas. But the poten
cipitation or evaporation (despite the fact that (ne often sees tial benefits are so great that research into rainmaking must 
such predictions). Nor can we currently predict the onset, be continued. Also, pilot experiments should be performed
duration, cessation, or recurrence of drought. Active re-
 to determine the feasibility of conducting operational rain
search is ongoing to increase our capability to predict cli- making in a specific area. Such pilot experiments must be 
mate variations on time scales of amonth or more, but the carefully designed and conducted under strict )rocedures to 
climate system is highly complex so it very likely will be ensure that the evaluations have scientific credibility. 



BETTER USE OF EXISTING METEOROLOGICAL 
INFORMATION 

As stated above, we cannot yet accurately predict climate 
variations or changes nor can we enslre that we very deli-
nitely can increase rainfall in all conditions, especially dur-
ing 	 severe droughts. What then can the meteorologist do 
now to help alleviate water shortages? "[ileanswer is that we 
can 	make better use of existing meteorological information 
to help avoid wasting water and to help increase crop yields, 
both in planning and in daily farming operations. Many 
practical methods exist for different types of climate and 
different crops that have been used in both developing and 
developed countries. Methods to be used in droughts will be 
stressed here because drought is the most critical period of 
water shortage. 

The first thing we can do is calculate statistical proba-
bilities of the most critical conditions, such as the probable
beginning and duration of rainy seasons or the statistical 
likelihood that a drought will continue for a specified pe-
riod. Such knowledge is useful in planning tileintroduction 
of drought-resistant seeds, for the introduction of new crop-
rotation systems, for the selection of appropriate farm Ina-
chinery, and to establish p,actices to combat desertification. 

Next, running observations of rainfall, temperature, hli-
midity, and wind combined with knowledge of soils, sowing 
dates, and crop calendars for each specific crop throughout 
a growing season can give probability estimates of the water 
balance of crops throughout the growing season. This infor-
mation can be immediately applied to give advice on tiniing 
farming operations such as weeding, thinning, ridging, ap-
plication of fertilizers, and harvesting operations. Similar 
infornation can be used to estimate crop yields a few ionths 
before harvest. Note that these procedures do not depend on 
accurate long-range weather forecasts but only the weather 
observations (especially precipitation and temperature). 
These weather factors largely determine soil Moisture, 
which in turn is a key factor in final crop yields. Thus wc 
can successfully estimate crop yields over a growing season 
from weather & agrononic observations even though we 
cannot yet predict tilelong-term weather variations. 

Third, we can inake a rapid analysis and dissemlination of 
observations of recent past (four or live days) weather, as it 
affects tile
development of agricultural pests and diseases. 


Prompt spraying actions can then be taken which will avoid 
many of tie c urrent losses of up to 30 percent fronm pests 
arid diseases, 

[ourth, inforniation ol crop water reLIuircments of irri-
gated crops can now be supplied with a precision coilpa-
rable to that 1fr application of' water, thus avoiding gross 
overirrigation and maximizing agricultural yield per unit of' 
scarce water. 

Finally oi this brief' list, an early warning system can be 
developed using the techniques listed above to (]etect tie 
early signs of' retorological drought that often precedes 
tileagricultural drought responsible for decreasing crop 
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yields. These techniques should be supplemented by opera
tional satellite data to determine a vegetative index, which 
estimates the health of crops and rangeland vegetation. 
Measures can therefore be taken in time to prevent damage. 

These and other fairly simple techniques based on exist
ing information have been tested in both developing and de
veloped countries with good results, e.g., Mali, where such 
information helped farmers to increase production by about 
25 percent during the Sahel drought. It is clear that some
thing useful can be done now with existing information, 
provided we organize it properly and disseminate tileresults 
promptly to farmers and decision makers. All of this work 
is clearly an interdisciplinary effort among farmers, agri
culturalists, water managers, meteorologists, and decision 
makers. 

KEY ISSUES
 

For the atmospheric aspects of global water supplies, the 
key issues are: 
I.Recognizing that large variations in rainfall and evapo

ration occur regularly, especially in chronically dry areas,
 
and that droughts are an extreme example of these varia
tions, which often lead to decreases in agricultural produc
tivity and other economic difficulties.
 

2. Recognizing that currently we cannot accurately pre
dict climate variations (including rainfall) a month or more
 
in advance.
 

3. Recognizing the lack of a current operational capability
 
to artificially increase rainfall, especially in droughts.
 
4.Recognizing that methods are available now for better 

use of existing meteorological information to help avoid 
wasting water and to help increase agricultural production. 
These methods should be widely disseminated, and relevant 
training and pilot projects should be supported by govern
mennts and funding agencies. 
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i i. WATER SUPPLY IN AFRICA-A CASE STUDY 

John F. Grifliths, )epartment of Meteorology, Texas A&M University, College Station, Texas 

ABSTRACT 

rhe distribution of precipitation and its large, but natural vari
ability are illustrated. The use of probability estimates of threshold 
rainfall amounts is shown, but it is suggested that soil moisture 
probability values give more useful information. 'l'h,. problems as-
sociated with drought and rainmaking are discussed, followed by
sections on excessive moisture and evaporation. Finally, the meth-
ois taken in West Africa to reduce the impact of rainfall variability 
are reviewed. 

INTRO0)DUCTIO0)N 

Africa is the second largest of the continents. It covers an 
area of over 30 million km (about 20 percent of the world's 
land surface), is very symmetrically located (37°N to 350S), 
and has almost equal extent cast-west (7,2oo kin) and north-
south (8.001 kill). It is the homle of' about 350 Mill ion 
people distributed vcry unevenly among more than fity 
independent countries. There is an old saying that goes: 
"Geographers on Africa maps make lions and tigers till 
the gaps, and o'er the uninhabited downs put elephants in 
place of towns." Even now there are large almost onin-
habited areas.,/title some regions have very great p)optla-
tion density. 


Precipitation is by f'ar the most important cl imatic e-
ment inAfrica. Unfortunately, it exhibits appreciable year-
to-year variation and, in most places, a large season-to-
thseaes (or month-to-montn var n a. xis
these are seen in Figs. zai d 2. 

)uring the past fifteen to sixteen years large areas of the 
continetnt have suffered froi below-average rainfall, andcontinent ~~ ~ ~ ~ ~aniaadarios: 
soime two-thirds of the countrics are feeling the effects of 
the drought. It is therefOre very pertinent to consider thle 
water situation oflAfrica as acase Study, 

ATMOSPHERIC CONSII)ERATIONS 

Over nearly all of thle cotntinent the moovement of the 
Intertropical Convergence Zone fITCZ), the region at the 
surface where the trade winds of the two hemisphercs meet. 
isotil aont dteriato. the precipitatos tesunsse-

sonal movetaCt, with a lg of about one tmonth (Fig. 3).
This generally means that stations on the extremne edge of 
tie ITCZ get only one rainfall season. 

It is said that there are three rules concerning rainfall in 

too mILoh reliance tile 
rules. 

3. Do not place 	 on previous two 

The picture is complicated by high mountains. For ex
anple, note the break in the wet equatorial belt when it 
reaches eastern Africa (Fig. 4). Because warm air can hold 
much more moisture than dry (the water-holding capacity
approxinately doubles for every i0C increase in tempera
ture), most of the air over the continent can hold a lot 

of moisture. Even the searing hot air over the Sahara in 
summer contains much moisture, generally more than tile 
humid air over the North Atlantic in winter. Put another way, 
air at a temperature of 50 C and a relative humidity of 
to percent, contaiis about 1.6 times as Much moisture as 
saturated air at 6°C.s, k ihioFron past records, average rainfall amounts are often calcutdfowektanhyadanalprdsIutht 

oculatedeOr waekly, monthly, and annual periods. But at 
do these averages mean? The average o1o, Io,o,to, 16, 1, 
3, 0 is the satue as that of 4, 6, 5.5, 6,6, 4, 4. Makindu has 
a nean of 611 mt, but the range is from 1,964 nul to 67 
tam. In Africa the variability is as important as the average.

Although the idea of calculating tileprobability of receiving chosen amounts during a selected time interval, usually 

itmonth or year (Fig. 5), was introducod more than thirty 
years ago, it appears that most planning is still made usitg 
averages only. This is most untmortunate because in many 
areas of the continent, tilechance of* exceeding the averageonly half that of getting less than the average (Fig. 6). 

This fact is of'great importance in agriculture 
The first step toward a more realistic approach is to thinki tcrveof''eethree scenaeagtoo nmuch rain. an acceptablein terms of three scena 

amount (includes ideal or optimum), or too little. These 
terms have to be defined according to the crop and its stage 
of development. 

Let Its turn to a specific area to understand the complexity 
of the atmospheric situation. II eastern Kenya there is an 
ingrained concCpt of the "long" and "short" rains, occur
ring March-May and November-December, respectively.
Ilowever, a detailed study conducted at Texas A&M Univer
sity shows how in reality, over much of the region, the shortrains exceed the long rains in duration, reliability, and often
in amount. This means that tilethinking, and the planning,
of most farers is incorrect at an early stage. 

Other studies have shown how the rainy seasonies cury 
Africa. 	 variable: sometimes they are prolonged, sometimes cur

tailed or nonexistent, and occasionally' fragmented. These 
I.The yearly amotut increases as one approaches the points are made clear inFig. 7. Of coursc it may be argued

equator, from north or south, fron a practical viewpoint that it is soil moisture values that
2. The duration of the rainy season increases as one goes are important, not the rainfall. Using a reliable empirical

towards the equator. method of estimating soil moisture, Fig. 8 results. This il
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Fig. 2, Ie mean monthly raintfi, at Kitui (Kenya) and Dakar 
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lustrates perfectly the variable nature of' the rainy seasons 
and allows one to make probability estimates. 

From methods such as these, and similar techniques, the 
probability (based on past records) of the "too much,' .ac
ceptable," or "too little" scenarios can be calculated, once 
they are defined by the agriculturalist. 

I)ROUG T 

Of the three scenarios it is the too little (i.e.. drought) 
situation that receives the greatest attention. First, what Cal 
one say about drought? A real, and basic, problem is the 
absence of a uniform definition of the word. On reflection it 

is clear that no single definition can exist since the word is 

low :;.DoY". 

1 ° O f* 84@ 

Fig. 3. Approximate positions of Ihe Intcrtropica! Convergence 
Zone inJanuary and July. 
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chakos, Kenya. so 000"9" 

problem• specific; any deinition must include the dimen
siofls of both time and area. Meteorological drought occurs 
when the rainfall is well below expectations in a large area Fig. 8. Pentads during which soil moisture is sufficient for good 
Ibr an extended period, plant growth, Makindu, Kenya. 

Studies of past records would show, in all of Africa, vari
ability in precipitation is to be expected (and planned for). 
and every site experiences periods in which there is too 

tD
 



66 WATER SUPPLY
 

Z-oo 

15W 1 2 0 1 

Fig. 9. Drought vears in Texas and sunspot numbers (Schematic). 
Broad lines indicate periods of drought. 

little precipitation for tile regular agricultural practices of 
the region-a qualilied drought. If the times of these dry 
spells are plotted, it is noted that drought is a recurring phe-
nomenon, but that at any one place it does not exhibit I pe-
riodic pattern. This neans that drought cannot be predicted 
accurately by tile use of cyc!es or trends in the climatic pat-
tern. A World Meteorological Organization (WMO) Expert 
Group concluded recently that no known method exists 
to predict reliably tie onset, cessation, or recurrence of 
drought in Africa. 

If you will permit a digression, take the case of droughts 
in Texas. These are represented in Fig. 9, against tile sun-
spot number of each year. It is clear that droughts can occur 
at any time in the sunspot Ccle and no simple cyclic pat-
tern can be deduced, 

RAINMAKING 

If it is accepted that at present no way exists of fore .zast-
ing droughts with suflicient acctracy to be of much prac-
tical use, then it is natural to consider the possibility of 
rainmaking. One caii hardly do better here tian to tltOtC 
from a statement of tile Secretary-General of the WM() to 
the Conference of' Ministers, 1conomic Commission Ih;-
Africa. 

Rainmaking has been successlul onllv i very tew ,pccial 
cases. The expert,, ol weather nlitiication within the WNO 
state quite clearly that tihe cviderce of*success is so limited that 
no operations to iproui icrail art iliciialy shoulit d hC aticillted at 
this time. They feel that only scientilic cxpcrinlenttation is 
presently juslilied in order to illprov)e ur i',isight into the pro-
cess of rain tOriiati)n and its p 1ssible moditicaltion. 

I would like to point 01t that unless itIcan be 
proper experinlcnllal layout that I certain rainmaking activity 
has bce IIsuccessllI. it shtoultd nt be idertaken. Time and 
aa in weulther modtification activities all over tile \Iorld havc 
been stolpped becuM i goVrirn(llts IIave started to aske urs alnMd 
th1e questio if couh l 1t lind ;an an~swer. The rca-(KitCe ss andi 
sonis for sonie initiat successes o rai makiilg are casy to under-
stand. A drought ilCalls a itretorological situation wi ill re-
cipitatiin below the average. Normally \cat her adjusts itself

orith ad yProbabilities 
lver the years and prOdUIes years withIrlore aill and years wit
less. Thus tie Starting Il1'seediig dUring a dro g tihas beeti 
seemlingly successfunt because tie weather adjusted itself Clolscr 
to the average with more natural rain. And it was the wealher 

I I 

l I I l 
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Fig. 1o. Cloud seeding may cause precipitation to start earlier than 
would occur naturally. 

turning to more "normal" which Caused tile rain increases and 
not necessarily the effects of the scLding. 

This may all sound very pessimistic. But the complexities of 
the scientilic and technical problems are not allowing quick 
success. 

Let me just summarize the rainmaking methods. In tile 
tropics, where most of the cloud is at a temperature above 
freezing, a good nucleation material is linely ground, dry 
common salt (NaCI). This, or another substance, has to be 
injected into the cloud to induce preipitation. For this there 
are three ways: ground generators (sending up the nuclei on 
warm air currents), rockets, and aircraft. The degree of un
certainty in positioning whcn using generators is very great, 
and so the latter methods are usually employed. In East Af
rica in the late tQ50s and t96os it was found that aircraft 

were superior because one could judge exactly when in the 
updraft to seed. The findings, more correctly suggestions
since the experiments were controlled by government orders 
and not scientifically designed, were that it was likely that 
efforts caused the rainfall to begin some fifteen to thirty 
minutes earlier thall it would have Under natural causes. 
This change in t ire oftetn led to rainfall on the colfee or 
maize tields of' tie Ilains aInd not oil the forested mountain 
slopes (Fig. to). 

IXCESSIVE MOISTURE 
Anothler of the three scenartios is atmnost as devastating as 

tile drought bitt is often given only cursory attention. This is 

tile "too linch" silation. 
Excessive rainfall for an area is very undesirable. Many 

(lile latriic soils of the tropics become compacted read
ily sO that initenisive rains lead to heavy rIunoff with associ
ated soil erosion antid flash flooding. The recent acceleration 
it deforestatiot in nany African counirics restItiig tronl 
the need for fue[ a nd/or farnI land conpounds tie problem 
It is a Ilost dispiriting sighlt to stand oui river hanks in eas'., 
west, or southern Africa iud see s) much of tile contineii,'s 
natural resources being carried away to the oceans. 

g
ofoccu rre tce i t ie "too ntuch codi tlon. 

Ob 
e"liodSituation.little" 
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EVAPORATION of the atmosphere there is a tendency for groups of countries to suffer similar stresses at the same time. Therefore, a 
So far the emphasis has been on the water gain from the regional approach is often more relevant, more effective,

atmosphere, but water supply studies must also be con- and less costly in the long ru.
cerned with the water loss. From tile atmospheric viewpoint 
 With these ideas in mind the Agrhymet Program has beenthis involves evaporation from water surfaces (rivers, lakes) developed in western Africa. This is concentrated in theand the soil, plus the transpiration loss from vegetation, area south of the Sahara that receives from 250 to 800 mmThe general term 'vapotrnsf.)irationlwill be used to ex- of rainfall annually. It is an outcome of the Inter.-State Compress the total water loss in this manner. mittee for Drought Control in the Sahel (CILSS, in theTrue evapotranspiration has not been measured at sufti- French acronym), with assistance from the UNDP, somecient places in Africa for an accurate estimate of the loss to donor countries (Belgium, West Germany, France, thebe made. Often evaporimeters are used and their water loss Netherlands, Switzerland, and the United States), tile Sahelconverted to an estimate of evapotranspiration. This method Club, WMO, and the Food and Agriculture Organizationis very approximate, and many leaSuremens of evapo- (FAO). The aim of the prograun is to assist decision makerstranspiration need to he nade as soon as possible. III Af- and users by keeping them informed of the current situarica, annual evaporation rates (E,) vary between about I In tion, colccting and analyzing data. and creating nationaland 4 ill. A very rough approximation for the potential agrometeorulogical services. A keystoe in the work hasovapotranspiration (0') is 0.7k,,. It is clear that tnder dry been the creation of the Regional Centre for Training andfarming conditions, . I cannot exceed the rainfall amount. Applications of Agrometcorology and Operational Ilydrol-
AGRICU'URAL OBSERVATIONS ogy in Niamey, Niger. 

At this stage national meteorological services have beenA pI-roIrhCCd and serious lack of observations concern- reinforced, agrometeorologists have been 'rained, data proing agricdL1r-al a dtla is prevalent in nearly aI countries. cessing and telecommin iicat ions eqLiui mit has been ill"liis iceds to be rcctified because such infornmt ion is needed staflcd, and selected students have been instructed in datain tlie developiment of crop-yield models. For this develop- -ocessinrg. II addition, historical meteorological data havement to occur. accurate values of tile 'ields in various re- been colleccd. A pilot experiment entitled the Mali Pilotgions are necessaly. This allo\ws the appreciation (f tile iln- Project has been set up ne ar 13amako with the short-terri
 
pact of' the vide-rarg ing weatlier and climate conditions 
 objectives of' monitoring tie water balance and crops, ilnprevalent in Africa. At tile saille time, lull phcllogical oh- proving water mnagnient, establishing crop calendars
Seryatiols are req nired so that the role of weather during tile (iiicluding sowing dales), assessing the impact of climaticvarious developincntal stages of the crops call he estimated. factors oil producL t it, ari training the project's farmers inThese types of observationrs sioul d be Made at agrocimat ic tlie basic methods lor taking observations and using agrostations, which are best located at agricultural rcsearchI in- meteorological information efficieutly.
stitutions. Il addition, these institutions need to take ilicro-
 The concept of the Agrhyiet Center is an excellent one,scale climatic ieasurements within and around growing and attempts should he made to eslablish similar units in,crops, for example, Nairobi and I larare. It shoil d be ciisuired that 

OEAS the personnel who will staff' these ofiices have been traimied1RES,ANEI)AI),TVAI, A 'EFFEI TS in their field anod have practical experience.OF RAINFALL VARIABILIT Finally. it sho ld be iterated that, with water being such .1 
Before considering iiea.sures and r'cc'OllllieldatiOrns it is precious ,onintodity, it is essential to eisure accurate water necessary to identify where the probleti areas lie. Fron the budgets oii all scales, regional, national, and local. Withoutati ospheric viewpoint, these arc ill three cateq,orics: ( I) ill- these, tile efficient distribt ion aMid tise of' water cannot be

idCLelu.ate pti-lic and political awarnerss of the benefit of re- achieved. 
teorohrgicil and hydrological services in fhe role of Socio
ecilonic dcvcIt)pinieit. (2) iniadCquLite liaison between tileiiretecio fog ieat I ind htyd rogical services anrd thle ruseir1 ion-

RE,'E.RINCES 
m luni and(3)al ins-tdeq ui.ate r te LrdIrvical r hdrohrgicalf 
dt ith 

ar, Johr , Jr. i96. "l'exas drougfts. Repor 3.,November. 58clitihined iisufLicicIt tietlids of' disseniiation, 
M I 

dat'i so theC wil. pp. Austin: Texas Water )evclopmcnt Board.C1I~hire dill to ISLII'fi~ I S 0r1' (r infliths, Jihn F. !972. cimics of Africa. Vol. io, 6o4 pp. InThe Soltions to the above, within aly coliltry, arie clear, World survey of climatology. Amisterdam: Elsevier.but all reqi ire adequiate ftirding. lecauise of' tile conitinuity 



12. MANPOWER FOR WATER RESOURCES DEVELOPMENT 

L. J.Mostcrtman, International Institute lbr Hydraulic and Environmental Engineering, Rotterdam, The Netherlands 

ABSTRACT 

Engineering for water resources development used to dependmainly on the transfer of practical experience from one generation 
to the next. With the growing urgency of water resource develop-
ment, scientific methods were introduced. The required profes-
sional training could not sufliciently he provided by standard civil 
engineering curricUl. Hydraulic engineers should be trained at 
the postgradtte level. Because of the particular circumstances of 
the Netherlands, much experience on water resources development 
was accumulated in that country. The country wished to share this 
with others. For this ii stfcr, tional Course inthe Ilntarn HydraulicEngineering was founded in1957. Increasing dcmands led to a 
greater variet of program offerings. They are novw given by the 
International Institute inrHydraulic and tinvironmental -nIincr-
ing at )elft. The specific difficulties of such a program arc tic-
scribed. with lmethods for wercoming them. A description is Iiade 
of more recent developm en with an outlook to tihetts future. 

THE ART OF IHYDRAULC ENGINEERING 

For many Centuries 1INLhCdraengineering was ali
rather thant a science. Relevant know-how was transmit-
ted from generation to geieration. IHydraulic works were 
adapted to the characteristics of tlie location, the niorphol-
ogy of a river or a coastline, and the materials that were 
locally available, Each part of the world had its own type of 
hydraulic structures, and one can even observe marked dif-
ferencCs within a coutMtry from river basin to river basin. At 
Some timies illhistory, tilend 01' 1growiig population Orthe vagaries of niiatire ii taie it nece ssa ry to leave the faEmi-
iar practices behind. New solutions had hi be invCited. Out-
standing persons, ofteri without a fOrnial scientiic edtCa-
lion, combined logical tlhinking with local experience and 
proposed solutions far advanced for their tinie. By their di-plomacy and piersuasixeness, they got their proposals ac-
ccptcd. Some of these pro'icts were successful: inother 
cases, considerable later adjustments were needed for the 
works to perform as required. In tiis way, projects were
executed that arc landmarks intie history o1 hydnranlic ciigi-
necring. Some of these classical works in which new tech-
riilogical gnouird had been broken, involved the taling of 
large rivers. Others were directed at the reclamatioll of new 
land, at irrigation, or at tlie prolction of settlements from 
floodwaters. 
Whcn tile nced to predict tlie I turc behavior of a new 

project was perceived, one tried to make LitiericaI calclia-
tions even where theory wvas not yet well developed. In 
other cases water Iow was iiieasurCd, and there are even old 
examples of small-scale experiments. The mallieniatical 
theory of the movement of ltluidxastderived in the first hal f 

of the nineteenth century, and engineers hesitantly started to 
apply it.Where, because of local circumstances, several works of 
a certain kind were executed, specialized knowledge accu
mulated. A call was issued to the engineers involved to 
serve as consultants elsewhere, even abroad. Many of the
waterworks and sewerage systems in continental Europe 
were built by British engineers. German engineers were 
consulted in connection with river-training problems. The 
ccumulated experience of the )utch with hind reclamation 

and the protction of low-lying areas against the sea was 
used by Many Other countries. Reclanation experts from
the Netherlands obtaitied concessionis to recl ainl land as far 
away as Russia and France, and l)utch farmers settled on 
tle land (hal they had previously reclaimed. 

INTROI)UCTION OF SCIFNTIIFIC MITIIOI)S 
The growth of population in virtually all countries called 

for better use of fariiand and required improved flood pro
tcction. 'Ihis resulted in an increase in investments for water 
resources dcvclopnilnt. As these funds should be spent in 
the most effective and elficiC nt way, higher standards were 
set for design studies and for the execution, operation, and 
maintenance of the works. There was nov a need for scien
tifically trained staff with a specialization in some aspect of 
hydraulic engineering. Many civil engineering departments 
0' niversitiCs started to take more interest in this lield.minent professors Icc!u red on the mechanics of fluids and 
s ills, in places hydraulic engineering was eveniand some 
tau ghlit in separate lecture series. The hydraulics and soil
 
mechanics laboratories became important tools. These
 
eff'orts had an imprtal impact oi practice. Gradually, scientilically based methods replaced the empiricism. Experi
ence and engineering Judgment remained essential, hoxw
ever, where available data was insufficient and where there 
xvere gaps ill theory. 

The last forty years have s AVII tcl pestutotSanialmilost 
dcvelomn . In the beginning of'this periot, because olthe 
bulk of numbers, numerical calculations in this field were 
hardly feasible, atid one had to make iio with coarse ap
proxilitions. The cerIi tpCI nowliniakes it possible to make 
a ItitCri cal s tidy of cvc CO plicated cases. New subjects
suCIi as Compulitational hydraulics, water waves, anid soil dy
namics were rapidly developing. The economic and social 
dimensions of water resoulrces development ecame of di
rct concern to tile engineer. Mult ";scip Inary approaches 
were iiitroduced. As a result it isno longer possihle to deal 
even with the Ittost important aspecls of wate r resources de
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velopment in an undergraduate civil engineering currici-
lur. Any civil engineer should have a firm grasp of applied 
mechanics and its application to concrete, st,,J, and timber 
structures. This already occupies so much time on the stu-
dent's schedule that not muchl time is left for hydraulic cngi-
neering. A More comnplete education for tile ,vater resources 
specialist must therefore bc de erred to the postgraduate 
level. Even at the postgraduate level it is not possible to 
treat fully the various specialized fields of' water resources 
development. The student should work out ,ecific design 
assignments so that he will cain sunfficient self-confidence 
to work with a certain independence. In most countries 
the newly graduated engineer was not considered or even 
allowed to perform tasks of' responsibility for some time. 
Ile or she was required to work for a nunibCr of years under 
tile guidance of an experienced colleague before being rec-
ognized as a frll member of the prof'ession. For developing 
countries where there is no long tradition in hydraulic engi-
necering, this system does hot work. The experienced engi-
neers who would have supervised their younger colleagues 
were nonexistent. Many trained eigineeirs had left tle coun-
try, and the few cxperieiced engineers that were available 
were needed for higher inaiage il it and political functions. 
There was apparently a gap t(o be bidged, 

IlE SITUATION IN Ti le N ETiIERIANI)S 
The NetierIarids are situacted oi tlie delta of thiree impor-

tant rivers. The country borders tile North Sca opposite 
Great Britain. The shortest colection by waterway frornt 
tie most densely inhabited ports o f Gerimany, Switzerland, 
and caster'ni France to (GreitiBritain passes through this 
delta.Thereflie, inland niavigation is well developed, and 
there are a few veiy hiv ports. I leavy storm winds over the 
shallow North Sea will at irregular intervals cause storm 
surges, menacing tile ccast aiind estuaries. The western and 
northern parts ol tire cotntry' hae a Solf subscoil consisting 
of' peat and iiarirc clays. Because of it Coincidcence of' geo-
logic features idlal nd-usc pattcrns, the major part of' tile 
land is below sea level, at some parts moere than 6cii. Nlas-
tering hydraulic engineering is a necessity for this country. 
It 11n11St be protectd agaiist flootts Ircioiii the sea aid rive's: 
its soil Must be drained artificially: its ri\v's luist be level-
oped f'or ravigption. The high value of' (lie land makes it 
worthwhile to reclaim new land from tile sea. The planning 
and execution of major nic' hydraulic works. together with 
innovations in the operation and iraiiterianc of' existing 
hydrailics sy'steirs, Iiavc d rawlii worldwidc atteition. There 
are miany deItas in the world where corditic;is are similar to 
those in (lie Netherlands, anid the methods deveiccped here 
can I applied in niary olher countries. Theref'ore, a deanard 
for advice anid istructic oni was directed at tile Netherlands. 
International organi/ations Aind 'iOrcign governments re-
tlUCstcd that our contry receive their trairies IcOr observa
tion pcleriodIs. In soicre cases sIdc;Its wished to coie fo'cr a 
few days only, in other instances Ior several c Withmonth'. 
(lie growing interiatial cooperaton after the yo; r 19)50r, 
the icurmber of' these reqcuests increased. These Observatioi 
periods of'ten did not yield the expected resclts. The the-
retical backg round required tc appreciate tle cobserved solu-

tions was lacking. Our personnel engaged in water re
sources development activities were in danger of becoming 
overburdened by the number of visitors from abroad who 
were often in need of detailed instructions and briclings in a 
foreign language. As the people of our country fecl obliged 
to share their know-how i:nd experience with others, it be
came necessary to create a special mechanism for this 
transfer. 

AN INTERNATIONAL COURSE 
IN HYDRAULIC ENGINEERING 

This led to the establishment of tile International Course 
in Ilydraulic Engineering, preparations for which began in 
1955. The transfcr o ' recent developments in technology in 
such a way that they can be applied elsewhere is Only pos
sible where there is a sound theoretical bac!,ground. This 
made it necessary to design the course for participants who 
had already obtai an engin ering degrcc elsewicre. The 
course would thus have to be at the p istgraduate level. The 
nlinimurii requirement f'or admission is a civil engineering 
degree f'rom a recognized University followed by at least 
tiree years of' pratctical experience. The optima duration oi 
tile course has be 'i carefully studied. A program of' only a 
fe'w months duration cannot cover sufficient ground to en
able tile participants to carry out a responsible technical as
signment indepenldently. It would be quite diflicult for a 
practicing engineer, however, to leave a job f'Or more than a 
year. A course diration of' eleven montlis seeis to lit tihe 
reluirements as well its possible. As the fieldwork must be 
peIrfoI'riiced in tIle oipen i air, tle stmii ie r period with f'aiir 
weather should be . Therelfore. tie course startsrin 
October and ends in ScptCmber. 

lEach participant has personal requiremcis. It is not pos
sible to lit the program perfectly to the needs of' every in
dividtciaI. in order to achieve the best lit, however, there 
are variocs branches of' study Iron which tile student call 
choose. 'l'Odav there re six braNchCs: hydraulic engineering 
in upland .Nras, hydraulic engineering in Icowlarnd areas, 
land and water dc\veloprieni, experimental and coLnputa
tional hydraulics, port engineering, arid ccastal anl of'f
shore cngincering. For tile first few years, tie course content 
was derived alriost entirely f'r'crr coliditioiIs occurring in 
the Netherlands. After tie course was Well established, 
iany students came firoii couitries withIiiOriitainciS areas. 

At their request parts of' lie progran were reoriented so that 
subjects like ioUrtain-torreni control aid Colnstrtction of' 
high LIdarns would alSO be tre ated. li conf'cr uci ty with tile 
philosophy of' the coutirses, teachers werc not recruited f'roni 
acaderme blt pref'erence was given to engineers engaged in 
the practice of' the lrof'ession. When no teacher frconi tile 
Netherlands was available f'Or a spccilic course, experts 
f'rol other counitries were inxited to lecture. 

T1lE I"()RNA'I'I(N O)1 AN INSI'TUTE 
The first course, il I57, was a success. "['herc were 

forty-focir participants, and miny tleii already occupied 
iclrpcirtant pcositions in their fields. Although the prograir 
was initially intcidcd to ricet tlie needsc f developing coun
tries many engineers Fron iidcistriaIized cotuntries attCnled 



the program. Before the end of the first year, there were Il-

ready requests to organize similar courses in other subjects
related to the water sciences. As a result, a course in sani-
tary engineering, organized along the same lines as the
hydraulic engineering course, was offered in 196o. Later, 
other programs followed suit. From the outset, hydrology 
was an important component of the hydraulic engineering 
course. After the number of participants in this course had 
grown to such an extent that it threatened to become unman-
ageable, the branch in which hydrology was the major sub-
ject was removed and developed into i, separate course for 
hydrologists. Its content was developed in line with the find-
ings of the International lydrological Program. When the 
demands for sanitary engineering education outgrew avail-
able 'aboratory space, a second sanitary engineering course 
was organized. After close consultation with the World 
Health Organiz: tion, the program of the first sanitary engi-
neering course was redirected to condition in urban areas 
and the second course was focused on improvements of 
sanitation in rural areas. The increased awareness of envi-
ronniental problems led to the establishment of an inter-

national course in environmental science and technology in 

1969. This program was not destined for engineers but for 

chemists and biologists. The expansion of the scientific staff 

kept pace with the increase in the number of programs

offered. Most staff' members also do research or serve as 

consultants abroad. There was a need for consolidation, 

however, and for this purpose a new organization was cre-

ated-the International Institite for Hydraulic and Envi-

roniental Engineering (I-IE), in the town of Delft. 


Sonic demands for training in water resources develop-

ment could not be met sufficiently by the existing courses, 

Governments and international organizations asked for 

training activities adapted to their specific needs and cir-

cumstances. 1H1: was prepared to organize such courses, 

Some of them were held at Delft: in some cases, however,

shorter progianis were offered overseas. There is a growing

interest among international organizations to have special 

training programs organized by I-ILE inthe last few years.
(The working language of the Institute is English. On spe-
cial request, arrangements can be made for activities in 
other languages.) 

COURSE POLICY 

The basic objmttivc of the course,is the transfer of knowl-
edge and not the preparation for academic degiees. The par-
ticipants' work was checked and corrected, but no pro-
visions were made for formal examination and the issuing
of a certificate at the termination of the studies. In the first 
year (1957- 58) of the course, it had already become clear, 
however, that the majority of the participants did not agree
with this policy. Vfter a year of intensive study they wanted 
to be able to take home a certificate or a diploma. A system
of examinations was therefore improvised so that partici-
pants with good results could obtain a diploma. In this situa-
tion an important issue is the wide variation in backgrounds 
of the participants. Some already have upon arrival a sound 
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the other hand some participants have dcIiciencies in such 
subjects. Therefore, in the beginning of tileacademic year 
an opportunity for intensive instnction in fundamental sub
jects was offered. 

Crossing the oceans for education entails heavy sacrifice ;
for the participants who have responsible jobs at home. 
A prolonging of their studies in case they achieved less than 
satisfying results would be highly impractical. Failure for 
them has much graver consequences than for a regular uni
versity student, who may always have the opportunity to re
peat a course. Course participants drawn from other cul
tures need a great deal of adaptation to the different styles of 
living, weather conditions, and a curriculum differing from 
what they knew at home. One should not let a person study
for eleven months, subject him or her to an examination, 
and then conclude that the diploma cannot be awarded. It is 
necessary to evaluate individual results much earlier and to 
leave opportunities for prompt remedial action. Many cx
aminations and exercises are therefore given in the first se
iester of the course. This is followed by an evaluation of 

individual performances at the end of the fourth month of 
the course. The student will then get advice on further stud
ies. Those who have done well can take a somewhat ex
panded study program; those with less satisfactory results 
will have to restrict themselves to the minimum require
ments for the diploma; those whose results are unsatisfac
tory can decide to withdraw early from the program or to 
continue with a free curriculum not leading to a diploma.

The second semester is used mainly for design work and 
fieldwork, which should resemble actual practice as closely 
as po;sible. Toward the end of the course field trips are 
made to important hydraulic works in Europe. The program
is concluded with an oral final examination in which the 
content of the entire course is reviewed. Around 8o percent
of those who arrive at the beginning of the year will leave 
with a postgraIduate diploma. Although the university sys
tern in the Netherlands does not use the expression "master's 
degree," the IflE diploma is widely recognized as being 
equivalent to such aIdegree.

The total number of graduates of IHE courses in water 
and environmental sciences is now around 4,6oo. The num
ber of those who took special short-term courses is around 
2,1 0o. Although the course was designed to serve develop
ing countries, many participants from industrialized coun
tries enrolled. Regular working relations developed with a 
number of organizations who regularly sent their engineers 
to take courses. An example is our relation with the U.S. 
Army Corps of Engineers, which is interested in programs 
on coastal engineering and dredging. Several professors
from American universities also came; they wished to take 
the course in order to observe the practice of hydraulic engi
neering in Europe. The results of the research by the IHE 
staff insubjects like coniputational hydraulics drew wide at
tention. Sonic Americans come in order to become more 
familiar with the application of computers to hydraulic 
engineering. 

knowledge of such fundamental subjects as advanced hy
dratflics, soil mechanics, and theory of constructions; on 
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countries. Examples of such projects that are now under
OUTLOOK FOR THE FUTURE way, include a common hydrological survey for the fourteen 

Many developing countries wish to obtain, in addition to English-speaking countries of the Carribean and an institute 
fellowships, financial help to create or strengthen their own for postgraduate courses in water sciences at the University 
institutions. In order to help them, the g,wernment of the of Moratuwa in Sri Lanka. It is expected that IHE and with 
Netherlands made funds available to institutes of inter- the government of Indonesia will start a postgraduate insti
national education for the execution of projects abroad. tute for water resources toward the end of 1985 at Bandung. 
Also, IHE was given funds for such projects. International The training of high-level personnel is a key component 
organizations gave IHE similar assignments. Within this of any water policy for world food supplies. The experience 
framework, IlIE undertakes manpower studies for water re- gained by IHE may convince other institutes to organize 
sources on behalf of international organizations or govern- similar activities in order to contribute to the welfare of the 
ments. The institute is also engaged in the creation of new peoples of the world. 
institutes or the strengthening of existing ones in developing 



13. OBSERVATIONS FROM THE U.S. DEPARTMENT OF THE
INTERIOR EXPERIENCE IN WATER DEVELOPMENT 

Herbert H. Fullerton, Utah State University and U.S. Department of the Interior, Washington, D.C., and K. Mitchell Snow, 
U.S. Department of the Interior, Washington, D.C. 

ABSTRACT 

The U.S. Departenent of the Interior (hereafter, Department) has
been involved with planning and developing water projects for
nearly a century. Almost since the beginnings of the department
itself, irrigated agriculture has been central to our water resource 
program. For those who work for the Department, water policyand food supply are inseparable terms. The objective of this chap-
ter is to provide a selection of observations from the l)epartment's
experience in water development. Because constraints and oppor-
tunities for water development differ so much from one area to an-
other, these observations are offered as tentative hypotheses to betested and reformulated in the light of betcr and more completeinformation. 

There are two interrelated bureas of the Department that are in-
volved in water resources work: the U.S. Geological Survey (Sur-
vey), which oversees data collection and water research work, and
the Bureau of Reclhnation (Reclamation), which is the water de-velopment agency. Originally, Reclamation was part of the Survey,
but as the program grew it was established as a separate agency. 

RECLAMATION'S OBJECTIVE AND SCOPE 
Reclamation was originally created to encourage the es-

tablishment of family-owned and operated farms on arid
land in the sparsely populated western United States. In this 
respect, Reclamation has 	clearly been successful. Tens of
thousands of fi, mily farms now stretch across the seventeen 
states of the American West. The productive farmlands that 
were created b,, Reclamation projects have given rise to 
growing population centers. Small communities and busi-
nesses serving farmers and their families have emerged and 
grown. Clearly, the benefits of a secure supply of wateragrcutur ceated other opportunities 	 for 
agricultureated 	 for economic develor opontie for eot lide 

An ideachigh developdet tlarge,of eygnitudr basiissueofAn idea of tile mtagnitude of development that has been 
sponsored by Reclamation in the United States is best con-
veyed by reviewing a few major project statistics: 

" Reclamation has in operation 336 storage reservoirs; 349 
diversion dams: 24,865 km of canals; i,8o- km of pipe-
line; 401 km of tunnels; 56.480 kin of laterals; 25,639 km
of project drains; 215 pumping plants of more than 0,ooo 

HP each; and 49 hydroelectric powerplants.* More than 22 imillion people use Reclamation water. 

"In 198 1, Reclamation delivered 
more t[an 33.5 billion cubic 

meters (13CM) ofwater fir agricultural use.
" Irrigation service is available to nearly 12 million acres 

(roughly 4.8 million ha).

* 
Nearly $7 billion in crops are harvested from lands served by

Reclamation water 55.5 ofeach 	 year. The million tons 

crop would meet the annual food requirements of 42 mil
lion people, nearly the combined populations of the 30largest cities in th,- United States. Food processing activi
ties add nearly $4 billion in value after the harvest. 

* 	Estimated flood-control benefits, which are associated with
irrigation projects, amount wellto over $1oo million 
each year.

* 	Power plants at Reclamation dams have a total installed ca
pacity of 12.3 million kilowatts (kW) generate nearly 50
billion kWh of electricity annually. The production of an
equivalent amount of power would require 85 million 
barrels of oil or 23 million tons of coal per year. 

Currently, Reclamation water irrigates about 3 percent of
the nation's croplands, yet the value of the crops harvested
from Reclamation lands represents about to percent of the
nation's crop output. Clearly, there is a close association be
tween success in the Reclamation program and our ability toproduce food. Because of a relative abundance of food, lessthan 15 percent of an average American's income goes to

ward food supplies. Although much of the food exported
from the United States is produced on rainfed farms, ourability to produce more than enough food to meet our own 
needs provided more than $43 billion in export income in
198 1. Agriculture accounts for 20 percent of the total value 
of our exports.
 

Since 1902, Reclamation 
 has spent about $i t billion in 
building and operating its water supply facilities. About
onc-fifth of that amount has already been repaid by those 
who receive direct benefits from Reclanmation's water devel
opment projects. Eventually, almost all of the capital costs 
of building these projects will be repaid to the U.S. Trea
sury, in some cases with 	interest. The investment has been 

but the re:turns have clearly justified this action. 
OBSERVATIONS FROM RECLAMATION'S 

EXPERIENCE 
The International Food Policy Research Institute (IFPRI)

estimated that the capital costs of producing the additional 
food crops to feed the developing world in 199o would be
$98 billion. More than half this investenvt would be re

quired for irrigation utjct What are thepr development.
prospects? The cost is high, but th evidence suggests that
the potential returns could be greater than those experi
enced with irrigation in tile United States for a number of 
reasons. First, many of the world's developing countries
lie in tropical regions, where both the climate and the soils 
are well suited to year-round production-if water is con

"-5
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trolled. Second, the costs of land and labor for agricultural 
production in those countries are generally not as great as 
those in the United States. Third, labor, which is frequently 
one of the most expensive elements in building a water sup-
ply, is available at lower rates than in the United States. Fi-
nally, the number of high-yield storage and irrigation sites 
which may be developed at reasonable cost is more plentiful. 

The world has moure than enough freshwater to meet both 
its agricultural and municipal and industrial needs well into 
the next century. As a planet, we have an estimated 1.36 bil-
lion ki l ' of water that nature is constantly recycling for our 
use. If we had no mountains, tile entire surface of our planet 
would be covered with water. The problem, then, is not 
strictly supply. In the United States, as in most countries of 
the world, the water simply isn't where we need it, in the 
quality we need it, at the time we need it. The question boils 
down to the economic issues associated with water develop-
ment. Water is available virtually any piace at any time if 
we are willing and able to pay the costs, 

Our experience in tile United States shows that people are 
willing to pay a wide range of prices for water, depending 
on the purpose for which the water will be used. Irrigators 
generally can pay anywhere froml $5 to $5o an acre-foot. 
Water for residential use ranges from $5o to S300 an acre-
foot, with the higher end of the scale reflecting the costs of 
desalting supplies. Industry has been willing to spend sev-
cral thousand dollars per acre-foot in securing water sup-
plies for developing its products. 

Agriculture currently consumes the greatest amount of 
water in the United State.,, but tile limits on developed sup-
ply pose some interesting questions for irrigators and those 
who would develop water for irrigation. Clearly, municipal 
and industrial users can afford to pay more than irrigators 
for a water supply in a market economy. Under these condi-
tions, should irrigation be maintained and expanded at pub-
lic expense'? Should irrigation water supplies be protected 
from those other economic activities with greater ability to 
pay'? Are the answers to these questions tie same in South-
cast Asia or in Saud Arabia as in the United States'? 

There are still several developing areas in the United 
States which do not have an adequate supply of water, most 
of them are in the so-called "Sun Belt," which includes 
much of the arid Southwest. In the past, major water devel-
opment projects were planned and built to meet the needs of 
those states. For a number of reasons, the processes used in 
the past are changing. Because Reclamation has been so 
successful in developing water resources, most of the eco-
nomically attractive sites suited for naijor dams and reser-
voirs have already been used. An increasing number of en-
vironmental concerns are entering into project planning 
requirements. The major issue which confronts us, however, 
is still the increasing cost of ,vater projects. 

Whereas increases in water demand were at one time met 
with new supplies from new projects, today we must also 
look to conservation and management initiatives to get 
more water out of existing projects. In some cases, we are 
also encouraging changes in the way water resources are al-
located within a given area. We are now using a combina-

tion of new construction, improved management, and vol
untary reallocations to meet increases in water demand. 

As a result of the situation just outlined, changes are 
being made in water use in the United States. The lessons 
we have learned as these changes have taken place can be of 
use to countries which are in the beginning stages of water 
development. 

Central to any understanding of the water development 
process in the United States is the concept of' water rights. 
These rights differ somewhat from the ownership rights to 
other real property. For example, an individual may own a 
piece of land and sell or use it with minimal restriction, 
while water rights typically do not involve actual ownership 
of water at all. Instead, water rights grant an owner only the 
right to use water subject to a statutory definition of per
missible uses. 

The concept of' water rights is simple enough in and of 
itself'. There are basically two systems of water law which 
have developed to meet the needs of different regions within 
the United States: the riparian and appropriative doctrines 
of' state water law. With the exception of certain federally 
declared rights which apply throughout the United States 
for such areas as national parks and Indian reservations, 
primacy in allocation and control of water rests with the 
states-not with the federal government. The common pur
pose of' water rights tinder state law is to provide security of 
tenure and continued access to a supply of water. 

The eastern states have historically had a relatively ample 
supply of water. In these states, almost exclasively, the 
riparian principle of water rights is recognized. Riparian 
rights are tied closely to the land, and the right to use the 
water is based on ownership of land next to the water source. 

In the western states a much more complex system of' 
rights has evolved. Generally, the western states use appro
priative rights. Under the appropriative rights system, the 
first person to put water to beneficial use gains a right to that 
water in perpetuity. In some states, however, if that right is 
not used, it may be revoked. Differences exist in the ways 
which the individual states determine exactly what -bene
ficial use" means. There are also a number of differences in 
the laws that permit the transfer of v iter rights and define 
the consequence of a sale of right or a change in use. A re
cent Supreme Court decision declared water to be an article 
of' commerce that could not be restricted in commerce be
tween individuals in differcnt states. This prompted several 
states to reexamine present transfer policies that might be 
restraining interstate transactions. 

It is also critical to recognize that this system of water law 
and institutions governing water management and use de
veloped well before there was major federal involvement in 
irrigation development. Small, private water developments 
and mutual irrigation companies had been established in 
one form or another for well over a century before Reclana
tion was created. Much of our current w,.ter law is based on 
the needs and problems that were identified and resolved on 
a local level. When the Federal Government did begin de
veloping large projects that sometimes involved water rights 
administered by more than one .,tate, compacts were re
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quired to delineate the various rights to the water such should be understood and initiated as a tool in increasing theprojects would develop. The Colorado River provides a effectiveness of other forms of infrastructure development.
classic example of this approach. Before Hoover Dan could

be built, the states had to agree to a division of waters along FOREIGN ACTIVITIES
 
the Colorado River and Congress had to ratify the agree
ment. Later court cases have further clarified those water 
 The water programs undertaken by Reclamation and the
rights. Survey are not limited to the United States. Currently, repre-

The concept of water rights provides the security which is sentatives from the Department are working in cooperation
needed to carry out water development. Unless an individ- with more than a dozen countries in addressing their water
ual, a community, or a bank has the assurance that potential information and development needs. 
returns from investments made in securing a water supply In fact, before Reclamation was created, the Survey sent can be protected, there is no incentive for the private sector scientists to Egypt and India to study the irrigation systems
to undertake the long-term effort of securing those water that had been developed in those countries. Those studies
supplies. provided a guide for Reclamation's earliest projects. Co-

Providing and protecting a manageable system of water operative assistance programs have been a tradition sincerights is necessary if development work is to be successful, that time. Both agencies operate foreign activity programs.
While cultural consideratitns should be respected in the de- The Survey offers hydrologists for assessments of re
velopment of water rights provisions for any country, some source potential, most frequently in support of initiatives ofviable method for securing continued access to the benefit the Department of State, U.S. Agency for International De
of individual and communal investment in the development velopment, U.S. Office of Foreign Disaster Assistance, and
project itself will be necessary. Unless security of tenure is other international development organizations.
ensured, the costs and responsibility for planning, building, The Survey's activities in Saudi Arabia illustrate the kind 
and maintaining water projects will rest with the Treasury of expertise that the Department has available. In Saudi
and will not produce the desired results. Arabia, where there are no perennial streams or lakes,

Where a workable base of property rights in land and water for agriculture is of prinme concern. The Survey beganwater can be established, the developing world offers great work in Saudi Arabia in January of 1945 as part of a U.S.
potential to meet its food needs through increased irriga- Agricultural Mission for the purpose of evaluating the irri
tion. An irrigated acre of land can produce two to four times 
 gation potential of several groundwater sources.

the amount of food that an equivalent amount of nonirrigated Extensive programs began in 1975 as part of the U.S.
land can produce. Proper water development can, in fact, Saudi Arabian Joint Commission on Economic Develop
mitigate losses in productivity from desertification and ment. One of the Survey's major efforts has been in the Agerosion by providing alternative 
sources of food and feed riculture and Water Project, in conjunction with the U.S.supply. Department of Agriculture. The Survey provided technical

On the subject of project planning, it is critical to recog- support for establishment of a national water-data bank, de
nize that the assumptions used in North America don't al- velopment of digital models to maximize output and reduce 
ways hold for major infrastructure developments in other impacts on water supply, and organization of data network 
parts of the world. There are distinct differenLes in local programs.
cultural traditions, availability of private capital, input and The Survey has also been involved in a number of food
product markets, transport facilities, and management. The related water resources investigations in other countries. Insudden need for a large quantity of concrete and steel to Pakistan, the Survey did an extensive evaluation of the sur
complete a large water project, for example, could place a face waters and groundwaters in irrigated areas and pre
strain on the economy ol' a developing country if such con- pared a recommendation that tubewells be used to lower thestruction commodities arc not readily available. If major water table, enhance soil drainage, and restore soil fertility.
construction components such as steel or concrete must be In Paraguay, work was done on a flood forecasting system
imported, heavy denlands are placed on foreign-exchange that was specifically geared to protecting agricultural pro
credits as well. ductivity in the flood plain of the Faraguay River. Tests toBecause water development has proved to have a leading determine the suitability of aquifers for agricultural use are
effect on other areas of the economy, decisions regarding under way in Uruguay and Senegal. The project in Senegal
water projects should take the bri-ader infrastructure needs is focused on the development of a groundwater computer
of an area into account. In Malaysia, for example, the in- model which will allow Senegalese hydrologists to designcomes of 51 ,oo farm households nearly doubled in seven an optimal groundwater withdrawal .,chemne for crop pro
years after a large irrigation project was completed. Much duction. Landsat images are being used in addressing land
of this additional income was spent on local goods and ser- classification and associated issues in the Sahel region of
vices and other related enterprises. Under such conditions, Africa. 
it is logical that an area will draw population fron less de- While the work of the Survey is generally centered liroundveloped regions. It is also reasonable to expect that the de- gathering the basic hydrologic data necessary for project
velopment of a major water project will result in the need planning, Reclamation's foreign activities work usually deals
for new roads, schools, and hospitals. Water development with the more specific aspects of project planning, design, 
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and economic evaluation. Reclamation has also been heav- 
ily involved in project rehabilitation, dam safety, and desalt-
ing and salinity control. Although Reclamation does no ac- 
tual construction overseas, Reclamation is frequently called 
on to oversee the contractor's work. 

Reclamation recently completed a project in Peru that is 
typical of the assistance that is available. At the request of 
the Peruvian Ministry of Agriculture and Food, a detailed 
technical feasibility review was conducted on eight projects 
scattered throughout Peru. These projects ranged from the 
rehabilitation and betterment of existing (lams and canals to 
the opening of new irrigated lands. Because of the variety 
of projects and the diverse geography and economic condi-
tions of the country, a new set of costlbenefit analyses had 
to be prepared and applied. 

Working with their Peruvian counterparts, a Reclamation 
review team prepared guidelines relating to specific needs 
and conditions of that country. Training in economics, hy-
drology, soil science, and construction engineering was also 
given by team members while the project was under way. 

Reclamation is providing technical assistance for the 
Fourth l)rainage Project in the Faisalabad section o' the 
Punjab province in India. Reclamation will assist with de-
signs lor subsurface drainage, supervise construction, and 
prepare operation and maintenance strategies. At the re-
quest of the government of Sudan, a review of the irrigation 
projects along the Blue and White Nile rivers was recently 
completed. This review will serve as the basis for a ten-year 
rehabilitation and modernization program sponsored by 
the World Bank. Reclamation is also cooperating with the 
Agency for International Development (All)) in preparing a 
master plan for land development in Somalia. 

Because proper management of a project is just as vital to 
its success as proper planning and design, many of our over-
seas programs include on-site training in operations and 
maintenance. Reclamation also sponsors long-term and 
short-term programs to provide technical experience and 
education for engineers and ndministrators in every phase 
of water resources development, use, and management. 

The training prograli is headquartered at Reclamation's 
Engineering and Research Center in I)envcr. C,,orado, 
where individually tailored instruction is available from the 
center's staff. Participants can also learn the skills required 
to build and manage pro jects through direct field experience 
at Reclamation projects located throughout the western 
United States. One- and two-week seminars on specific 
water development and management areas are also pre-
sented periodically. These seminars offer the most current 
information available in the fields of' engineering, project 
planning, system operations and maintenance, and safety. 

I-However, neither the Survey nor Reclamation receives di-
rect funding to operate their overseas programs. All of the 
costs of assistance must be rcimbulrsed by the host country 
or be included as part of a larger package oflered by other 
lending or development agencies. This raises the critical 
question of finance. As I noted above, water can always be 
available at any time or place if we are willing and able to 
pay the price, 

A report at the State of the World Conference sponsored 
by the World Resources Institute last year described the 
value of water pricing to relieve the water-shortage prob
lenis that are encountered throughout the world. A represen
tative from Africa stood up following presentation of that 
report and said, "We need water. I see the women digging in 
the sand to grow a few vegetables, and I see the wells too 
dry to moisten the crops. And I don't hcar you tell me how 
we are going to do it." Possibly we are looking at the wrong 
projects? 

Historically, water development in the United States has 
been financed by the beneficiaries of water development. 
Even for irrigation, small, private water development com
panics had been in existence for decades belore the Recla
mation program was initiated. Tolls, operations charges, 
and "sweat equity" were generally used to cover the costs of 
building and running projects. When the federal govern
ment did step in to develop large-scale projects, it came at 
the invitation of local and state constituencies and it built 
on the incentive structure and organizational base provided 
by these private operations. The Reclamation program was 
developed to provide it revolving fund to finance continuing 
water development. Originally, the proceeds were to come 
from the sale of public lands. The proceeds would then be 
repaid, over time, by the beneficiaries of the projects. Al
though this concept has been changed and expanded over 
time, the basic principles of repayment are still maintained 
in Reclamation law. The people who have reque!:ted a project 
organize as a public district, agree io be taxed if revenue 
from project activities proves insufficient to meet contract 
obligations, and make the necessary arrangements to pay 
their own operations and maintenance costs. This attitude 
of self-responsibility at the loc:! level has been critical to 
the productivity, the longevity, and tie general success of 
the Reclamation program. 

We recognize that similar opportunities and attitudes do 
not always exist in other countries, but we believe that los
tering strong local support and organization is a necessity 
if a project is to provide any real benefit. Small, locally 
oriented projects may actually provide more benefits than 
large projects that result in artificially imposed management 
schemes. 

Rather than seeking flunding for large projects, it might 
be useful to consider seeking a pool ofl funds that would be 
available to smaller prcjects, similar to the money available 
through the Reclamation Small Project Loan Program. In 
this program, initiative rests solely with groups of privately 
organized farmers outside federal water service areas who 
wish to expand or improve their facilities. In establishing 
the Small Project Loan Program niarly thirty years ago, 
Congress set aside So milion for small water develop
ment projects to be loaned to individual water districts 
outside federal project boundaries. These districts are re
sponsiblc for planning and designing the project as well as 
proposing the manner in which the loan will be repaid. 
After plans for a project are certilied by Reclhmation and 
submitted to Congress, a contract which ensures repayment 
of the capital lent is drawn up and funds become available to 
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the individual district to proceed with construction. Recla-
mation assists with construction contract oversight to en-
sure that aquality project is built. The local water users are 
then responsible for repayment and operations and mainte-
nance. Again, the concept is one of beneficiary pay, but it 
does provide for flexibility to meet local needs. 

A similar program could help foster local organizational 
and management skills, as well as provide employment and 
experience for waterworks engineers. Such a program 
might also encourage development of projects that are more 
closely attuned to the resources and the social structure of 
an individual community. The standards for planning and 
design, which are centrally administered, ensure that the 
projects are economically sound and properly engineered,

The United States has been able to provide a number of 
programs to assist in bringing water to agricultural lands. 
Much of the success we have experienced can be related to 
secure water rights and the concept of placing responsibility
for operation, maintenance, and energy costs with project 
beneficiaries. Individuals have the assurances that water 
supplies they develop or finance are secure for their use. 
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Once that security is given, they have shown a willingness 
to invest, to maintain, and to manage the water supplies
they need. All this translates into more efficicnt use of hu
man, natural, and economic resources. 

Throughout our history, government and the people have 
worked toget -r to develop America's water resources. The 
government provided the security needed to encourage 
water development, through the granting of water rights and 
providing assurance that economic gains from water devel
opment would continue to accrue to project beneficiaries. 
Farmers have been free to manage water and land resources 
to their best individual advantage. This has been a mutually
supportive relationship, but we have placed our reliance on 
private initiative. However, without the assurance that ac. 
cess to developed water can be maintained, there is no in
centive for either private investment or efficient manage
ment. Without the effective participal'on of the private 
sector in the form of investment, management, and mar
kets, we have no guarantees that a project will produce the 
food supplies or the related development we desire. 
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The food production problems in developing nations con-
tinue to he with us. For example, in recent mnioths there 
have been :iany accounts of severe f'amine in Africa. Feed-
ing the hundreds of' millions iii the growing populations of 
the world will continue to pose a serious challenge. Indeed, 
we expect the statistics of the food problem to be repeated 
many times during this conference. The purpose of this 
chapter is to highlight some of the lessons learned by devel-
opment specialists at Colorado State University in alleviat-
ing these problems, with emphasis on the role of water. 

In its most fundamental dincnsions, resolving tile food 
productioi problem is really only a means to achieve a 
hoped-for end. The resources needed fOr food production , 
although ,ossibly renewable and expandable, to some ex-
tent are still finite. At the same time populat i Con tinue to 
grow, in some cases as fast or even I'astcr than food produc-
tion resources can be provided. With tile grim shadow of 
Malthus over our shoulders, we are engaged iii a race to pre-
vent far more serious disasters than would have occurred 
had tile food-prodticto i problem been ignored. We are des-
perately trying to buy sufficient time to be able to resolve 
population-control problemis bel'ore food productioi re-
sources are outstripped by that poptulation growth. If we fail 
in either task, then the nuniber 0f hunLU beings who will 
suffer from fmnine and starvation will be several orders of 
magnitude greater than that which would have been experi-
enced had no effort been made at all. 

The latter Course of' action was and remains intelable. 
The challenge has been a.ccepted. The race is oil, anrd it 
must be won. Significant progress has been made iii iinprov-
ing technologies to increase fkood production. Some prog-
ress has also been made in technologies for population con-
trol, but tile population-conit rol methods proposed have 
I'requenitly proved to be socially unacceptable in mariy parts
of the world. 

Many "explanations" for this social irfeasibilily have 
been advanced, from placing tlie bl1arime on religious tenets 
to ignorance of tli probable consequences, tie latter (Lire to 
unsatisfactory educational opportunities. Some believe it is 
caused more by the historical role of'children i the divid-
ual's concern for reliable social security. While not tile focus 
of this conference, nor of this preserliation, this problen 
must be given Mnuch more attention. 

The food production problem has two basic strategies for 
its resolution. First, we could increase food irodlirCtiOl po-

tential through a well-planned programn of productivity re
search. Although clearly the basis for the quantum jump of 
tie past two to three decades, research on agricultural pro
ductivity was effectively curtailed some lifteen years ago
by those who control budgets because the research was 
too successful, creating severe problems of local surplus 
production. 

The lead time betweea initiation of production research 
and the implementation of the tindings is measured in dec
ades (three decades for the Green Revolution q/ier all tile 
basic research was done). The long m,.'atoritmii on produc
tion research makes it unlikely that tile results from this 
strategy will appear inl time to resolve the problems faced. 

This leaves us with the strategy of technical assistance 
through "technology transfer.- Although very remarkable 
gains 1rom previous research have been made, we are still 
far from obtaining the full potential i-.-plid by that research. 
Achieving a much greater fraction o! that fnll potential can 
be considered to be the only effective strategy in sight, and 
technical assistance-technology transfer apparently repre
sents tile most eflective means of implementing that strat
egy. Unique approaches to using field-based "adaptive 
research" are tile approaches favored by Colorado State 
University (CSU), due to tile differences between and among 
the developing countries. 

In this paper we will attempt to describe some of the ac
tivities undertaken by Colorado State University that have 
been directed toward technical assislance and to present 
some possible concl usiois this experience would appear to 
sirpport. 

IqERIENCEUXOF COLORADO SIAYE 
UNIVERSITY 

Colorado State University (CSU) has been heavily in
volved in international work since tile 195os and has a great 
deal of institutional experience iii providing assistance to 
development pro jects, especially those concerned with irri
gated agriculture. InI this report on the university's experi
ence we must point out ill advamce (til it is impossible to 
cover all of tie international prograns and expertise avail
able at tile university in a single paper, ad with this in 
mind, ,whatwe offer is a combination of tacl and considered 
opinion regarding our accomplishments. 

The experience oif CSU has been in a ihiumbL, ot develop
ment sectors. The first comprehensive pro'ject was assis
lance to the University of Pcshiawar in the midito late 1950s. 
Corollary relationships have continued to recent years, and 
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CSU's influence has been felt in the educational experiences 
of that university 'or almost thirty years. In 1958 a program 
of support for ihe Southeast Asia Treaty Organization 
(SEATO) graduate school was begun. This institution is 
now known as the Asian Institute of' Technology. In 196o 
CSU studied the feasibility of the Peace Corps concept and 
delivered a report that was influential in establishing this 
agency. By the mid-i 96os CSU was working on water man-
agement projects in Pakistan and had a new project of assis-
tance to the University of Peshawar. By this time it also had 
established the International School for Water Resources 
and Associated FPrograms. designed to supplement regular 
graduate programs as needed, 

By the 1970s the university was firmly entrenched in the 
international development arena and had a number of 
efforts under way, financed by different agencies. CSU had 
aIlarge number of staff serving as individual consultants to 
agencies as well as overseas pro jecis of its own. Some of the 
projects of partiCIlar note in food production and water de-
velopment have been those that were aimed :t1 improving ir-
rigation ;ractices ill developing countries in most parts 
of the world. In recent years these have been mostly in 
Pakistan and Egypt. In addition, the university has been an 
active participant in the Title XII program of the )epart-
ment of State and was the first university to sign a Memo-
randum of Understanding with the Agency fOr International 
Development (All)) for enhancing the institutional capa-
bility in this aica. 

There also have been a number of projects that related to 
food production without direct watcr management colmpo-
nents. For example, there was a university effort to assist 
Kenya with their veterinary medicine programs and another 
to assist Nigeria inl their agricultural research, both in the 
i96os. In recent years there have been pro'jects to assist 
Gambia with mixed farming and resource nmanagement and 
Lesotho with improved management in the agricultural sec-
tor. Although these projects were not primarily directed at 
water management, they have increased the university's cx-
periencce in tle problems related to food production in other 
social and physical envirornie*.ts , and thereby improved the 
capabilities 9f both individuals ard CSU programs to re-
spond to development needs of all kinds. 

Several recent activities should be highliglitcd as having 
especially enhanced the university's capability and experi-
ence in water management for agricultural prod::ction. 
TIhese include the on -farn water management programis 
in Pakistar and Egypt, the Watter Management Synthesis 
Project (WIS), and the experiences of individual pro-
fessors working als consultants. 

The projects for improving on-farm water management in 
Pakistan and Egypt have greatly added to the experience of 
the university and of individuals in solving the real practical 
problems of water management. This is especially inrpor-
tant since so many of the difficulties in water management 
are at the farm level where the pro1'-:-;sionial expertise neccs-
sary to take initiatives and solve problems is often missing. 
Both of these projects led to findings that have been emnbod-
ied in the Water Management Synthesis Project, which 
seeks to transfer some of the findings of the several field 

projects that have been conducted in on-farm water manage
ment abroad. It focuses on the interdisciplinary and sys
temic nature of the problems inhibiting effective water 
management. 

One result has been the development of a diagnostic 
analysis course to teach water managers how to identify the 
complex causes of problems throughout an irrigation sys
tern, including the farm level and the supply systems at 
higher levels. The WMS staff have reported that it is often 
the tough and nitty-gritty problems of motivation and incen
tive at all economic and governmental levels that are the 
major problem elements rather than technical or training 
problems alone. These can sometimes he helped by better 
organization or other means that require the interactive par
ticipation of farmers, water managers, and extension per
sonnel together. 

As individual consultrits, CSU professors have been in
volved literally around the world in practical optimization 
analyses for water projects, water resources planning prob
lens involving hydraulic structures, river mechanics (with 
particular reference to sediment transport and deposition), 
hydrologic datar analysis and interpretation, mathematical 
models of watci and groundwater systems, etc., in addition 
to those involved in the larger CSU projects cited above. 

Universities have historically been involved in research, 
education, and technology transfer, and CSU has been no 
excepion, particularly with respect to the disciplines con
cerned with the problems of economic develpoment in gen
eral and food production in particular. At the present time, 
students frotm developing nations constitute a majority of' 
those enrolled in postgraduate progranims of study in water 
resources (planning and nmanagement, hydrology, hydrau
lies, groundwater, and environmental and agricultural engi
ncering) and constitute significant numbers in the water
re-lated areas of study in agronomy, economics, watershed 
management, political science, and sociology. 

Although ildispensable for accomplishing a permanent 
technology ti insfer, these rcsearch-oriented degree pro
grams still leave major education requirements unfulfilled. 
One of these is a need for intensive "advanced professional 
education" progranis directed toward bringing the profes
sional engineers, economiists, arn( other professionals of a 
developing country at-to-date in their rspective disciplines 
and/or to complement their own disciplinary knowledge 
with some of the esscntial ideas of other disciplines, rele
vant to water rcson rccs and agricultural development in de
vcoping na:tions. 

To meet the requirement, CSU established the Intcr
national School for Water Resoairces and Associated Pro
grants inl 1967. li the intervening years it has attracted from 
almost all developing nations professionals with educational 
backgrounds ranging from the Ph. 1). to the S.1I1. K. (School 
of Ilard Knocks). By 1982 it appeared tha:t "associated pro

a,rmns'did not convey an appropriate sense of the range of 
studies available, and the International School for Agricul
lure and Resource l)evelopment was established, emphasiz
ing the agronomic and economic aspects of development. 
Most recently, at Interm.tional School for Natural Re
sources was created to provide an emphasis on forestry and 

<C
 

http:envirornie*.ts


Water and Food Production inDeveloping Nations 81 

watershed management. While overlap obviously exists, it or other technical skills. The interdisciplinary training
is not a serious problem. as the objective is to offer a more courses in diagnostic analysis have been judged to be par
complete display of the diversity of professional education ticularly necessary. 
programs available at CSU. The collaborative approach-recognizing the value of 

The International School for Agriculture and Resource each point of' view and contribution-is one of the lessons
Development (ISARD) has initiated programs in three main of development that has really endured. There are some 
areas: training, technical assistance, and action research variations on the approach, such as the recommendation
projects. It operates the I lubert 11. 1lumphrey North-South from the on-farm water management project in Pakistan that
fellowship program, which has been ir operation at CSU there be not a single counterpart agency but that the col
since i98o, having begun under the l)epartment of' Eco- laboration be diffused. Actual recommendations would ap
nomics. but now administered by ISARI). 'fihe school has pear to be somewhat site specific, since the governmental
sevral special-purpose courses under way at the present structure as well as the problems addressed differ from 
time, including agriculturaI marketing, farm management, place to place.
and project analysis. It complemnts the International The need for a model of the development process is con-
School for Water Resourccs quite well in many programs, sistent with the observations of a longtime CSLJ develop
such as a,special course in irrigation inanagement for Indian nient specialist, Maurice Albertson, who has been develop
trainers that haes just been completed. ing such a model for the village level. The model is called 

These programs still have deficiencies. It is difficult for a the "development wheel" and recognizes the many social
developing nation to send substantial nuLbcrs of key staff interactions and complexities of the development process. if 
to a program abroad for the period of training. 'lb meet this the potential for increased food production isto be realized,
deficiency in part, the International School for Wiater Re- all of these elements must be involved in the technlogy 
sources and ISARI) have developed a number of "mobile transfer process with appropriate coordinated levels of 
short courses" which can take specific instructional units to attention. 
the contry. This permits far grcate r numbers to participate, Finally, tile need for training is evident everywhere, and 
thus increasing the probability of creating the necessary this has been one of the principal experiences of CSU.
ci itical niass necessary to implementlinew tccliologies on a Training isneeded fron tlie executive levels down to the in
permanent basis. dividual, and it must be continIouiS and backed ip with the 

Other not itiiversity education and training requirements right incentive St rue t ures. li many developini! countries the 
remain. These are not addressed as yet by CSLU because they main resource is the human resource, and the way to uttilize 
are outside the province of university education. This by no it best is through better education and training. 
means minimizes the importance of these requirements, Within these four categories several basic problems have
which must be met if suppOrting services are to be provided been encountered with frequencies which suggest that they 
as needed for the process of permanent development. be given special consideration in programs of' technical as-

SOME CONCILUSIONS sistance, particularly those related to food produtction. 
First, there is the problem of motivation. The food prolin writing about development, it is tempting to try to take duetion problem involves many of' the elements of Garrett 

on some of the complexities of the overall problem rather I lardin's "''ragcdyo/f'he Common.v. In one sense it is no one's
than restrict tile subject to a specific focus, and the authors pro,blei. In another sense', it is everyone's problem. Imple
are impressed that many of the necessary lessons about land ientation of any program requires independent decision 
and water management needs are tied llP with tlie larger making on the part of the farmller, tie primary producer. Yet
problems of' development. II iiiakinc out conclusions here, tlie farmer is seldom the primary benefliciary even though
however, we try only to report sonie of lic important lessons lie is commonly asked to accept ilI the risk involved. For
that aire apparent from tie water management Wo rk v , have every progran designed as ain incentive to him, there is at 
surveyed. least one other whose effect is cotiitet'incentive. 

Four categories of these lessons seem apparent. The first Governmnitts are necessarily structured into mission
is that interdisciplinary teais are necessa ry to diagnose oriented agencies, yet. as indicated earlier, all aire essential 
problems aniid to develop pocedurcs in order to have any actors for this problem. That does not nican that all are pri
hope of success in ilprovin, water management. Scond, it marily directed to this problem. In many cases, agencies
is important to have a collaborative appro ach to pro blcm telld to maximize sonie indication of tliir "success," which
solving and research. 'l'lird, a comprehensive model of the is seldoii, if' ever, synonymous with the basic objectives.
development process is rc':uired to identify what the effects Water agencies like to brag about the number of thousands 
of nterventions viii be on other parts of the system. I'inally. of cubic kilometers of water provided. Land-refori agen
the importance of training must co!,':nual!y be stressed. cies brag about tie nuiiber of hectares ofland reallocated to

''hie use of interdisciplinary teams has become an institu- the landless. Both are critical contributors to increasing
tion at CSU because of' tile necessity (if understanding the fbod production, but neither index reflects the necessities 
complex techlical- ,oci a systems that underlie irrigation for that purpose. There is little or no incentive for agencies
nianigenient. Normally they will have agronomic, engi- to accept lower values of their own pciformance measure 
neering, economic, and sociologic components, with the just to help another agency look better.
possibility of additional inputs such as special management A common joke concerns the boss who said "We have 
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been doing it this way for forty years. If there was a better 
way we would have found it by now!" It is human nature to 
resist change and to resent criticism. None of us are im-
mune. Even when criticism is valid and change would be a 
definite improvement, what are the incentives to ensure the 
criticism will be accepted and/or the changes needed imple-
mented? Whether the action agent is the farmer or the 
agency sponsoring technical assistance or any unit in be-
tween, there appear to bc more disincentives to change than 
incentives. What is even nicer is that in this system one can 
always blame someone else. Finding a whipping boy to 
blame for your failures is a time-honored technique used by 
those responsible for problem solving, 

A second basic problem that has surfaced is a continuing 
need for research. Unfortunately, most officials of agencies 
involved in technical assistance (givers and receivers) ap-
pear to have a strong aversion to that word. lroblems are 
solved using a combination of knowledge and understand-
ing of the nature and interactions of the systems involved 
plus a goodly amount of "judgment" (alias "guesswork"). 
'Fle more knowledge and understanding is brought to bear, 
the greater the probability of success. The more guesswork, 
the greater the probability that more problems Will i be cre-
ated than solved. 

Research is nothing more or less than the process of gain-
ing knowledge and understanding. One can spend colsider-
able time and nloney gaining knowledge and understanding 
of' interesting phenomena that do not appear to be related to 
the systems or tile problems involved. Such research is not 
required in the technical assistance proces, 

On the other hand. technology transfer is not a simple 
process of taking useful technology as implemented in one 
country and bolting it into place in another, any more thall a 
mechanic can transfer t piston froni one make of auto-
mobile and bolt it into the engine (f another. If the trans!cr 
is to be effective, considerable 'adaptive research'" will be 
necessary, followed by modifications of either the tech-
nology or environment into which it is to be introduced so 
as to ensure compatihility and proper fU,:tioliig. This as-

pect must be given appropriate attention (and credit-see 
incentives) as an integral and essential component of the 
technology-transfer process. 

The last problem is a touchy one. One might call it "pre
servation of appropriate humility." To alleviate it will re
quire a healthy dose of this characteristic on the part of all 
concerned, but particularly on those of us who are consid
cred the experts on the technologies to be transferred. We 
are, of course, expected to be experts on the technology 
proposed for transfer. We are seldom, if ever, experts on the 
environment into which the technology is to be transferred. 
As a rule of thumb, if the "expert" on the technology does 
not learn far more than he presents, the transfer will be a 
failure. In fact, most, if not all, failures of technology trans
fer in the past can be attributed directly to this deficiency. 

When a farmer doesn't want to risk his practice to some
thing the expert considers better, there is an outside chance 
he simply doesn't want to change, but much more likely, 
there are good reasons, which he understands even if he 
cannot articulate it in the form of an explanation to the ex
pert. A group of farmers in Peru refused to use (free of 
charge) water brought to their lands by a government ditch, 
even though it would obiviously increase the productivity of 
their land by a factor of three or four. Their reason was quite 
valid. With tie higher productivity, their land would be con
fiscated under land-reform laws. Farilre's ill Many countries 
were reluctant to use high-yielding varieties. Why? Because 
they had to rely for water, fertilizer. and other essential in
puts oii government agencies whose personnel could not 
care less whether the farmer got the water and fertilizer 
when he needed it or when it was too late to do any good. 

Ii most technical assistance situations those involved as 
tile recipients of assistance are just as much experts, if' not 
niore so, than those who are expected to provide the asis
tance. Any individual, any discipline, any organization or 
other entity involved that does not understand this fact and 
(toes not reflect it in their conduct will place a thousand ar
titicial obstacles in their path, making it difficult if not inn
possible, to accomplish the objectives. 



15. WATER: CRITICAL AND EVASIVE RESOURCE ON SEMIARID 
LANDS 

Gerald W. Thomas, New Mexico State University, Las Cruces, New Mexico 

SUMMARY 
Over the long term, water will be a more critical resource 
for food production than either land (r energy. There . e 
ample sources of renewable energy in our ecosystem i/"we 
can capture it and make it available to mankind in a usable 
and economical form. As new technology develops and 
crop and livestock yields increase, tile amount of land needed 
per person decreases, leaving some flexibility in this basic 
resource. Ilowever, water, Is a renewable but limited re-
source, is becoming more critical with time, particularl./ 
because of Our dcpendencc on irrigated agriculture,

Ai examination of the "lesertilication" issue as ir inter-
national concern indicates tie neccssity for septarating geo-
logic and climatic trends fron the impact of mian. Neverthe-
less, mankind is tihe "great accelerator of. change" on vast 
areas of arid and semiarid 1,1lns. Proper range managemie t 
anrd conservation cropping arc essential to the redLti01 of 
desert encroachment. 

The pressure to import water into areas of deficicncy will 
continue in tile arid zones. I lowever, importation schemes 
For surlace water ini the United States have been virtually 
halted because of, economic and environmental considera-
tions. On the other hand, a more subtle development is oc-
turring-the transfcr of' water from indcrgrould aqtuil'ers. 
Data indicate that virttmi ally all of1these aluif'crs are being
depleted with little planning beyond a f'orty-year lime f'ramc. 

o' ar inicreasing extent, water is becoming tile subject of' 
litigation. There arc now more than 150 Supreme Court dle-
cisions relating to water issues. The food sectr can lose 
watc through tlie courts as well as through tle evapo ration/
transportation stream. 

There are i'any tpportunriities for improvement ill the efli-
ciency of water for food production. Conservation olcrs 
tle most imnicdiate, a.rid in most cases, tie most cconomi-
cal hope fOr improving tile produtivity per uLit (1i water, 
I lowever, an accelerated research el'l'rt is a high priority. 
More eiphasis should be placed oii "systems research 
to point to tle most appropriate ways to lap tlie compli-
Catcd Iyd rrlogic cycle fr ford prodlior arid econoric 
develipnment 

INTROD)UCTION 

It is almhonor ti be invited to address this lite riat ional 
Corif'crnc oiLFood aid Water at Texas A&M University. 
I ain particilI'ry pleased to be back or [lie camlpus where I 
received graduate training and where I launched iy profes-
slonal career in teaching ard research. I remember that on 

this campus over thirty years ago, Dr. Rex Johnston, under 
the direction of Chancellor Gibb Gilchrist and Dr. R. D. 
Lewis, developed the first statewide water budget for Texas. 
The results were startling when we estimated the waste and 
dissipation of water in our system. These first calculations 
were admittedly very rough, perhaps accurate only to sev
oral hundred thousand acre-fcet (or several hundred million 
cubic meters). Neverthelcss, Chancellor Gilchrist, with his 
engineering background, asked Dr. Johnston, as I remember 
it, to publish the figures to the nearest acre-foot because, 
"No one will believe the data unless you show the figures to 
tie nearest decimal point." 

Chancellor Gibb Gilchrist dcimanded accuracy. But we all 
know how diif:ult it is to define pre'isely the complicated
pathways of' waler as it moves through thc hydrologic cycle
and leaves in its wake the variable environment and tile mui l
tiplicity of' living organisms that inhabit this wonderful 
planet. 

I have had a long and continued interest in water. When I 
wits a young boy living on a f'ari on Medicine Lodge Creek 
in Idaho, I remember the lights over the limited water sup
ply in the stream. The lack of water on our Old firm in 
Idaho served its one good reason for rite to join the Navy
during World War I. For nearly fouir years, I saw plenty of' 
water as I served on three aircraft carriers in tile North At
lantic and South Pacitic--f'rcqeiently seasick. I was I'orced 
to ditch my plane in tlie South China Sea which gave rite 
another perspective on water. Btut while saltwater was abun
dant in every direction, I well remember tie orders to 
conserve freshwater oi board the U.S.S. Essex aId the limi
tations inrthe showers and ]ess hall. *'Water,water every
where, but not t drop to drink." Even now, good econorii
cal techniques for saltwater conversion arc not within our 
grasp. 

After World War 111 left the farm, but two of' my brothers 
tried to salvage the old homc p1lacc by digging a well for 
supplemental irrigation. My older brother cut a limb front 
n 1 Oya' r rd "watcrwitChed" tihe first hole.arpple tree i) rn 

It turned out dry .so lie moved closer to tie creek. A second 
well did hit waler, but the cost and erratic St11ply never 
made at econoumic operation. The OLI heic place was later 
abandoncd.

'['here is sortething both nostalgic and sad about an aban
doned, ftrmerly irrigated l'arm gone to weeds. My story
has been repeated in many arcas of' tlie west. A Ne'wsweek 
report called this "The hBrowning of' Aierica," stating that 
I... the water wars have erupted once again... (News
week, 198i ). 
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My early work with the Soil Conservation Service in 
Idaho from 1946 to 1950 was aimed at developing one of the 

poses. The recently released National Agricultural Lands 
Study (National Association of Conservation District, i98o) 

first systems for contour irrigation of potatoes in the United points to this loss in America's agricultural land base. 
States. At Texas A &M,n my interest in water was heightened Dr. David McClintock, iu a technical paper supporting the 
by research on the dry rangelands of the Edwards plateau of National Agricultural Lands Study, stated it this way: 
Texas. As I moved into tile dean's position at Texas Techinteestfomsh fld lnal re latiou s in the 198o)'5 anlld I 9t)O's aire likely Itoseciic oncrnsinterlmit 
University, my interests shifted specific concerns 
a.botlt wa.ter coilseraion d ra.unge mllanUagement toIIIe 
larger issue of world food production. It becalne incrcas-
ingly clear from these later studies that water was a limiti ng 
factor in food production and water use was critical to world 
food supplies. Also, since the economy of tile Iligh Plains 
of TCxas is sistained Ifrom water stored in tle Ogallatl for-
ination, the wise use of this dlcpletable underground re-
source was of utmtiost irlportance to our future. Conse-
(Iuently, I helped organize the \Vest Texas Water Institute at 
Texas Tech and arCued for a share of the Water Research 
I' rds through tlie l)cpartmnt o lInterior. Later, we firnlled 
Water, Inc. as aI means of organizing support for possible 
water imporiation into the II igli Plains o TI'exas and eastern 
New Mexico. 

When I accepted the presidency of New Mexico State 
Uni'crsity in 197o , 1 found in place one of tihe strongest 
water resources research institutes ii the nation anl a fie- 
tilt ' aniid stafll dedicated to solviig plOIelis oil arid aid 
semiarid iands, 

With that tii torical background, I noIiw wait to develop 
my retnarks around live topics relating to food prodt Ction 
on arid lands: I I ) water as the most critical resource, (2) tile 
evasive natutire of t ie water resourcC. (3) a perspective oii 
the "desertiication" issue, (4) social antd ecological inl-
plications of' water importation into arid lands, and (51 the 
conservation anit rese'icl iltIperative. 

WATrEIR: ()UR MOST CIIICAL RISOU Cpotential 

How important is water, as a resource, in comparison 
with other basic resources, such as land and energy? It is ity 
belief that for tie next two, perhaps three decades, energy 
(its cost and availability) will remain the most critical f'actor 
in food production and conoiic developicnt both at Ionle
and abroad. But energy is dilfirent from the otrc resorces 

in that there is anridCeIttaac sippI) Otctergy ill oltr sy steUl, 
if we cat capture it and make it available to people i ita 
usable and economical foirm. Some of tile new researi-ch on 
energy alternatives looks promising, particularly tile dcvCi-
opnrils in solar, geothermal. itnd biocoitversion. If we can 
gear Lip our research Cffirt, which should be nltiplied by a 
l'aCtor of ii, we cait ind solutions to tle energy problc tos 
and design systemos for food prodiuCtioni and industrial tde-
velopment based oil renewable rather than deplelable energy 
supplies. 

The second important resource, then, is land. While I ain 
concerned aboit aind, and particularly about tie rapid 
transfcr of good cropland to other purposes such as build-
ings, asphalt. and concrete. I believe that lantd wvill not be-
conic limiting in the United States and many other countries 
fIor many years into the future. At the present time, we are 
losing well Over 3 million acres ( .2 million ha) of agri-
cultural larul in the United States cach yc'ar to other pur-

hroninflutenced by resource a considerably greaterbe scarcities to 

extent than ii the past. These, rather than conventional rivalries,
will pose increasing dangers to global security .... American 
cropland must he perceived as a global as well as a national re
source (McClintock. 1981). 

The loss of crop hand is a problem not only in the United 
States, but also worldwide; it is a plienomenon associated 
With industrial development and population growth. Society 
must become more concerned about this loss of land to irre
versible transfers and to erosion. Nevertheless. as new tech
nology develops and crop yields increase, tile a11on11t o1 
laind required to sustain each person will decrease. The 
world still has some llexibilitv in the land resource. 

That means. then, that water is more critical in tile long 
term than either land or energy. We can, and must, find SO
lt tions to tie eergy problem: we call, and will, determine 
ways to operate with a smtailer relative land base: but tie 
anmitonitt of water ill oUt' syStclin is fixed. There is ito sub
stitute for water. Water is a renewable resource . Man uses it 
as it moves througIi tile hiyvdrOlogic cyvcle , usualIl pollutes it 
to a certain extent, and feeds it back into the system. While 
we call reduce the dependence on water by increasing the 
cfliciency of water use, there is a very limited supply which 
Must he husbandcd with great care as (he world population 
increases. 

A few years ago scientists were talking about the great 
lfOr f'ood produitiori in the higher rainfall zones of 

the tropics. Much of this optimism has disappeared as we 
have learned more and more about tlie sensitivity of tile 
tropics anti the difliculty inl producing food urider extremely 
high rainfall situations. The arid and semiarid ainds-the 
Vast Moderate- to low-raiifall areas--will remain tie major 
regions for world food prodtctitn.

Irrigated lgrienIture is becointg uch iore iportant 

with tinte, as (tie world's growing Populttion increases tie 
demand for food and fiber. The ecent growth ill irrigated 
aind has been not only 1 tile irrigated areasim trailitional 

but also inl the moderate- to high-rainfall zones is a risk
reducing factor. For cxample, in tile Uni:ed States, Nebraska 
has become the fifth most irrigated state in tie nation. Also, 
irrigation is becoming more importalnt in the less developed 
areas of' tie world-perhaps tlie major hope for iany of 
these poor countries. 

On a global basis, the inati ,r increase in total food output 
ii recent years has been associated witi expanding the area 
itrder cultiivtio-aIpItrtici tarly t ie irrigated sector. Roughly 
40 percent of all increases in developing country moo pro
iution in the last two decades has come from cxpanded 
irrigation (NcNallira, i98). Since 195o. the irrigated 
acreage worldwide has increased front 94 million to 261 
million ha (Postel, i984). Approximately a third of the total 
world footL harvest now comes from the i7 percent of the 



cropland that is irrigated. The trends toward more irrigated
cropland will likely continue in spite of the increased en-
ergy costs, the probleinIS 01' unde rgrounld de pletiion, aild Se-
rious problCeiIs of salinity and other 'orms of pollutiol. 

EEASA)UIVE FICIu 
IFSOUICE 

sOtIIrc 
by [lie highly variable patterns of' precipitation (intinie and 
space) and the complicated paithways of* water as it passes 
through the hydrologic cycle -- from occal to land and back 
to the ocean. While water is, in a very real sense, a renew-

The evasive na+ltLe o1 Witer as tite is einpha sized 

cycle is the basis for lile it.,elf. 
\Vatcr can bu transferred inl Spa'c fron so-called surplus 

areas to water-short rcuious v \inier diversions or inter-
basin Constrtuction facilities, or. to soic extlnt.it hv eathcr 
modification techniques. Water catn -,:transferred ill time' 
by constructing storaic fatcilitics alone streais or bv vai-
able withdrawals and variable ehaIrg, tltndcigrotld iaq-

ilfers. i)esaliltizatiol canl also be+comsid,.e'red as ittCchiiqeti 


fOr traisleir'rim)2 %,JtTr in time. \ oll' stMdatrd of' living 

rises SO does our percalpital use of sater for dome+€stic, inl-

dutstrial, and agricultuirelLlr' Ali individual needs only
prpose. 

a.bOlt 21- daily r1drinking, but water use rises rapidly with 

the level of' inlcoiIc. MV StlIb-Saharami- ildi-
stutdV inl ,t'rica 
cated that the averace w\rate[' ConSmiptlllioli fro' \'l, ',as 

I0 to I5 P'el'sI IpCl" Ilse. about 20 I.I. Per1 Ia for hoe1C 
i'"Cattl and about three 3 I. or'0sheep an1d goats. In the 


United States, our hotlii tiSe is tbout 061 1. I1o '.alloiist foi 

persllal Ilse. Ilowever, to sLbitiiiil Olt prescilt lilstyle

fkor industrial pur'poses, the aVcrac Amicrican lusets ov i 

2,500 gallons' (9.,46(1 L) I)C
r la (('oUilcil on Elnvirltieliclital
 
QualitV, 11 80). 


)ur largest per capita wiem' iCLireiieiiCti i,for food. For 
,
examiiiple, we speild abotl i t icCitI of altr o r1* a 

pound (f' bread, and on somile of oilr sotllWet,-i rlLnC-
lands moe liolltls of \witer tued to fill'tuc athall a'' 

potiilt 01fbeet' ('hillas. I977) luIIch of the \\ateli :Ioci-
ated with file p ioductioii 0f met'il is d,,,ij)ttLd by timdcsir-
able wseeds !n( brash m. C'vIIit'il f tom the unlprotected 
soil Stl'iiace. SLtCh statistics IIiL ide a coni ilciil argmimiii 
foir hler sstrilc i iiiaciliil iii the klood Sector'."'Itis tiliC 
t).s.iil bt itldil and 1t tcSili s\'s-oi suchI \iitlr Ils' 
f'iis Ifor food piodtictioll which VlitC wmilr ssith tile Col-
cCln of ' Nomad'' (Ihomias. Ito 1).tIe (eseit 

Agriciltiure cntniltlt (oilllpetl foCrw'i' acainiSt itltiliCi-
palitiCs, busineSS, and itdusth'e. 'Ihese otlhci' usCs Callla'fTR 
to pay itllre• Ior wate' and will coitinue to purchase watemr 
rights awaiy 'i'oiii the I10od sector. We See this tranilsc'l every 
year inl New Mexi:o ild in other ariculttra] stlat.s, iaillitis 
itlOes land out ol1fIlod prlductioln JuS( as su'e'l\' and ias 
eflectively as direct traislir to hosil or hillway o'ell-
struction. l)awsonl stales that water it'ia marketable qlUaMitit.y 
and " 'wtito 1' . 1ooohill t MO c'. I).wsoi lurt1cr stat (I 
thtll "shor'-rt1n CetttlliiC re'tuins will cotiltiiiLially, gtiidc the 
['eStlli'c allocation decisions.. IeltlreU. aigriciiltiur'e 
will be the itesiial ecOOiieiC User l a"r's01' II)awsont, 
I9X l). 
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From a world perspective, it is not possible to separate 
the water resource from climate, since evaiporation, trails
piration, and precipitation are a part of the climate Colri
plex. l)ecision,. made in this decade about our energy op 
tions will have a prol'ound eflec t on Ittttire climate and waterSlplies. There is increasing evidence that +oal,. if'used in 
large quan.mtities, iiiay be our1"most ha1za.rt'dotu', Iltture I'tlel op

tion fomin the et vi rilnlntal stand point. A gradua! waruling 
of the climate will increase drought and w;ter shortages in 
the United States and most sCeiiialid parts of tile be.g lo 
[ie. an ecoloist, this probliem of climatic change is further 
reason 1or inmecasiuc1 oUr research oinnol-ftossil-futecl energy

able ICSoIIrce, the tIse of' this wtter optiolS,isit liIOvCs through thl,..le particu~larly solar', ccothciila iwin d. and bio
convcrsion. Even the nluclear option iiay be prel'rable to 
lllISSi\'e uSC 01"COal. There is no0 dtiub that olr Watter Ittille 
and otr energy itturein inseparably inltertwined. 

'To anl increasing eXtliit. ss+ttr is becomlting the sulict of 
litigatiolt. I pirploscly' list liticatiml under the subtitle "'The 
Evasive Nature of' the \Vater Resource' bcCase the lkbod 
sector can+ lose water thrtoutth the coulrts isWell as throu.gh 
the Cvapolraion sitCam. [here are now more than ibo 
Suprellc Court decisionls relatinu to water issues. Steve 
Reynolds. the state emitcinecr for New Mexico. stated that a 
Supretm('olrt (uticeliiitold recntV thtt becalSc 01' his
 
associationi with li the iost "'lifiiotsS.O.B."
laterwas 
in the histor\' of the state. "lhCr'C baV been about sixt\' Snt-
pi'CIc Court opinlioViS iltiolvill. the New Mexico state Cngi
neem' alone ill tile last t+cIt\-five years. The H Plso chal
leiig2 to Ncsv Nlexic's tiideirtoutnd wiatr, which I will 
iil)CItioin later, Will lowh Ibeadded t the lilt. PCersonilly, I ill 
very lcerv about decisiois involvin waertui Ihat have been 
ielcaLted to the COrtlS, biltthis tirnd ssill ConitinuC. 

A PEIRSPE '"IVI ()N iIN II' !I('ATIONO I)TSHE 
ISSIUi,; 

"l)s'rilic'aii is probably tihe realest sitile eivimol
iiiulill Ihreatl to theI lftuire wCll bein of the earth'' (Ihatchem'. 
17t). 'his i,froum1 P. 5. dcplUty dimrctLLlitiOtl 'ihateClhr, 
toi- of the nliited Nations lrnvi'onniental Pr',ramll. Ilmy
opinioi, this is aliove.staleitilielt. partic'ularl\' slhii ttl 
coIsider's th i'ecCitl idCntiliCd COnceri abotLi climnatic 
change l'roiil ilreased carl l (xi¢de levels il tihe Lipper at
ilospheie ofr tie depletion of' ieo/otlle fromi Chlorofluoro
calons Iiall , Ito"s). '1O pult tle desertificatioll problemt 
in world peispective, it appears iiot'e likely ihat tle activi
ties ofo iglily developed countries. with their laige appetites 
[or foSsil fuCls and otici mesoLicCs, aline With their sophis
ticated tCcllnologies, pose iiloic (f' ipotential thicat to Ihe 
worlds clivilvliit tllaii (le pool' people il the undell
dCveloped wkorld who unkilowingly are contributinl, to tlie 
pit'ess od' the deserts. Ilo\'\Cr. tlerc is alple cause fkt' 
concerI oI bofh lot-oils. 

Il illst 01 tile rctCii literlaitirC. humilankild has been 
ulilktlllylv coildmIIInedIfoi tile "'adviIc'C, of' tile deserts' 
I iibade II 1082). Whil lie olpitnionms0If tie cxperstS vary, 
ihegColt lical aid ecological CvidiCtCC indicates that there 

is illelemliit of tile deserlilicatioln illovelneilt in Africa alld 
( \illerican soulhwesi that is geologic, that is, associated 
with nitural cliiatic Iluctutationsl or lonig-tern cliniatic 

http:throu.gh
http:extlnt.it
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change (Thomas, t983). Also, the effects of"normal" pei-
odic drought can be very pronounced on soils and vegeta-
tion even under complete protection from domestic live-
stock or farming operations. For example, the occurrence 
of drought at the time of an explosion in certain insect 
populations could be just as devastating as drought corn-
bined with overgrazing, 

In the African study entitled, "Profile of a Fragile En-
vironment," I cited more than sixty references and inter
viewed more than forty scientists working in Sub-Saharan 
Africa (Thomas, 198o). I will quote only two references 
which illustrate differences of opinion on this subject: 

The Sahara became (try in the course of thie Neolithic 
age. lher, has been continued degradation for about 500 
years, which most he attributed to rainfall, therefore, il the firstplace to climatic causes (Kaki, 1977). 

The main cause of desertification is the interaction between 
man and a fragile environment in diyland ecosystems: man is 
the initiator and the victim of desertiic:ition (OWNha, 1978). 

I also found in the literature a nost interesting observa-
tion made by Napoleon Bonaparte in the year 1799. This 
statement is still appropriate in 1985: "Under a good admin-
istration, the Nile gains on the desert; under a bad one, the 
desert gains on the Nie." 

These quotes from the African study are not too different 
from those found in the literature on the American South-
west. Recent research on the Chihualuan, Sonoran, and 
Mohave deserts in the United States has produced a number 
of new reports since the 1977 Nairobi conference on descrti-
fication. I will cite only a few of these as they relate to the 
question of natural vs. man-caused desertification, starting 
first with some geologists and soil scientists. I should point 
out here that geologists are usually hesitant to talk about 
time spans of less than io,ooo years. The discussions of 
change within the last few centuries have been left largely to 
the biologists and ecologists. 

The geologic evidence indicates that there was a marked 
change in climate about io.ooo years ago. Since that time 
the change has been more gradual, but we may still be in a 
warming trend-difficult to measure in only a few cen-
turies. If we add to this the increasing evidence of warming 
due to the increased levels of carbon dioxide in tileipper 
atmosphere, the climatic factor will continue to have a 
background effect on the lesertification process. To identify 
and isolate the climatic variable is difficult hut very mpot-
tont to our understanding and management of desert and 
semlidesert ecosystems. 

A few citations on climatic change in the American 
Southwest are appropriate to this discussion since most of 
these also contain tcomprehensive review of literature to 
support the generalizations: 

. radiocarhq-tatcd pack rat miiddens dlocumtient wood
land communities in tie deserts of the southwestern United 
States less than io,oo(, y-ars ago. A synchronous change from 
woodland to desert t..grassland occurred about 8,ooo years 
ago in the Chihuahuan, Sonoran, and Mohave Deserts (Van 
Devender, 1977). 

-The transition from glacial conditions was not complete 
until 7,000-8,000 B..(Before Present). Since that time, long
term (too years or more) variedmean annual precipitation h.ls 
by less than 40 percent in most desert regions (Earl, 1983). 
Te Sonoran and Chihuahuan deserts of the American South

west are probably a million years old as deserts, and yet they 
have become perceptibly more barier, during the past oo years 
(Sheridan, 1981). 

Given that there have been, and perhaps continue to be, 
changes associated with long-term climatic trends, there is 
still a question as to whether or not vegetation has come into 

equilibrium with the present climate. In other words, under 
a fixed desert-type climate, with immature soil develop
ment, is natural plant succession continuing toward a more 
xeric composition? Is the erratic nature of the de:crt cli
mate, with periodic severe droughts and more years below 
normal than above, still causing vegetation change regard
less of man's influence? These questions remain unanswered 
to my satisfaction. 

Some of the most comprehensive studies of vegetation 
change on semidesert range lands have been corducted in 
Arizona. New Mexico, and Texas. Access to territorial sur
vey records dating back to 1858 has been valuable for refer
ence vegetation studies. The Jornado Experimental Range, 
in the Chihuahuan Desert, initiated range research in 1935. 
Also near Ozona aid Sonora, Texas, some vegetation trans
ects were laid out in the 1930s as a basis for comprehensive 
range management research. 

In evaluating these vegetation studies, it is important to 
recognize that domesticated livestock were introduced into 
the southwestern United States in the sixteenth century. 
Many areas were subjected to extremely high rates of stock
ing by horses, sheep, and cattle from about 1840 to the 
1930s. In many cases, these rates were 5 to 1o times the 
recommended carrying capacity used by today's range sci
entists. With the removal of public lands from open grazing 
by the Taylor Grazing Act in 1934 1Id, with the interest in 
soil conservation, which peaked during the dust bowl pe
riod, stocking rates weic reduced and initial approaches 
were taken to sustained grazing management. 

Although it is impossible, after the fact, to isolate the 
effects of the period of extreme overgrazing with the more 
recent moderate rates of stocking, it is my belief that the 
earlier pressure by livestock, combined with drought and 
other factors, created environmental instability and acceler
ated the desertification process. 

In ,he 1940s, range management emerged as a science
a hybrid combination of animal husbandry, agronomy, 
botany, and basic ecology. Through education and technical 
assistance programs, most U.S. ranchers have became aware 
of the importance of proper range conservation. According 

to Soil Conservation Service estimates, the percentage of 
private range in "good" to "excellent" condition increased 
from 17 to 4 percent between 1963 and 1977 and this trend 
is continuing (Harris, 198o). Similar changes have been re
ported on most federal lands-although improvement in tile 
more arid iands has been very slow and difficult to docu



Water: Critical Resource )fnSemiarid Lands 87 

ment, and obviously, some areas are continuing to retro- arid and semiarid lands. The conclasion we drew from our 
gress-even under moderate stocking rates. Overall, the research in 1969 are significantly d fferent from the conclu
western range in the United States has improved markedlv sions that I will now make nearly twenty years later. We
since the 193os. These changes were well documented at stated at that time that "large-scale water movement to the
the 1984 National Conference celebrating the liftieli anni- ,rid zones appears to be inevitable." We cited several rea
versary of the Taylor Grazing Act (Heady, 1984). sons for this generalization: (I) Large-scale water transfer 

Good range management is good water management. The projects are technologically possible; (2) many water tram;
focus on both is tile maintenance and manipulation of the fer projects are economically feasible, particularl,, if ade
vegetation cover on the land. Therefore, management di- quate consideration is given to the "multiplier" effects on
reted toward quality vegetation is the key to both livestock the economy and the added value of wmter-based recreation
productivity and environmental stability. (3) water movement into the arid zones may be necessary

The value of sound range management should be oh- for society to grow and survive. Here, wc cited the growing
vious, but I must tell yoa that range conservation is difficult demand for food and technology development as population
to sell to both the U.S. ranching community and Third increases; (4) political pressures will be brought to bear to
World countries--primnarily because overgrazing :onle- move water to arid and semiarid lands. For example, we
times yields ;hoc,-term economic gains, while the payout stated that -ine areas, such as the Texas Iligh Plains, were
for many ranpe cot, crvation practices cannot be realized in at the height of economic development, and tile aquifer de
less than a decade. pletion would have to be answered with some form of water 

I can predict, with onle certainty, that in StII-S:llaran augmentation.
Africa as this drought cycle ends, both the developmug na- Obviously, these predictions were wrong. Three very
tions and the donor nations will slip into the traditional pat- significant developments since 1969 have forced a reevalua
tern of measuring progress by the rapidity with which live- tion of interbasin, interstate, or intercountry water-transfer 
stock numbers (and people) can be "added back" to the projects.
drought-stricken areas, rather than face the politically sen- First, the energy crisis and other economic developments
sitive issue of rebuilding the area according to the sustaina- made most of the plans unrealistic. Second, the environ
ble carrying capacity of the lai-d. In the African Sahel , as mental movement went much faster and mutnch further than 
well as other arid lands, periodic drought is normal and we expected. Not only can one endangered species slow or 
must be considered as a part of the environmental complex. stop a proiject, but a small minority of people can override
Yet, we continue to be surprised ,,n a diought occurs, the wishes of the majority. And, third, our political struc-

One techniqluC that I found useful for selling water con- ture has changed. The 3 percent of our population in agri
servation in 'Iexas was to try to convince ranchers that over- culture has lost political clout. Politicians from tile water
gra,'ing was reducing tile anount of water available for plant short areas of the United States cannot get the automatic
growth and that, if they continued to n;ismanage tile re- support they need for expensive and "long-tern-payout"
 
source, they were effectively, "moving the ranch toward El water projects.

Paso-the driest part of the state." I have seen livestock op- However, while Box and I were wrong in the predictions
erations in In Xoo'nin rainfall zone mismanaged to tie that large-scale water projects were inevitable, we were 
extent that they were operaiii g ini the eq uivalent of tie right about tie social and ecological implications of these
200-1n1i zone. types of water transfers. Additional data are now available

Iln spite of tile inIffuence of cliniate, the activities of civi- on tie effects of watcr impoundment and diversion on tile
lized mail have accelerated tile desertification process. In l distribution of aquiatic populations, oii terrestrial plant and
the Salielian/Stdanian zones of Africa, four Major activities animal commtunities, on hunians and our living eiviron
of ian leading to desert encroachment were identified. ment. There is evidence of signilicant change in certain eco-
These are: ( I) cultivation of niarginal and subiliarginal systems as water projects are developed. There is evidence
hands, (2) overgrazing or mismanagemient of livestock, of loss of habitat for certain biota. There is also evidence
(3) overharvesting of brush and tree species for wood, and of changis in the local enviro:ment that call for iew ap
(4) irresponsible or haphazi;rd buIriiig of vegetations. Notice proaches to wildlife and plant managerlent. lcological
that I purposely used tile terms overgrazing, overharvest- understanding may indeed override political, social and 
iiig, irrp.V)otsible burning, ani submarginal lainds. This econnoic considerations for water transfer projects.
again reinforces Iiiy asstiiill)t ions that, by proper manage- In the past two decades, surface water transfer '<clicies iii
tient, man can operate in arid aid semiarid lands wit hout tile United States have virtually come to a screeching halt.
contributing to desert encrtachlent. Ili today's environmeat, California conld not have con

st ructed tile largest water riovernlet sclieme in our history. 
SOME ICOIO(;ICAL MPICATIONS O WANS 'ihe Central Arizona Project WOuld be difficilt if riot inpossible to sell to Congress. We have stopped talking about the 

IMPORT'ATIONS IN'T'O ARIDIANI)S multibillion-dolllar NAWAPA concept involving Canada, 
In the book Arid Lands in Perspective, prblished ill Mexico, and thirty-three states. We have alost forgotten

1969, Dr. Thadis Box arid I developed a chapter tin the so- about CNAWI---the Central North Americarn Water Proj
cial and ecological implicatiouns of water importation into ect---and -several other schemes to move water into tile 

C)' 
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Great Plains and the southwest through the "Rocky Moun-
tain Trench." 

I should point out, however, that the people benefiting ei-
ther directly or indirectly from the rapidly depleting Ogallala 
Aquifer have not given up on some water augmnc,tation 
plans. One of the major objectives of the High Plains study 
was to examine various plans to import water into the area.The .S.Arm
Cors o Eninees cnduted hispar of 

The U.S. Armly Corps of' Engineers conducted this part ' 

the study and reported on several possible transfer prolects 

to bring water trom the tributaries of the Missouri and 

Arkansas rivers (IHigh Plains Study Council, 1982). The 

costs of' the projects were out of reach for most agricultural
purpses Bu evn
i th waer ranfcr ha bcn conoi-

pullposes. But even ifthe water transfers had been econon.i-
callyshould 
awesome hurdle. Add to this the firm belief by many people 
that there is no "surplus" water in these rivers if adequate 
consideration is given to the freshwater inflow reqUirements 
at the ocean estuaries, 

The zone of interplay betveen the margins of the sea and the 
land is the environment for a remarkable assemblage of ter-
resirial and aqluatic ife. Fish (and fowl).	 that divide their 
lives bet weeni freshwater and salt . .. pause for a sojoulrn be 
live between 1'reswateand . SOLces 'salt .ream I it.so hico-if
tweenI ct aitter, iupstream Cam. iiThere 

In spite of the slowdown of U.S. water projects, a status 
report by Postel ( 1984) in a Worlw'atch paper shows the 
f'ol lowing data on selected niamor world river diversioii 
programs: 

I.The decision to begin constriction on the North China 
Plan for the Chang Jiang River to divert 15.o kin' per year 
was made in 1983. 

2. Construction of the Caspian Sea Soviet Union project 
to divert 2o.o kil' per year is scheduled to start in 1986. 

3. Engineering designs have been completed on the Cen-
tral Asia Soviet Union project for the Siberian rivers. in-
volving 25 ki' per year. 

Major projects planned for South America, Af'rica, ud 
Australia are in a holding pattern and will probably not re-
ceive serious consideration until an abtndant , cheap source 
of energy becomes available. 

MINING UNI)ERGROUNI) AQUIFERS IN ARIID 

LANI)S 


A significant fraction of the world's irrigated agriculture 
is based on the devcopmCnt of undemrground water sources. 
Most, if not all,of these aquifers are being depleted--
mined just as surely as we mine copper and silver. In the 
United Siatcs. the best known of these depletable aquifers is 
probably the Ogallala, which underlies parts of the states of 
Nebraska, Kansas, Colorado, Oklahoma, New Mcxico, and 
Texas. For our purposes ;oday, I will mention only that the 
Ogallala supplies water for approximately 14.3 million 
acres (5.8 million ha) and is :apped by more than ,50000 
irrigation wells (Barhi, 1984). Nearly half of the available 
water has already beemi utilized, and the recharge rates are 
only a fraction of ,he annual withdrawals. 

But, while many people know about the Ogallala deple-
tion problem, f'ew realize that most other underground aqui-

fers are also being depleted. I am on a statewide water study 
committee in New Mexico. We have looked at the statistics 
on every underground basin in the state. Although the data 
are admittedly incomplete, several observations can be 
made about these studies: 
I.If we continue the present rates of withdrawals in New 

Mexico, some declarcd basins will he exhausted in thirty to 
fif'ty 	years wvhile others may last seventy-five or more years.
ifconomic exhaustion will be reached long before total 
dEcooc us
 
depletion occurs. 

2. Aftd"b underground basin hascan beencontinue.declaredTheclosed'' byanthe state engineer,waterdepletion 
commonly used forty-year time frame for future planning 

be extended to protect the coming generations r at 
least one hundred to two hundred years. 

3. Most underground aquifers have a direct, or at !east 
indirect, relationship with surface water even though part of 
the water may be identified as "I'ossil" overN\ater stored 
inany centuries in tilepast. 

4. There is a nied to cIaiiy the term "unappropriated 
water..' There is nto 'unappropriated'water in New Mex

one considers the well-being of' future generations.
fore, no intcrhasin or interstate transf'ers should be 

considered except under extreme circumstances 
I make these observatins about underground aqUif'eis in 

the midst of a legal controversy involving the state of New 
Mexico and the city of El Paso, Texas. This case illustrates 

several of the points I have tried to make in this paper about 
the competition for vat in arid laids and the evasive na
ture of the resource. Since I am now a confirmed New 
Mexican, my comments on the El I ;o water suit will ob
viously carry tilebias illustrated by a f'ornier territorial gov
ernor when lie made this statement about our state: "New 
Mexico is so far f'roi Heaven and so close to Texas." Many 
bumper stickers in our state now carry the slogan, "Thou 
shalt not covet thy ieighhor's water." 

The basis f'or this concern dates back to September 5,
m98o, when the El Paso Public Service Board filed suit in 
fcdrawhen t seekic SeveBna e uit ll 
flieral district Court seeking to overtii a New Mexico law 
that prohibited anyone from drilling a well inNew Mexico 
and translp ring tile Water for use in another state. The
thrust o1' El Paso's argument was that the New Mexico stat
ute was unconstitutioiial because it represented ainimper
missible burden oi interstate commerce. 
The New Mexico state engineer, caught by surprise and 

concerned about a surge in speculative drilling as a result of' 
the lawsuit, immediately declared the Lower Rio Grande 
umid'ig-ound water basiniatnd the Ilucco underground water 
basins as "closed basins'--with further drilling under 
the control of time state cngincer. El Paso then filed for 326 
well periiits in the two basins seeking to be "first in line" 
over any further New Mexico or Texas permits. The irony 
1 this Situation is that New Mexico historically has had 

fairly good water laws with sorie protection for prior users, 
whcreas in Texas the landowner also owns the water under 
the land and lie state hias limited control over allocations. 

From the 326 well permits, El Paso is proposing to pro
duce 290,00o acre-feet of water (0.3575 kin ').'['his is 
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iooooo acre-feet il,'re than tile current consumptive use ture more energy from the sun. Research can point to more
within the entire Elephant Butte Irrigation District (Blahr, effective ways to increase the efliciency of water in a soil 
1984). medium. More emphasis must be placed on plant breeding

About two years after El Paso filed suit to challenge tie and genetic engineering using water as the prime measure-
New Mexico Water Export Law, tile court held that ground- ment unit. Some of our research already indicates that by
water is an article of comnierce and as such tile state bound- selecting plants lor various water regimes, we can increase 
ary could not be used to stop the movement of, water. In ad- tie producti-n potential in excess of 200 perctClit.
dition, a year later, Judge Bratton ruled that the Rio Grandc Finally, it is impcrative that we design sophisticated "sys-
Compact is not relevant to tie case. This later ruling calc tems research" prograns to examine the total hydrologic
in spite of tile belief by nany hydrologists that there is a cycle, including climatic variables. Only then can vc see 
relationship between tile 'Rio Grand: Undergrounld Basin'' tile best oplportunitics for increasing tile efficiency of water 
and the surface flow controlled by the Rio Grande Compact, Only then can we best determine how and wlen to tapuse. 
which involves three states and two countries. this solar-powered water cycle ior nan's welfarc. Only when 

In the meantime, tile state enginecr has been ordered to we better understand the total system can we dctermine tile 
process the El Paso permits, Fort Bliss has also filed for impact of our individual and sonletinlms contradictory tamwater, and New Mexico has again revised its water laws. We perings with tile natural order. More than forty years ago, 
are back oin tile courthouse steps, illustrating again that the astute ecologist Aldo ILeopold stated it well: "'Thus, nien 
\Vater is an important, but "evasive' resource. According to too wise to tolerate hasty tinkering with ou.r political consti
one of OLIr state leaders who has a tnitILie waN' with Oin l.an- totion accept wit llit a qILiali tile most radical amendient 
guage, the city of El Paso has, thlroigh the filing of this law- to our biotic constitution" (Leopold, 1941). 
s5it,topened up a box of PandOras." 

TilE CONSERVATION ANI) RI'SE'AR(l REFE ]NCES
IN!PERA\I N," Bahr. 'Thomas G. 198 4 . Legal, hydrological. and ciivironmelalissues surrounding the El Paso w\atcr suit.T[his overview A liiitile w ter problems onlarid anld senli-Wet rLCilg 

In Water law in tileii il Iroceed iIgs of the 2,11l atdta Neww M xc watwa 
arid lands points to tie ned for two action prograils- conferencc. 
conservation and reseahrc, Iltniediate attention mu st be 

\West. 01(i 2 aith N Niexi co ,'r r 

The browning olAmerica. 198 I.Nit,'sicek Ich ru:ary 23. 
given to both. Cari, Stanley A. 1906. Coordination of lish and wildlife values 

Conse rva 1tionoffers tlie best sIltrt-term oppotur'tlnity atid with water resoutrce devclop ient goals. In Pro,(2eings of the 
in most cases, the Imlost econ ical hope fOr increasing tlie scond aliial Amricai water resources conference. Clii
efficiency of water use in the f1ood sector. Conservation cago: University of Chicago.
 
practices ran extend the life 0if Iur valtable undcrground ('oucit on Environmental Qualiy and the Department of' State.
 
aquif'ers alii offeri tile equLiivaIclit in Water savillgs (f' iiany I g8. The gIlobal 2(o report to the presidenlt. Washington,

nlultinlillion-dollar water importation schlcis. Wi.ter con- D.C.: II.S. Govcrnme t Printing Ofticc.
Dawson, (Gc 1rc R. ig8i. Water flor agrihrClILi is a competitiveservation practices on rangelantids call slow the desertitica- cm iro l i t In' Procc lings of Ii: 26th aiiieal New Mexico 
tion process and increase productivity. Witfi a I O to 15 per- iiifercec. New Mexico State Universitv Water Resources 
cent savings ill the agricUilturial sector enough water coLIld be Rcsevrch liistituit Repolt No. i34. 
released for most of the expauded needs created by indhis- I arl, Richard A. 1983. Correspoidcnce on climatic chlge. New 
trial and MLunicipal dcVcloptlit in tile western United Mexico S°,aic Univcrsity. April i5. 
States. Ilarris. Robert. It8o. State of the range resources. In PrIceedings

I was pleased to see IIl tie new Texas water plan, re- of the national conference on renewable natiral resolirccs. 
leased ill June, 1948.1 defined specific action plans for iiiuiii- Washingio|i, ).C.: AFA. 
cipal a d Concrci l watlr conservation, as well as recoin - I leady, Harold F. 1984. Raiige manageilet froil 1934 ill 1)84. /1

len llions Ifo~r illdtlIS(try and atgriculture. This n V plan, ,Proccedings of the natilnal celebration ofirsary the liftieth aiiliverof the Tav'h1r Grazing Act. 
with iich more accurac, than the first one we developed IHigh Plains Studv Ciouncil. Il)82. A tf ilie resiIIlilfai' ults of the 
under Chancellor Gilchrist, projected savings in ihe agri- Ogallala atluifer lcgil1 Sluly. .'\ugust 12. 
cLltural sector through conservation practices alonIe oliver Kaki.,1brahima Baba. I1977. \Vhic arc lie ra ius of yesteryear?
1,450,ooo acre-feet (178,784 kiil ) \v;tcr atinually. In CI-RES FA( Rcvicw of' Agricoilnire a Ie)velolplnt. 

An accelerated researc ef'h should paralleli Inser- March -April.frt lie 
vation thrust on semiarid lands. We lluSt lcarnl to leasUr'c Leopold. Aldo. 1941. lakes in relation to itrrestrial life patterns.
everything we do ill units of water and become tnore col- IPrepared for a sy\iiipiO,iuliIllOihydrobio logy. Madisol: Univcr
sCioIuS 0ifwater in all aspects of our daily life. Unforttj- sity if' WiscoisinIPress. 
nattly, too nilICIi Of OUr research is iot designed with water McClintock. I)avid. I)8l. The gl bal ilpitace (if American 

aspln avaclatiltry. tatwena Agricultuiral lnds Study piperas a constraint. If'w ask ourselves the right questions aind crop availability. National 
,!esign Out' research properly, we can increase tile elliciec' McNamara, Robert S. i1o8. lIood as adeterminnt of world level
of water use in all iS if f'ood prtlIuctioll, processing pe nt. Congressional roulndlabl March 4. Washliigtoln.aspects 
and (listribution. Research must provide the answers aid the I). C. 
alternatives. National Agriculture Lanls Study. i81o. National Association It 

Research on photosyntihesis shows great potential to cap- Conservatiu I)istrict 
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I6. THE MANAGEMENT OF WATER DEVELOPMENT FOR
 
LIVESTOCK IN DRY ZONES OF AFRICA
 

Stephen Sandford, International Livestock Centre for Africa, Addis Ababa, Ethiopia 

ABSTRACT 

This chapter draws attention to issues that policy makers should 
bear in mind in the development of water supplies for livestock in 
dry zones of Africa. It identifies areas that should be the main con-
cerns of polie,,makers. These include increased productivity
coupled with .. ability, and environmental conservation and equity, 
Alsosources,presented are the issues concerning the number of watert'.ir type, who controls them, and on what financial 

soures.th,-irtyp,wo cntrls tern an oi wht fnanialterms water isprovided. It contrasts traditional strategies for over-
coming water shortages for livestock with modern ones. Tradi
tional strategies do not depend on inputs and skills endogenous to 
Africa, live traditional strategies are distinguished. These can do
only little to supply more water; they are focused on alleviating the 
problem rather than overcoming it. They can do little to correct 
weather-induced instability but arc not very prone to administra-
tive or technical breakdowns. Their performance in relation to 
conservation is ambiguous. As for equity, they do not present op-
portunities for outsiders to exploit pastoralists, but pastoralists 
may exploit each other. Modern strategies are dependent on cx-
ogenous inputs, and two main ones are distinguished. One seeks to 
open up previously inaccessitle areas and to reduce the amount of 
energy wasted trek!ing to water; the second aims to use water sup-
plies as a mechanism for controlling grazing. The performance of 
modern strategies has tended to be disappointing pattly because
modern water supplies have proved very vulnerable to technical 
and administrative breakdowns, partly because government. have 
often not been able to control water supplies, with consequent bad 
ehfects on productivity, stability, and equity. 

INTROI)UCTION 

This chapter draws attention to the issues that policy-
makers should bear in mind in the development of water 
supplies for livestock in dry zones, with particular reference 
to Sub-Saharan Africa. The chapter identifies the main op-
tions available, highlights the main strategies that have been 
followed, and draws lessons from the experience gained, 

Domestic livestock need water, and unless it is provided
in adequate quantities, their output is reduced and they may
die. It is not always possible to pro%,ide a water supply
wherever it is wanted, and in dry areas water will always
remain a scarce or expensive resource. A number of differ-
ent strategies have been used to overcome or alleviate this 
shortage of water for livestock. Some of these strategies 
focus on management of the livestock herd; others on man
agement of %ater supplies. Thc latter serves not only the 
purpose of overcoming water shortage, it can also be used 
in dry zones more positively as a tool for ensuring optimum 
use of rqngeland vegetation, 
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CONCERNS OF POLICYMAKERS 

Inconsidering livestock water supplies, producers as well 
as policymakers, both in government and in local commu
nities, normally have a number of major concerns. First,
they are interested in the current productivity of the system:
how many and what kinds of livestock water supplies will 
yield the greatest beneits? What capacity and spacing of
ycdtegets eeisWa aaiyadsaigo 
water supplies will give the best access to forage and reducethe titne anl energy of watering'? In addition to average 

short-term or long-term productivity, producers and pol
icymakers will be concerned with the stability of income 
and production and, therefore, with ensuring a reliable 
water supply. Unreliability may be brought about by sea
sonal and interannual variations in weather, by administra
tive or technical breakdowns in the water supply, or by dis
ruptions of a social or political nature. 

Policynakers' second major concern tends to be the con
srvation of tie natural environment. What will be the
 
ervat of ite nur cnv t. Wa ill be oh 
effect of changing the number, capacity, or mode of use of 
livestock water supplies on the surrounding vegetation, on 
soil erosion, and on the av:ilability and quality of water for 
other purposes'?

The third major concern of policy makers tends to be 
with what are called equity issues. Who are the major gain
ers and losers from the way water supplies are cu:.,ained,
used, and maintained? For example, some technically so
phisticated kinds of water supply, e.g., deep boreholes, can 
be constructed or maintained only by special equipment or
skills drawn frot outside pastoral areas, often from outside 
Africa. Other kinds, e.g., open wells, can be duL 'idmain
tained by the pastoralists themscvc. or their neighbors.
with domestically manufactured tools. In the one case there 
is a leakage of income from the area in order to finance tile 
work. inthe other case it is ret:tined. In the former case 
there is also a loss of control by pastoralists, making them 
dangerously dependent on the goodwill of others. But a 
more important equity issue is usually the one of who will 
be allowed access to a water supply and the forage withiiu 
reach of it, and on what terr.,' (e.g., parr',lit or limits on 
the number of livestock they may water). 

THE MAJOR OTIONS 

Decision makers have an enormous number of choices to 
make concerning water development, the choices being
governed by the place or time. It is possible, however, to 
classify them in four groups: the number or spatial density 
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of water supplies, the type ot supply, who controls tilesup-
ply, and the financial terms on which water for livestock is 
to be supplied. l)ecisions falling under each of these lour 
main classes will sometimes have unexpected effccts in 
terms of the productivity, environmental, and equity Coll-
cerns previously mentioned. For example, a decision to ill-
crease substantially the density of water supplies ini an area 

may suddenly make accessible for the first time to a tribal 
group that raises cattle an a'Ca that could prCiotsly be used 
only by a tribal group owning camels. The fortter thus 
gains ati le cx peise of* te latter. 

A decision made in one of these ateas is not entirely iode
pendent o one made in another area. For example, tle dcci 
sion to install a water suipply 01 a very :a'iphbis;6catcd t'ype 
iIay, because of its expense. iniply thiat tile iiLi1ci dci 
of such water supplies Must b1 vCry low, and that their con-
trol be vested in covernment rather than ill the hands of a 
local conitllri it y xWho are 0o acCList orned to stcIi sophis-
tication. A decision that the costs of water sup1 Iy shall be 
tully recovered from the uset may, in tLIrn, requit ire (hat 
ownership and control over it be vested inthe hands of alr 
individual because only in this way is there any likelihood 
of user tees being properly colk, _ted. 

iESSONS I,'ROI THk PAST 
In drawingi lessons from the past and extrapolating there-

from, it Will be useful to distinguish bet\VeCll wlat wC can 
call "traditional" and strategiCs overcomingriiodcrtl" fiOr 
water sIortages indry zones of Africa. A traditiionaI strat-
egy is delined as one which does not reqIu ire large inputs of 
Money. equipmen, or skills frori outside Africa. A modern 
strategy, iii contrast, does require such exogenous Inputs. 
The crucial ditference between the two is that Lirider a tradi-
tional strategy there is cxIremtueI y little choice, because o" 
technical constrainis, ab)Lt xxlIerC o locate a water supply 
and what its capacity should le. Under aimodern strategy 
the choices are rilich Wider because the technology exists to 
lind or brin xVater alrIiost aiywvihere it is reCded. The pri-
mary constraint is (bilat oIcost. 

TRADITIONAL STRA'I'EIIES FOR OVERCOMING 
WATER SHORTA GES 

We can distinguish live traditional strategies, three of 
which essentially involve the management of livestock herds 
and two. the management of water supplies. We shall dc-
scribe herd management strategies lirst. 

Adjusting the Species, Age, and Sex Composition ot 
Herds 

This -composition" strategy involvxes adjusting the species, 
age, and sex of livestock holdings. livxestock owntiers react 
to eative water shortages by adjustilng the species cotm-
position of' their holdings. In drier areas tlere tend to be 
more camels: in wetter areas, more cattle. Because Various 
species differ in ways other than their adaptability to water 
shortages (e.g., in the freuLlency, timing, and duration of 
lactation, and intlie amount of labor reluired to tend thet). 
pastoralists will often try to keep more than one species, but 
the ovcral! hitlarice between species Will diftier between drier 

ale I. Fie relative proportions of livestock species inIheherds"of two 
Somhli clans illsoulheatstern lithiopia. 

Approx. )cnsity 
of l)ry-scason 
Wate 


2
CIan (No. per kil

ba Akl1IIr 0.(4 

Abaskul 2.57 

i 
p4rtiln f'ural livestock 
(';Ttal 1 iass) 

Camels Goals Sheep Cattle 

72 4 15 9 
27 9 33 31 

,(1URCI-S: ('ossiis. Ia dud Watsim. 197.. 

areas and wetter ones. This is well illustrated by the ex
ample of two neighboring Somali clans whose animals 

v 	 graze ill southeastern tEthiopia. Theso clans' territories dil'
fer in their levels of" water resourcecs, and so, in conse
qLuence, does the balance between species in the two clans' 
livestock holdings. Table I gives the evidence. Livestock 
owners also aLl tihe age and of individijust sex coMipoSition 
ial herds within their total hoIldirgs ill accordance Witl 
rater requirements and adaptability to water shortages. 

Positioning Livestock and Conserving Feed and Water 
This "positioning" strategy involves two elements. One of 
these is the careful adjustment in space and time of differcit 
species and classes of livestock inlrelation to water sup
plies. 'his adjustment depends on the relative water re
(luiretient of, each class and specie and on tileavailability 
of forage areas in the quantit i att qrality appropriate to 
those livestock. Where water is scarce, the total livestock 
holding Will be split ip into as many lierds ol relatively ho
mogencous livestock as the ariount of labor available for 
herding permits. so that each herd call be managed in the 
t'lost appr(opr iate way ISwift, 1979, 144- 158; Cossins,
1971ia, 45. Dilah, 1979, 42). As a general rule in societies 

that split their holdings inthis way, tiilk stock will graze 
closer to water and dry stock farther away.Camlels will cer
tainly graze the ring most distant from water, sheep and 
goats probably tile intermediate one, and cattle the closest, 
althoui~'h this depends on x,,hether water cali be transportedto calxes or tit. 

The Hlusbatdry Strategy 
Iivestock owners engage in some other management prac
(ices-we cali call them collectively the "husbandry strat
egy"-in order to overcolie water short.,ges. For example, 

i EIthiopia (Cossiris, 19711,one Somali clan in sotttheastern 
70), arid perhaps also some of 'he East African Maasai 
(Western, 1982), deliberately select Ifr white- or light

in their breeding practices because 
greater ability to withstand heat stress utider conditioris of 
water restriction (King, r1983, 34-37). In East Africa sev
cral pastoral groups ilter tle ioui-s and ICrg thIiofIdaily graz
ing and trekking so as to rxi,\iriiize Moisture intake froi 
dcw and to reduce water loss from nioveri nt in the heat of 
the day i l.exvis, 1977, 41, Western, 1973; B.tranagan, 1962, 
8 I)al, 1979, (12). Another management variable is tile 

colored c'ittle 	 of their 

dit
ration and number of drinking episodes that take place at 
each visit 1o a xvatering point . For example, as the inte'vals 
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between watering episodes rises fromu two to three days, rules apply to different kinds of water supply within the 
pastoralists often allow livestock an opportunity to drink sane area and society (e.g., see Cossins, 197 1a). 
more than once at each visit to a water supply (Fie:J, 1977; Control of access to water usually only distinguishes per-
Bernus, !981, 30: Marty, 1972, 27-29; Cossins. 1971b, sons with stronger or weaker claims to use a particular
48; Torry, 1977, 1o). water point. It seldom, if ever, imposes a fornal limit, by 

regulation, on how many stock each person may water in 
The Strategy of Investing in Water Supplies times of' drought. lHowever, other kinds of constraint mayTis "investment" strategy is to construct new water sup- impose less formal limits. Foremost among these is tile in-Tintssu creased requirement in tines of water scarcity for human Ia
plies in water-deficit areas. i some parts of Africa thgis has bor to extract water from the source and to deliver it to live
been done on a consider:ble scah and with a high degreeo stock. Om "c.s of herds with high stock family labor ratios 
skill. In a ridsuheternill thipa. Oft3, water soues,1.2 will have to make arrangements to hire labor or to entrust 
hae squee conted inan ra9f330 kmaditional pe.,. their animals to the care of those whose herds are smaller. 
per square kilometer (Watson. 1973). Traditional open Such arrangements are expensive, and in times of water 
ternative to investing in water Supply in oder to gain ac- shortage owners of large herds will have to either de-stock 
trntivto inesing i wata ersupplyea in toe gailitnac- or remove their animals to less labor-intensive wateringcess to grazing in a water-deficit area is to invest in a means ponsAsd17.24-5:-ll&d,9,63-7) 
of trar~sport, such as a donkey or caniel, \Oihch call carry pons(ad 9024-5illid io,6-7)call 
near good grazing but too far for the ,c at l ts trek to these are efficient'v used. It includes a number of activities 

that require a degree of coordination and organization of 
water themselves (e.g., see Swift, 1979. 147, and 154). effort between different individuals or groups. Wells and, to 
Managing and Controlling Water Poiits -an extent, dams and ponds need annual maintenance to re

water for tile use of calves or s stock at camps located Management of watering points is designed to ensure that 

move silt and sand, repair structures, and replace tile equip-
The final traditional strategy wC discuss is one for managing ment, e.g., wooden frames or windlasses, by which water is 
and controlling water points. ly management we lean tl, drawn (1Holy, 1974, 107). Either daily or at the watering of 
organization of watering activities and maintenance in suL., each herd, minor repairs must be made to watering troughs, 
a way that a minimunm of time and water is wasted. Waste and dung and other refuse removed so that they do not con
can be caused by slow rates of extraction duc to insufficient taminatc tile source (1lelland, 1980, 66-67). Watering and 
labor or other forms of energy to draw water, through quar- labor rosters have to be drawn up so that each herd or type
rels and fighting abcout turns for watering, through fouling of animal is allocated an appropriate frequency of watering
of water by animals, or through losses from water sources and a place in the order of watering for that day, and so that 
or troughs. By control we mean the regulation of access to a adequate labor is there when cooperation between different 
water source and restricting this access to the number of herding units is required. Some further rules may be needed,
people or livestock for which the water and surrounding for example, to prevent the mixing up of herds (Lewis,
grazing is adequate. 1978, 48) or trampling of smaller animals, or to segregate

Tile rules and systems for managing and controlling water sick animals (Chambers, 1969, 15).
points differ from society to society and, within the san e In some pastoral areas specialist institutions have evolved 
society, between different kind'; of water sources, differe it to perform these management activities. Among the better 
seasons of the year, and sometimes bctwcen the same sea- known of these is the system of "well master" and ".Yell 
'son in different years. The degree of management and con- council" among the Borana of Ethiopia (lelland, i98o).
trol tends to vary with the scarcity of water, with tile diffi- But where water is not scarce, management tends to be min
culty of extracting it, or with the anount of surrounding imal. In regions where water is relatively abundant, spe
grass. Where neither water not grass is scarce, management cialist traditional institutions for water management may
and control arc often perfunctory, 'ut becoming more strict not exist. In regions where water is scarce only in some sea
as the dry season advances (Fortnmann and Roe, 1981 , 142 sons, specialist organizations may exist but operate only at 
and 145). In areas where communal systems of land and the season of scarcity.
grazing tenure apply, it is usual for water inephemeral natu- However, in regions where water is extremely scarce,
ral pans to be unnanaged and uncontrolled. The . . in specialist water management institutions 1o 0ot SCC to 
the pans is likely to dry up more quickly through evapora- have evolved. In areas used by Somali pastoralists in the 
tion and seepage than aninals drinking there can exhaust Horn of Africa---areas adjaccnt to but more arid than those 
the water or surrour "rig grazing. so that the water is not a of the Borana--no specialist institutions for water manage
conservable resourc. ) be kept from the livestock. , ment have evolved. hi southeastern Ethiopia informal coun-

However, in dry areas most societies control (i.e., regu- cils of Somali elders from among those who expect to use a 
late access to) permanent water. In some cases the power to well may meet to work out watering schedules (Cossins,
do this is vested in individuals through a concept of private 1971a, 39). But amlong the Somali of northeastern Kenya 
property, and this power can be bought, sold, or inherited, even stch informal councils appear to be lackiplg (Chanl-
In some cases ownership is vested in the society as a whole bers, 1969).
that grazes in that area, and in others ownership is vested in Ilow do these traditional strategies measurc up to policy
only one section of that society, In some cases tfifferent makers' concerns with productivity, stability, environnena 
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conservation, and equity'? As we shall see later, a key factor 
in improving productivity is reducing the distance livestock 
have to travel in search of water. In this respect, traditional 
strategies, because of the low level of technology inherent 
in endogenous supplies, can make little progress in tackling 
the issue directly by placing new water supplies in water-
deficit areas. Instead, as we have seen, a variety of' ap-
proaches are adopted to get around or alleviate the problem 
rather than to overcome it directly. As far as unreliability is 
concerned, again, because of technical limitations, little 
can be done under traditional strategies to reduce weather
induced instability. On the one hand, their independence 
from exogenous inputs makes traditional strategies much 
less prone to instability induced by administrativc or tech-
nical breakdowns. On the other hand, politically or socialiy 
induced breakdowns, e.g., fighting by rival pastoral groups 
over water supplies, are fairly common, 

As far as environmental conservation is concerned, two 
points can be made. First, traditional straegies are heavily 
dependent on hunman labor to extract vater from its source, 
e.g., frot deep wells, and tileshortage of labor, therefore, 

effectively acts as i brake ott excessive water depiction. At 

the same time, the extraction techniques involved-buckets, 

direct contact between animals and water source-provide

ample opportunity for severe pollution of tilesource. Sec-
ond. the fact that traditional strategies are so dependent ont 
human labor is an indication of the degree of close herding, 
and while this degree of' close herding results in a itMuch 
more even distributien of grazii,, pressure com1pared with 
situations when animals are roaming free, this even distri-
bution also permits a higher overall intensity of exploitatioi 
of soil ,nd vegetation, 

In terms of equity the picture is Mixed. Traditional strate-
gies, being independent of exogenois and conmplex inputs, 
present fewer opportunities for outsiders to exploit pas-
torali "'s through control of their water supplies. The higher 
labor requirements of large herds ttnder traditional statcgies 
also provide an opportunity for those with surplIs labor to 
profit at the expense of the rich with large herds. On the 
other hand, the extreme scarcity of water supplies under tira-
ditional strategies provides many opportunities for those 
pastoralists who control access to tilewater supplies to cx-
ploit their neighbors. 

WAIER SlORT'AGES 

A tmodern strategy uses inputs cxogenotus to Africa. It 
therefore has access to the skills and resources of the devel-
oped world with a consequent enormous increase inability 
to locate Iew water supi 1iCs in the places and of tilecapac-
ity needed. The to, in nodern strategy is,therefore, to open 
previously inaccessible vater-dclicit areas tograzing andtio 
achieve a density of'watering places that provides ;n op-
titum baIatice between the increased outtIlt resuiltitig froto 
reducing the distance trekked by animals insearch of water 
and the increased cost resulting from investment innew 
water supplies. 

Table 2. How multiplying the number of watering points increases output 
by saving energy spent by livestock on trekking to water. 

Spacing between water points (kmi 20 10 5 2.5 
Increase inoutput per head compared 

with next widest spacing (%), - 34 5 2 

"Oulint per head of livestock ,[spacing A less output at next widest
 
spaing B as aproportion of output at spacing 13isgiven by
 
A I .X)
 

Hard evidence of differences in output arising, ceteris 
paribus, from differences in access to water is still lacking, 
although the International Livestock Center for Africa 
(ILCA) is currently experimenting in thi: area. It is, how
ever, possible to Put all the existing scattered, incomplete, 
and indirect evidence into a 'simulation model" that esti.
mates, on the basis of certain assumptions, the effect otl 
output of reducing the distance animals have to travel in 
search of water. Table 2 presents the results (reported in de
tail in Sandford, 1983) of such a Model for range areas, and 
indicates, fOr example, that halving the spacing between 
water points lrom 20 to to kil (Which itivolves qiadrupling
the ntmber of watering poitts) leads to at increase in out

put per beast of 34 percent; but that halving the spacing 
a1gain frotit 5 to 2.5 km .viii lead to only a further 5 percent 
increase inoutput per heald. 

The second main modern strategy is to use water points 
as an ;nstrument to control the intensity, uniformity, and pe
riod of grazing in a way that increases the productivity of 
pasture and niimi:,es soil erosion. file density of w.tter 
points, their location in relatint to natural fCaures such as 
hills, and to periods of the day or year in vhich they are 
open, influence the distribution, atd movement of livestock 
in space and tinte. On Unfenced rangelands in Australia, un
herded cattle can be redistributed between different areas 
simply by closing one v,ater point and openg another 
(UNFESCO, 1979. 469). Where livestock ar herded, the 
opening and closing of water points, andiilimitations (in tle
ory, at any rate) oti the supply of water from thci, can 
be used to enforce pasture rotations atnd Ylock limitations 
against tie wishes of the herdsmen. 

Naturally, the distance that livestock will graze out frot 
all isolated watering point (and thus the location of allystress they exert, through grazing and trekking, on soil and 
vegetation) varies by species and class of livestock, from 
place to place and Season toseason, and according to vcge
tation type and whether or not the animals are herdeid. For 
example, aroUnd one watering point inCentral Aist ral ia the 
grazing dis tance from the watering potint of the toajority of 
cattle (unherded) varied from Ikitl to 13 ki. depending on 
season and grazing abndilance (Ifoildcr and ILOW. 1978). At 
another watering point itl thSs rite emral arca, faced with 
similar conditions of feed scarcity, at to tite did the tiiitjor
it than 8 ki.3 graze imore 

A spatially even dist ribut ion o, pressirte ott vegetation. 
soil, and ater can [e brought out by adtusting the density 

Ca
2 



and location of water points so that the whole area is brought
within the usual range that livestock will graze out from 
water. The overall pressure of grazing will be greater in this 
way, but more evenly distributed. However, a high density
of watering points, perhaps in combination with fencing, is 
not tile
only way to achieve an even distribution. Herding is 
an alternative to extra watering points (or fencing) as a way
of obtaining a more spatially even distribution of livestock. 

There can be little doubt that, in the past, water develop-
ment has contributed significantly to African livestock out-
put by opening up for more intensive use areas that, prior to 
water development, could only be used by a few livestock, 
or for short periods of the year, or could not be used at 
all. For example, between i965 and 1976 the area of land 
in Botswana accessible to livestock approximately doubled 
as a conequence of borehole drilling (Sandford, 1977). 
There has almost certainly also been i an impact interms of 
increased output rc:sulting from the reduction in energy
wasted by livestock in trekking to waler, although the patti-
tioning of the increascd output between these two causes, 
increase in accessible area, and reduction in energy wastage 
is difficult. 

Whereas in principle modern technology, albeit at some 
cost. can provide water wherever it is needed, inpractice its 
performance is often dismal. Frequciitly, water supplies of 
an inappropriate type are put in the wrong place and they
either never function properly, or function only Sporadically, 
Isitconsequence of technical or administrative breakdowns, 
For example in Botswa na 40 percent of' boreholes drilled 
never operate, and one survey fo (il 65 percentthat only 
of' watering Points (85 percent of thes-. ' 're boreholes) 
were operating, 19 percent had beei, ai,,doned, and 16 
percent were temporarily not functioning for sonie re.asori 
(Hlitchcock. 1978, 143-57). Borcholcs probably have a 
worse pcrfOrtancce thian other types of water soturces, bilt 
tliese too have their problems. For example, in the northern 
raMgcIhaimd s of1''lai za iiiaI dcvcfopiemit projec t constructed 
or rebuilt twelty-fiVe miajor dMN il tile early 1970s. By 
niid-1977 all of these hiad been destroyed by heavy rains 
(Jacobs. 198o). 

'hese, dcfcct s coie IboIt for a nuLber of rea sons. NIod-
Crn techlogy requLi ire s for itsinlstallfation Cexpesive eq Lip-
mnrt ard staff 'ich have to be used intensively if llit costs 
are to be kept dow n. ',0 COSC(Ilueenc 1, ,IemCI dcvel-tler" 
opriiCiit tends to be ruW.h'd without lCaviio2 alcqLItc tille to 
consult tusers or to aecCtllliLiate enoLgh yNarS ofclilmatic antd 
hydrologic ta. Modern technology offten depends on iii-
ported spare part,, andi fLi.which ill turn reuiire foreign 
exchange and complex proctirCeiit chaMCls. ihcy also re-
qUire hard cash for their pLirCIase rathCr thiar cCipr'ocal ser-
Vices within a ColnilllLiiiity, ai1d this cuishi is difficult to Col-
leet, tl account for, aid to keep safely. Any enterprise, 
whether owned by a goxc rue intor individual, finds it diffi-
ctill toreler the cash costs 0If Wlter SLiplics ill pastoral 
areas, partieL 'ytlie oxVerhela cotst, becauLi se (1of t clIile-
tatring lattLie of deriarid, buIt govIern -cts probably have 
greater diflictilty ill handling the caSh thereafter. It is also 
easy for the disgrulltled or suspiious to sabotage mlodern 
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technology. A final problem lies in the fact that modern 
water technology is often financed from aidsources, and 
then the choice of water supply type, e.g., borchold or dam, 
often becomes as much donor cona question of what tile 

cerned wants to provide its
of what is more appropriate. It is 
for all these reasons that modern technology has proved so 
unreliable. 

Modern strategies have been disappointing in another 
way. It was expected that new water supplies would be a 
means whereby use Of" the surrounding grazing could be 
controlled, thereby ensuring higher productivity and less 
environmental damage. Both the technology involved, e.g.. 
mechanical power which can be switched on and off, and 
the fact that the new supplies would be administcred by gov
ernmnent officials, appeared to provide the necessary mecha
nisms whereby the identity of the users, the numbers of their 
animals, and the period of grazing could be controlled in a 
grazing area dependent on a water supply. Iripractice these 
expectations proved wide of the mark (Blcrnus, 1977, 63: 
Eddy, 1979, 16; Bourgeot, 198 1 , 174). Governments have 
been relctitant to make politically unpopular decisions and 
operators at watering places have been terrorized into doing 
what they shoulId not do aid to demand bribes for doing what 
they should. 

Therefore, in terms of policymakers' three concerns-
productivity with stability, environmental conservation, and 
equity--nlodern strategies have a rather mixed record. New 
water SuLplies have been constructed. aiid as tresult, pro
ductivity, on halance, has increased. But any decline in 
weather-iridced instability has of'ten been couterbalanced 
by increased unreliability owing to technical and adminis
trative factors. The increased ,'iOplex ity of cxogcnous 
technology over indigenous prox'idCs more scope for break
downs. The exploitation ofpastorafists Iy private owners of 
walter supplies intraditional systems may be no worse tihan 
tile cxploitatio ri thiat occurs when government frunctionaries 
find themselves, inmodern systems. in controI ofl publicly 
owned waoter essential for tile survival of'people and herds. 

CONCLUSIONS 
Modern strategies for overconiing short ages of 'vater for 

livestock indry areas are capable of very greatly increasing 
productivity. I lowever, these overall increases inprotductiv
ity may not be accolpanied by alriy inclirease ill stability of 
LItpLIt (indeed the reverse may occur) since inreliability re

suiting front technical and administrative breakdowns often 
increases, ofsettimnl;aNy reduction that iiodern technology 
mayV bring a1otit in weather-iIduiced instabhility. '['he scope 
for manatging riuoderI water SLIpplie, insuch a way as to 
Conserx'e and increase the prodICitivilv o1 the Surrounding
grazing has been overstated. 

Illcontrast, traditiol strltegies ha\ve Much Ics.s scope 
for placiig water supplies where they are needed, arid they 
hid'e i stead sought other lilcars to oxclcolne Waler short
ages. The high labor requirements of implcelnting man y 
traditional strategies have imposed sonic limits on the 
nmber of livestock kept. and, in this way, ralher than 
through anythiniri Iiore deliberate, traditional straltegics 
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have avoided putting ;o much pressure on tileenvironment 
as have modern strtegies. There is nothing inht',ently equi-
table about traditienal strategies. 

A major reason ,vhy modern strategies have not achieved 
aill that was expected is that choices about the number, den-silltaty d iftating aouts ile numbe, (fledan epcat 

sity, and location of' watering pints have become entangled 
with other choices about the type of supply, about who con-
trols it, anud on what teris its operations should be fi-
nanced. Some of' this entanglement is inevitable and is de-
rived from the nature of' modern technology; some of it can 
be avoidcd, and policy makers should consider their water 
development programs carefully to ensure that each of tie 
kinds of' choices is, as far as possible, nMade separately. The 
overall concerns of policylmakers, for productivity with sta-
bility, for environte nt al conservation, and for equity, must 
be kept constantly in mild. 
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17. RANGE MANAGEMENT IN ARID REGIONS AS RELATED TO 
WATER CONSERVATION AND USE 

Martin H. Gonzilez, Ecoterra International, El Paso, Texas 

ABSTRACT 

To make the most efficient use of the limited rainfall in arid and 
semiarid rangelands is the greatest challenge facing range mana-
gers. Large water losses occur because of runoff and evaporation 
inmost range eco.,ystens, and by undesirable vegetalion utilizing 
itso, the actual net rainfall remaining for desirable forage species is 
only beween 20 anId 40 percent ofthe total precipitation recorded.Tbs da m ii ticth red i of or tkr-oc io av bilil w a er ooThis dramatic redu]ctioln fileavailability of water fo~r g2ood for
age plants shows the importance of establishing, as priority, the
 
range improvement actions involving vegetative modifications to
 
control runoff and reduce c vaporation: soil and v'ater conservation 

practices and stroctlires: and design of the adequate grazing systems

with balanced intensities of use that good oanagetnllt d'l,'amds for 

each particular situation. Evidence is presented (ill tfle positive ia-

proveilients obtaincd when one or inore o theseipractices are in 
plenicetcod , in terlns of belter forage and animal producli

The irfluclce of tihe vegetative type and of the condition of the 
range on inliltration and r1noff1; the eiects that grazing has oil 
water conservation; and (i llcr lit iiethots of nodi lication of tile 
vegctative cover o impriovc water usc. iainly through brush con-
trot ;illrescedin,. arc iscusswd. 

INTRODUCT'ION 

The greatest challenge that range tlian agers in) arid atd 
semiarid regionts of the world face is to understand how to 
live with and make the Most c[iciclt use 01' linlited Water 
resources in these arc ,i-.These incltde both surfice and 
underground aquifers. 

According to the Society for Range Manag,'lil, 4) per-
cent of all land oilour plalict is classified as rangeland. This 
type of'land ilieICdes most of the great ,it serts and tie arid, 
senliarid, and telperate grazing lands inthe world, inniore 
than fiftv-two countries. 

Nature has blessed, nevertlieless, most of Iiesc lands 
with a great variety of plants adaptcld to these rehaticly uii 
favorable cliitatic woldiiiots. These plants have served, 
throunghI ilennia, as forage for aninlals and some for I11u-
mans, as fuel, for shelter, f'i working tools, and fkOrniedical 
purposs, atintong other uses. 

Ilowever, tati has not been able to nlainage and preserve 
ol a sustained basis, tite productivity ofl ihose resources. Ati 
alitost continuous abuse has Occurred in many regions (If 
tileworld, whichlihas a direct relation to the acceleration of 
desertiticatio1--a process Ithat moreseems to be affcoting 
areas ol several continents cvcn today. 

With depleted vegetative resources; with erratic and low 
precipitation patterns; with a scarcity of subtcrrattCous 
aquifers; and in itany areas, with erronuous governtcintal 
programs and political decisions, mankind has been forced 

to fight back and face tilechallenge before him, to take 
some definitive actions in trying to improve and conserve 
this diminishing resource, adopting a series of agronomic 
practices and systems i'or animlal management in order to re
turn to an adequate ecological equilibriuinl. 

This chapter presents different examples about wone of 
these practices thl, secondary pl.olt suct tend to accelerate 

cess ion and the reh ab ilitation of deg raded so ils. 

Any range improvement illarid rangelands should be as
sociated with water conservation practices if satisfactory
results are to be obtailxed (Gonziilcz, 1973, Javalera et al., 
1976; Fierro et al.,1979; Sierra. 1982). This is based on tile 

f.act that most of orthero Mexico rangelands (and so tle of
tie southwestern United States) are in a condition between 
fair and good, that Is,that only front 26 to 75 pcrcent o1 tile 
vegetative cover is d -sirablc forage spcies. The retmaining 
species of vegetation are undesirable shrubs, forbs, trees, 
cacti, or annual invaders, which use the same anlount or 
even more of the available water in the soil than the desir
able spocies. 

Fig. t illustrates for northern Mexico. for examuplc, how 
annual rainfall is used by plants and what losses occur dur
ing lie year illshort grass-shrub communities where annual 
;,vcrage precipitation is 340 nIll. The frosl-frce period is 
237 days, and 88.23 percent of the total precipitation falls 
during this period. Potential evaporation is i i mmne/day. 

Infornialion for similar grassland and ntixcd-sh rub ranges 
indicate that evaporation averages 13 nnil and evapotrans
pii-ratlion 22 nit (Branson et al.,1970). These high rates of 
evapotranspiration are confirnmed by Langbein el al. (1949) 
and Busby (1966), indicating that 8(o to g11 percent of tle 
total antnual precipitation i0 the western United States is 
used inevapolranspiration. 

Regarding runoff, water losses are us,:ally high in arid 
and semiarid rangelands, and this is distinctly related to tile 
type of vegetative cover and range conditions (Leithead,
1959). Studies inSonora, Texas, by Blackburn ( 1983) len
(ion ,,lrface niitoIff being 25 percent of total rainfall for a 
buncligrass vegetative type, and 5( percent for sod grass, 
with soil losses OIf 783 and 2,1 5o kg/ba, respectively. 

In Fig. i,front an average total precipitation iii central 
ChiLuallua of 340 in recordcd annually, 4 inIn (11.76 
percetO falls as rain or snow during the winter months, long 
before the beginning of the growing season. Frotl the re
nmining 300 Ill an estittated 172 ilin (50.59 percent 
of total) is lost as runoff and surface evaporation, leaving 
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400 % 
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6
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Fig. I. Rainfall losses and Use by plants ill rangelands of cettral Chihuahua. Average range conditions fair to low to good. (Modified from 
Gonziflez, 1983). 

128 mm to be used by all vegetation: that is only 37.65 per- Through selected examples, this chapter illustrates how 
cent of all the recorded precipitation in a year. But since rangeland vegetation and its management affects water 
most of the rangelands in the arei are in fair to slightly good management and use, and their impact in soil stabilization, 
condition, this means that only ,Iround 50 percent of the modifications ii. tile vegetative cover, and forage production. 
vegetation in those ranges consists of desirable species, and 
the balance left for these is only 68 num, equivalent to 20.0 Influence of Vegetative Ty)e and Range Condition on 
percent of the total rainfall. Infilti-ation and Runoff 

This dramatic reductionl ill availability of water for dcsir- Nulmerouts factors influence infiItration of rainfall into the 
able forage species shows the importance in establishing, as soil. These include intensity and duration (i'f tile storm, to
priority, the range improvement actions involving vegetative pography, vegeiative cover, rock cover, soil lexture, litter 
modilications to control runoff and reduce cvapotrawn;pira- accuiultioti, and range condition, among others (e.g., 
tion, water and soil conservation practices and structures, Slayter and Mabbut, 1964). 
and design of' the grazing systems and intensities that good Conlpariig infiltration rates for those vegetaive types 
management demands for each partiCulitr situation. under different conditions ilirangelands in central Clihua-

Specifically, water conservation, control of' undesirable iu a. Sanchez ( 1972) ouind i directly proportional reltion 
plants (mainly wooly species), revegetation of denuded between condition of the range and infiltration for short
areas, and well-balanced grazing syst ems n ai account for gras: plaiins, for oak-grassland foothills, alnd for alkali flats, 
very signili(alit increments in water, forage. and animal as shown in Table I . Vegetation insidC a thirteen-year ex
production. Evidelnce of tile benefits obtained with s(iie of chistlrC protected frol glazirg had the highest infiltration 
these actiolns are discussed in the following pages. rates in tile three vegetative types, veragillg 20.8 liters (L) 

ill 105 linutes. coipared with averages of 16.2, II .5, aid
COSEROVA ONTAOD UE' R 7..7 I, fbr pastures ill good to fair onliditilin, in poor c(Indi-
CONSERVATION ANi) USL tion, alid for bare grounld. 

The level of legradation ol a given raiiange ecosystelli will 'l'hesec esults are ill accirdaic, wilh those flIilid by 
deternine how much ilnpr velenlt it needs to integrale it (.oiiiilez (1964) in earlier iniiltration tests at Rancho FLx
again into i productive process. Potential to achieve suc- periltCiltal La Calipatla. in Chihuahua, where prolectd 
cess, feasibility, costs, climate, anid edaphic conditions are houItelouta-Aristida pastuires accollnted fOr tin increase il in
sonie of the llost iniportant colnsideratioins in trying to ilt- filtralion of' t6.3 percenlt over dentuded area.: iolerately 
penie nt iny improvenc lprograi. O tie otlher decision it) grael pastLres had 6 1. 5 percenlt mtre alid heavily grazed 
make is the adoption 01 one or various iniprovetlent prac- arc is 27.4 lpiCentl norc waler inliftrated Ihall denuItld soil. 
tices, combinet in order to accelerate tile rehabilitation prI- The eflect of intelnsiy andlsystem of glailip over inliltra
cess in tile secondary successionl. tion, losses ol "oil, anid standilng crop productioin was Ileln



Table I. Influence of range condition on water infiltration in three 
vegetative types in Chihuahua. 

Oak-
Short-grass bunchgrass Alkali 

Condition Plains Foothills Flats Mean 

(Liters in 105 minutes) 
Excellent 32.5 22.5 7.5 2I.8 
Good to fair 24.0 18.7 6.0 16.2 
Poor 19.0 11.5 4.0 11.5 
Bare ground 10.0 9.5 3.6 7.7 

SOURCE: Sanchez. 1972. 

Table 2. Precipitation atid runoff in different vegetative comloujtitcils in 
New Mexico. 

Creosote Semiarid Mountain 
Bush Grassland Grassland 

Altitude, ut 1.40() to 1,940 1.59(0 to 2,8) 2,5410 to 3.5(1 
Precipitation, mm 305208 575 
Runoff, mm 1.25 2.40 151.(
Runoff as percentage 

of precipitation 0.6 0.8 20. 

SOURCF: Adapted front Dortignac. 1956. 

onstrated by McGinty ct al. (1978), at the Sonora Experi-
mental Station in West Texas. They studied those effects 
under heavy contilnItous grazing, heavy grazing in a tie-
ferred-rotation f'our-pasture system, and inside a twenty-
eight-year livestock exclosurc. Infiltration rates were higher 
in the exclosures 1t0.24 ctt/hr) and the rotated pastures 
(10.40 cm/lr) than in the contilluously grazed pastures 
(4.4. cm/h4). Soil losses were 134, 16o, and 211 kg/ha 
under rotation grazing, exclosutre and continuous grazing, 
respectively, and this same trend occurred Ot the yield of 
standing crop. with 2.56. I.91, atid 1.27 ha )M. 

Also in Sonora, 'exas,. Bhlackburn (1983) demonstrated 
the intluence of tile type of1grass cover oI runoff and soil 
loss. Surface runoff was 25 percent of recorded rainfall ili a 
bunchgrass vegctative type, while in the stII-grass areas 
runof(Itf was 50 percent of rainfall. Similarly. soil losses were 
783 kg/ha for the bunchgrass type and 2,15) kg/ha in 
tile sod-grass area. These results are biscL Oin '1i11avera.gc 
(oo inn) simtthaled rain in thirty minutes, applied twenity-

two tines over a tour-year period. 
Table 2 presents data obtainted by l)ttiginac (1956) in 

studies in tile upper Rio (irandc bitsin ill New Mexico, corm-
paring runolf in three vegetative commulties: mountain 
grassland with 575 tin rainfall semiarid grassland with 
305 nIll, and creosote bush rnge with 2(8 1iu11traini fall. 
Runoff was 150 tnt1 (25 pcrcent of rainfall) ill the mountain 
grassland, 2.5 tltn (o.8 percent) itt ile semiarid grasslantd, 
aind t. 25 (t.6 percent) it tlie drier creosote hushi on)tintnitIt. 

In general, numerous studics have demotnstrated how ili-
liltration int'creases and tlnolf decreases is tie condition of 
the range improvcs. I.eithead ( I1959) colicUted Ii at a range 
site ii Texas itt good condition aisorbed moititre live to six 

Range Management in Arid Regions 99 

times faster than the same range in poor condition. For semi
arid rangelands, this trend was found also by Gonzfilez, Mar

tinez, and many others. 
INFLUENCE OF GRAZING ON WATER
 

CONSERVATION
 

When measuring infiltration tinder different grazing in
tensities, there is some tendency to show that, in general,
undergrazed areas absorb more water than those under any
type of grazing. However, light grazing seemed to produce a 
lower infiltra.ion capacity than moderate grazing, at least in 

short-grass ranges of Colorado. Some other examples of 
these relationships exist but on the other hand, there is 
abundant evidence that infiltration rates are inverse proportional to grazing intensity and that in setniarid rangelands, 
more effective use of rainfall can be achieved if grazing is 

niaged to allow for the accumulation of grass litter; re
larding runoff affords greater opportunity for infiltration of 
rainwater (Rauzi and 1Hanson, 1966; Hlndricks, 1942).

it a pine-bunchgrass range in Colorado, I)itnford fotttd 
that erosion, measured in kilograms of soil per becdare, was 

1oo, t(17, and 204 for nongrazed, mnoderately grazed, aind 
huiavily grazed areas. In this same study, soils it areas be
fore grazing had ati erosion of otly 79 kg/ha.

When the intensity of grazing resulted in removal of more 
than half the herbage, there was a significant impact on sur
face runoff and soil losses, as demonstrated by Dunford 
(1954) atd Currie (1975), in the Manitou I-xperitnental 
Forest in Colortado. I)ata from their investigations indicate 
that for the summer raitfall season, ill plots o14 Iii', the no
grazing treatment had a runoff of 26 L containing o.25 kg of 
soil, cquivalent 10 soil losses of 7 t/kni; moderate grazing 
(one-third of herbage removed) produced t36 L of runoff 
with (.27 kg. of soil, eqiivalcnlt to 7.5 t/km 2; and heavy
grazing (two-thirds of herbage removal) produced 227 con
taining 0.58 kg of soil, which is CquIivalent to a soil loss of 
16.o t/kin'. 

Average erosion rates of surface runoff for open timber 
and grassland combined, its dctertuined by Smith (1967), 
were 6 to 7 kg/it ill a twelve-year previotsly ungrazed 
range for light, moderate, and heavy grazing, respectively, 
and 12, 16, and 46 kg/tn 2 ill a grazed range under tile same 
grazing intensities. 

For the Etlwards Plateau in Texas, Wood and Blaclburn 
tdctIrincd tile tcan intiltration of (lie midgrass coinlinlu
nitv for various grazilig practices. The heavily stocked, 
continuously grazed site and two grazed atld rested sites 
tider I-Il!IF grazing had the lowest rates of inliltration (8.2, 
8.3, ait 9 .6 cii/hr, respectively), while two exclosures aind 
both tile rested and the grazed defe rred-rttation sites ac
countitetl for the higher rates, from I2.95 to 16.50 cii/hir. 

Several factors interact to dtermine tile hydrologic tira
pact o1" grazing animals: clinmate: vegetation type and den
sity; topography anti soils: id, of coitrse, inten:iity aid dul
ration of grazing by livestock and faitna. Therefore, grazing 
impacts will va'ry niaturally from areca to area because of' 
normal variability of Ibese factors. 

There is at greal tleal of information still neceled in order 
1() arrive at delinitive co nclusions on [lbe effects of grazing 
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in water conserv,,tisrn and use, particularly in arid and 
semriarid rangelands, where ". . . so many million hectares 
owe so much to so few mn of rain.'" 

MIODIFICATIONS OF THE V'E6E'TTIA VE COVER 

As was indicated in Fig. I, great parts of the North 
American riangelMILds arc now invaded by brush and nccd 
vegetative modification to 'ontrol runroff and iinprovr infil-
tration, so, in turn. the infiltrated water can be used hy as 
many desirable plant stici es as possibllc. l'cchniqucs for 
vegetation control anid other improvenct iractices in range-
lands are basically planned to expedite secondary suc-
cession, that is, tire tr'tun from woody plants to grasses. 
S ucc,'ss ful brush c0m t t0. reseeding. or other range ini-
provencrcrt actions are not one-shot affairs bul must be inte-
grated into In o'erall pr-, aml of laind imanagcenent based 
on in-depth understanding of plat ecology and principles 
of herbicide; use (Scifl' SndMlIrklc, 1975). 

StittcrIlInd (1072 ) rid Wt td and BuckhoIsc i183 ) ag re 
that reotval of' woody plants reduces Cvapot raispi rat ion 
and increases cr2uondwater reharge. and also that spring 
flows will increase i eval,otranspiratitii is red riced lllo'e 
than infiltration, 

Increases, or eicaXS ill Spririg fI tileHw atid 1unof1f a re 
result of' rerrivg woody plants anid of subsetlucnt land 
use. Favorable contditiorrs forI inlfiltration LUMst be imain-
mined after the \wot ly paints a re c (oedr IWtid aild Buck-
house, 1983). Mcc:1icaiil Iratret of "oil is important ill 
converting shrlb-infestcd rncll:eS 1t cr'a.Y , anid is a pritire 
consideration in controllin, rLifI and Crosion and reCducing 
sediments (Trtnihle and Wood, ) 8 i). An ex,imlple of this 
was IouMld by Tr'VIthIe It98 1) when ililt ration increased 
a.ind rt1unot ' erosiOlltccrCa scd abitlt foIur vi ars afl er land(1id 
was root plowed aid reseeded in New Mexico. 

Brush control c :r bX oltaincd with iiIcchIianiaI and ho-
logical iethods. Availability and cost 0l'cquilnIt, Iater i-
al';, and herbicides influence tihe type oft control to use. All 
ofl thein have iehii ad vaiiiaces aii' disad\vilages. For ill-
stance, Vallenitine ( l98),o indicates that defoliation follow-
ing chemical brush cnitol added tmorte litter to tile soil. 

'Ihiclb increased soil aggre gati,,n and waier inliltration 
Similarly, Ihloffnin i a for-ait0n ) reports fOr Ccntral Texas 
age prodntliorinihlcreas of 501) piercetnt aft'Irsl-ih was ctI-
trolled by cheinicalIs. 

Responses in forace pird. '2tioi to brl !. control arc \'cry 
saitislfactory most of the tile. G meniz and Gritnz,.ilez (1976) 
treated h-'Vsenhardia spiirulosa. Mimosa bhjunifira. aim 
MicrolrohntiuA eri'oidt's (totalinhg over 27,00( plants per 
hectare) v:ith foli'rr applications of six herbicides at differ-
ent dosagcs. An increase in foirage prduction of 283 per-
cent wilh applications at ear!y flowering, and of 84 percent 
with application at maturity ;ire reported. On the average, 
all treatments produced 598 kg/ha )M. compared with 
171 kg/ha IJM for the untreated plots. 

C]oinbitnin4 Imuprovenietit Praictices 
The corbination ol iechanical and chenical controls has 
proved very successful, although sometimes more expen-

sive. Cholia cactus (Opuntia imbricata). vas treated with 
chaining, shredding, and fol;ar and basal applications of 
herbicides and their combination, in a heavily infested area 

in Buenaventura, Chihuathua (barra and Prieto, 1983). For-
Sage production increased from i6 percent (basal applica
tions ol ietroleum) to 141.7 percent (chaining and raking), 
and the basal cover of tile principal perennial grasses in
creased an average of 27.6. 9.8 and 34.8 percent for tile me
clianical,I for tile chenical, and for tie combi ned ellc:c of 
both treatmenls, respectively. 

In some developing countries one has to consider the 
relativelv low cost of*rural Iahor for mechanical control of 
undesiral, Ic plants, the high costs of' machiney, and the 
high cost and erratic availabil''" of herbicides. particularly 
tile delay with which the new products reachIi those coun
tries. Lnder these conditions, a detailed evaluation of nle
chanical control 'by hand" is necessary if time i; also ii 
limitingI factor. 

Litcature related to vegetation modificatiotr by tile dif
fr'cntiet nLhod s is abtundat lor most of' the arid and semiarid 
rangelands of lthe world (Wood arid Bucklhouse, 1983; Bran
son et al.. r 970). But tile selection of the proper control 
nelhod must be a very well planned decision on the part of 
the ranige anager. based on his lartiCilai problem and 
condition. 

SCetinc is a prilticc ol'ten !iissociald with lrushi control, 
especially ill th,vic areas where the forage potenitial of tile 
site is low. (i the other hand, where tlie potential is high, 
ni;Itrtrl groisses will prosper after renwal of ilie woody spe
cies, as dcmonstrated by Iloffman 0108) in tile [Edwards 

Plateau of Texas. 
Under less f'avoiable climatic conditions, seeding with 

native or v. -Iadapted introdriced grasses appears to be nec
essai'V f(, seeding or recovery of the treated area. Ilydro
logic responses tlClentA! 0ti tuantity aid rle Af' establish
teniit of' tile plant s., and tile subscqii nt ianagerent of tile 
treated areis is vs important as the seeding itself' (Wood and 
13lackhurnI'. 1983). 

Sttinetine , nrichai ical brusIt coalrol I may provide an 
adequate seedbed, Ilke ioller crushing., root plowing, disk
ing, and others: iftnot, Iseedbed preparation is necessary in 
order for tie very small and expensive grass seeds to have 
adequate cotitlCt With tle soil. Seedbed preparation is tile 
beginning of a successful seeding operation. 

Ilydrologically, any degree of seeding establishment is 
preferred over bare grorind conditions, except in situations 
where soil particles are so lirge that wind erosion is not a 
probleni 1i' runof1f occurs tinder ayiv cilcLnistances.tin 

Seeding alone. in denuded, overut;Iized areas where 
brush inf'estation is not a problem, provides an easier site 
f'or this practice. Also, iiu these areas, seeding is recori
mended when there is no possibility for the natural vegeta
tion to coime back for i, significart ntrber of years. 

In arid rangelands, seeding is generally iot r0coiln
mended when annrIUal rainf'allI is less than 280 to 30(rm. 
C i IiHowever, seeding combined with water catchnent and con
servation "structures" have proved successi'ul in areas with 
precipitations well below those figures. Rainf'all distribution 
in these cases is as important as the total volume recorded. 
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of micro-watersheds in a Larrca-Flouretsia site in northern derived soils in northeastern Montana. ECology4(6) :311- 19.
Chihuahua with less than 240-miln rainfall increased forage Busby. M. W. 1966. Annual runoff in the contrirminous United

States. U.S. Geologic' / Survi-v Itdro'o'ii I"o'g. h''tnproduiction fron' 73 kg/ha to an average oi" 68o kg/ha DM HA-212. Athts 
using Eragrostis 1orhhomels, Leptochh'a 1'dbia, Sorghlon CUrric, . O. 1975. Grazing management of ponderosa pine
almum, and B3outw'houa ('urtip(n'llaa (Fierro Lt al., 1979). bunchgrass ranges of the central Rocky Mountains: tile status 

Adaptation of bUl fel grass (('cnchrus cilia "is) and sand of our knowlkdge. Forest Service Resarch Paper Rii- 159. 
lovegrass iEra,i'rostix I']mtatniaai(1) in south vestern Ari- I)orti-nac, E. J. 1956. Waiershed resources and problems of the 
zona, and nortlhein Sonora. Mexico, have bee I successful upper Rio Grande basin. U.S. Forest Service Rocky Moun
for sevcral years and are the basis now ftor ino.,t i vegetation ta:n Forest and Range Experiment Station Paper.
and grazing programs in those extensiv_: areas, where rain- I)unfotd. F. G. 1954. Surface runoff ailnd erosion from pine grass
fall is w'ell he low 250et al., 198o). trm (VeI azq iz ct aI . . t '; Serv in lIand of Ihe Colorado Front Range. 1ornal o IOor'sirv 52: 

v923-27.Many re)i. exatples could he ,'ij3 d,,i o seedig Fierro. L..C.. J. Javalera. M. H. (onzilez," and F. Ibarra, 979.Cutpgiracion dcl establcCi(o icnlto ie cuatro imccl isor reseeding of arid rangelands but sp:,ce is limited. lFlow- nlltivos c introducidos ceicattro 1irs iezacatesie caiiaLic siembra. 
eve', one that deserves to be Ite ;tiotied because of its exten- Pasti:ahs io:(6. RanchlE lerimntal La Camipana, INIP
sion and social impact is the rehabilitation of nearly 3,000 SAR-. Mexico. 
ha ill four rural locations ill eastern Zacatecas, a state in Goimez. F., aind M. li. (onzzilez. 1976. EvaIcion ie ci nco 
central Mexico (Goizilcz, 1973). Traditionally, wit once inc/clas de herbicidas Ndos epocas ie aplicacion elef con
were productive native grasslands have been plowed and trol ie chaparrillo (1: \sehilrdtia Nilosa ). Po.\otih's 8:2.
converted to rainfall agriculture, through decades of iono- Rancho Experimental ILa Campana. INIP SARH. Mexico. 
cropping with corni artd utSinig alhost rudintcitary cultiva- 9.)78. I-ffecto dcl cllapeo mecanicc en cl increniento de latiion systeZs, these lands became uiprodtctive, sitce tie produccion forraera ie tin pasti/aliid seahlcs l'osh le.s :. Ratemso invadido por arbuslivasxPc ri l tal t.a Cam[
ferllc topsoil was carried away by strong winds. This INI l con- pana. t-SAR. Mexico.
 
version fromi productive rangeland Wiunproductive agri- (Gozilcz. M. II. 1m64. 
 Inlluencia dcl pastorco cn hi inillracion de 
cultural area in arid and semiarid environ lents is a classic agla ci p1I tllsuelos tI e tii z, I cdiano abierto. Informe 
example of' an accelerated desertification process in (level- AutiaI, Ran,:ho Lxperimental La Campana. INIIP-SARI1,i.

opitg countries. 
 Mexico.
 

A rehIabilitation progra ii 
 was initiated in 1970 'with tile 1973. Iln Pl:in Zacaieca,, tic licjoramiento Ie pastizales.
objective of restoring a pernanelt rass cover in those grass- Miico. Ifori'e a gobierno del estado die Zacatecas. 
depleted areas through reseeding and soil and water conser- IHendricks. I. A. 942. iffect ofgrass litter on inflhration of raii
vation. Trl'racing and contoi,.- firrowiit were constrnueted to fill on granitic soils in a semi -desert shrub grass arca. U.S. 
hold rainwater, atid scedied was prepared with disk harrows. epircst Servie Sotuhwesi Forae ard R 
A mixture of five grasses, three native and two introduced lion Research Note 9 h.pt ofli'an , G. I1. 1968. Maintenance control for ii.'squite. Texasprclionsly and tested ill Other states. wns used. Th,' natives Agricutural [xtension Service. [act Sheet 766. 
were Leptochloo dtih(i, .S('ei(i mac'hro.t'lcl .\liva, and bhol- Iharra. F., ,nd S. Prieto. 1983. Metoiots die control tie cholla 
elola irltil)wndttla and tile introdticed wer, Pajictul1 anti- (Opntia ilmbriatat eli pestizales de Chihuahua. liasti:aI'.s 

(IotahI' aid a 'hnicn, latter'o t,'hmlm the serving also as a 14: i. Kinicho Ien iiieinial La Can p.na. INIP-SARII. 
n urse crop. Meico. 

With annual rnrinfall of 31 Mi 1 1tie first year and Javalera. .1.V. ()rtiz, and F-.Goliiez. 1976. EiffeCCo tie l fertiliza
296 ni1i tie second year (1972), forage production two cion eieel estabecininto tie dos zacics natiVosi.fier y cuatro in
)ycars averaged i .(72 kg/lia I)M in tile four locations. S. tr ducidos e microcuecicas. I'asti-aes8: 3. Rancho Experi
alnui and L. dtthia accounted for 67 percent of this yield: iental La Campai. INIP-SARH. Mexi. 
8. urt/u'wndttl for 1 7 percenit arid P. antidotale ari S Lagt~cin. W. B., cal. 1949. Arual nioTff in the United States.U.S. GCological Survey. Circular 52.machros'h\'wlacombited for tie rena.ning 15 percent. But Langbein, W. B.. arnd S. A. Sclll. 1958. Yield 0fsediment il 
tile nmost iportant long-term bene it is tie stabilizaton of relation to imean annual precipitation. American Gcophys.
tie soil bringing hick its poiuctivity, and above all, the Unim. Trans. 39: 7076-84. 
stabilized settlement of iumerous rural coniniinities who Leithead. H. L. 1959. Runoff in relation to range condiitions in the 
have learned tile tough lesson that, in working with biotic Big lBend-lDavis Miulita ills section of ' exas .lor1nal o" 
resources one has to work with, and not against. nature Ranige Manac' ement 12:83- 87. 
(GonzSiicz. 1973). l.u shy. G. C. 1970. IHydrologic and biotic effects of grazing vs. 

iongrazing near Grand Junct,,i. Colorado. Journial0Y'Range 
Mana1mem,0l 23: 256-60. 
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18. SOIL SALINITY, SALT COMPOSITION, AND WATER QUALITY 

Pieter Buringh, Wageningen, The Netherlands 

Soil salinity of cultivtoed land was already investigated
and described by Urukagina sonlc 4,400 years ago near 
Lagash in Mesopotamia. Since then, salt-affected soils have 
been found in many countries in coastal areas, where soils 
are inftiencc.l by seawater, and in inland areas of arid and 
semiarid regions, particularly in land that is inluenced by 
groundwater containing highly soluble salts. These salts 
are mainly sodium, magnesium, and calcium chlorides; 
sodium and magnesiul sulf'tcs: sodium carbonate, and 
bicarbonates; nitrates, and borates. 

The processes of salinization and !,odication in soils are 
often complicated. Much land is affected by salts under 
natural conditions: moreover, other land has become saline 
because of' mismanagement by man. The latter type is par-
ticularly tile result of' irrigation of land in regions with a 
low precipitation, a high rate of' water evaporation, and 
Without artificial leaching or drainage. The result is a rather 
rapid accumulation of highly soluble salts, which influence 
the growth of crops. The effects are mainly physiological
drougllt, disturbance of the ion bIalncC ill tle soil solution. 
or the degradation of the structure and permeability of' tile 
soil. Moreover, there is an important decrease in the bio-
logical activity in the ,soil. The final result is poor growth
of disease-prone crops, g-iving a low yield of poor quality.
The intensity of crop damage depends oil the quantity and 
combination of salts in the soil solution, the soil manage-

l1t system, and the crops' tolerance of saline and sodic 
conditions. 

The presence of highly sOlublc .,alts in the soil solution,
which determines the effect on crop growth, depends on tie 
water content of the soil and on the quantity and type of 
salts in the capillary zone and iii the groundwater as well as 
of the salts present as crys;tals. 

Some crops have a somewhat higher salt tolerance than 
others. The critical vaIluCs for most crops, however, are 
rather low. Even a very low salt ,ontent in the soil may harm 
crop growth. and the range in salt content tLat is acceptable
for crops is very small. 

There are several methods of soil analysis to determine 
the salt content. Most of them, however, are insufLicicnt for 
characterizing the salinity status, because for purposes of 
desalinization and knowledge oif the influence (f the salts in 
crop growth we Must know at least: (I ) the composition and 
properties of the various soil layers and horizons: (2) the 
seasonal variations of tlie capillary zone and the depth of 
the groundwater. together with the composition and content 
of' salts in the groundwater: (3) the soil temperature and its 
seasonal variations, because sonic salts are more soluble at 
a high than at a low temperature, e.g., sodium sulfante is no 

times more soluble at 340 C than at 0' C, and consequently,
leaching of such salts is much more effective in the hot than 
in the cold season; (4) the stage of development of crops,
because most crops are less salt tolerant in young stages of 
development than in older stages.

It is evident that within the critical range of soil salinity. 
the normal analyses made and expressed in IC,-values are 
a poor representation of' what has to be known. Such analy
ses are made on a saturated soil extract and expressed at a 
temperature of 250 C. The real soil solution is not a satu
rated extract, the soil temperature can be much higher or 
lower than 250 C, and tile F.C-valuc does not indicate which 
salts are present. Moreover, it has to be realized that sa
liniZation and sod ication are dynamic processes, changing
with time anrid varying at short distances, vertically and 
horizontally, within soils. There is a continuous change in 
salt concentration and salt composition as a result of dilu
ti',ln, migration. diffusion, accuLIlulatioll. crystallization, 
and ion exchange on tile absorption complex.

It is a pity that soil scientists are more interested in soil 
with a high salt content than in soil with a salt content in the 
range of critical vallies for crops. The latter is of the great
est importance for agriculture. 

My experience is that we are analyzing far too many soil 
samples for salt content wihout knowing enough about the 
properties of soils, the groundwater, and the soil salinity
where these samples were obtained. Most analyses of soil 
salinity are LselLss, riot only because of what I stated be
fore, but also useless for planiing leaching and desaliniza
tion by drainage because very often the time lag betwen 
analyzing soil and land reclanation i: several years. During
that period the situation in the field might have changed
drastically. Instead of doing just a routine analysis, which 
often even does not include chemical groundwater analysis,
I prefer to study carefully and in a detailed way the salinity 
status of a number of soils that represent the area to the in
vestigated, in order to get at least an idea of what is happen
ing in these soils, which effects this might have on crop pro
duction, and how such soils might be improved.

In this connection one has to realize that salinization and 
sodication are natural processes governed by a number of 
factors, and all measures to be taken imply a light against 
nature. This also iieans that once the soils have been de
salinized, they need continuous care, or they will become 
saline again within a few years.

There are many systems of soil classification. The classi
fication of salt-affected soils has always been a difficult and 
controversial problem. Many soils have been foried by
norrial soil-forming processes but have become saline be
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cause of human activity. Therefore, some soil scientists pre-
fer to classify according to the characteristics of the original 
soil, adding that the soils are saline. Other soil scientists 
consider salt-affected soils to be special units in the higher 
categories of soil classification, which means that they are 
set apart because of the effect of salinization or sodication. 

Textbooks on soil science present systems of soil classifi
cation in which salt-affected soils are classified on the basis 
of chemical properties, salt content, agro-physical charac-
teristics, pedogenesis, morphological characteristics, and 
so on. These ciassifications, however, are insufficient when 
dealing with sal-affected soils in a specific area that must 
be reclaimed for agriculture. On small-scale soil maps made 
for a general inventory of the main soils, the four types of 
solonchaks and the three types of solonetz (as well as the 
saline and sodic phases of other soils, shown as mapping 
units of the new Soil Map of the World, scale I : 5,ooo,ooo, 
made by the Food and Agriculture Organization (FAO]), 
may present enough information to get a general idea of soil 
conditions of very large areas. 

For practical purposes, more detailed infornmation is 
needed, particularly in relation to soil reclamation and ame- 
lioration. Farmers almost everywhere, where salt-affected 
soils occur consider soils to he saline if crop yields are less 
than three times the quantity of sced planted. This often 
means that sonic salt crystals can be observed on the land 
surface. It is very interesting to learn how some farmers 
have developed special types of management for growing 
vegetables on small plots of extremely saline land. 

My experience is based on investigations of salt-affected 
soils in agricultural development projects in a number of 
countries. Investigations in such areas are carried out in co-
operation with agronomists, irrigation and drainage engi-
neers, project planners, and economists. Units on soil maps 
must have a meaning for rcclamation purposes, and for ag-
riculture; therefore, various types of' salt-affected soils must 
be distinguished. The most important ones and their charac-
(eristics are listed below. 

SAIT-AFFECT'EI) SOiILS 
Salt-affected soils contain highly soluble salts in the root-

ing zone EC,. is more than 4 dS- I' ESP is less than 5, and 
the pl-I is lower than 8.2. The highest annual groundwater 
depth is mostly within the Lipper 3 m. and the capillary zone 
is within the rooting zone. 
Marine Salt-affected Soils 

Marine salt-affected soils are soils in coastal ireas that are 
influenced by seawflter or groundwater with a composition 
similar to that of seawater. Crystals of halite and hydro-
halite occur only when the salt content is very high. 

Hygroscopic 5ialt-affectel Soils 
lygroscopic salt-affected soils do0 occur in arid regions. 

The main salts are magnesium and calcium chlorides, both 
are hygroscopic salts arid very harmful to plant growth, par-
ticularly bishofite (MgCI,.611,O). '['he soil Nurt'ace has the 
color of the moist soil, is gluey, and there are bubbles at the 
surface. The capillary zone reaches almosi to the surface, 

These soils are called "Sabakh soils" in Mesoliotamia, 
where they occur widely. They are present in several other 
countries as well, and they often indicate the presence of 
mineral oil deep underground. These soils ,an easily be 
leached under all circumstances. They are generally very 
permeable and they will never become sodic. 

Fluffy S'lIt-affected Soils 

Fluffy salt-affected soils occur in arid regions. They have 
a grayish white, loose, powdery, dusty surface layer with 
long needle-shaped crystals of sodium and magnesium sul
fates, ;oadih as mirabilite (Na,SO,.ioHO), thenardite 
(Na, SO.,), and epsornite (MgSO, '711, 0), the last being the 
most harmful to crops. These salts are highly soluble, but 
the solubil't, is much higher at high temperature than at low 
temperature, ard consequently, leaching during the surnmer 
is much more effective than during winter. They generally 
occur in areas with perme;,ble soils. 

Speckled Salt-affected Soils
 
Speckled salt-affected soils look like normal soils. How
ever, they have some glittering gray and white salt crystals,
 
and many crystals appear on soil profile walls that dry out.
 
Most salt crystals are sodium and magnesium chlorides and
 
sulfates of varying mineral composition and structure.
 
White Salt-affected Soils 

White salt-affected soils have a surface layer of white salt 
crystals. This layer may vary in thickness from several mil
limeters to several centimeters. Salt crystak are mainly a 
mixture of halite (NaCI). hydrohalite (NaCI 211,0), thenar
dite, mirabilite, epsomite, leonardite (MgSO, "41 ,0), and 
hexahydrite (MgSO.,.611,O). Some of these soils have a 
glassy surface crust of bloedite. Such a glassy salt crust is 
often overlying an anaerobic soil horizon, having a bluish 
black color and a smell of hydrogcn sulfide, which is pro
duced as a result of reduction of sodium sulfate in the pres
ence of' organic matter. These soils, which mainly occur in 
large depressed areas, have a high groundwater table. They 
generally cannot be reclaimed because of' the very high salt 
content and the low permeability of soils. 

Crusty Sal-affected Soils 
Crusty salt-affected soils have a variable salt composition 
and salt content. The main characteristic is a dense, hard, 
thin surface soil layer, with a curling (feuillet6) structure. 
'[le permeability of these soils is generally low. Possibili
ties of soil improvement depend maim, on soil structure 
and pernieability. 
Vertic Salt-affected Soils 

Vertic salt-affected soils are a kind of saline Vertisols with a 
high clay content: low permeability, particularly in the sub
soil; and with swelling and shrinking smectite clays, occur
ring in arid and in somie semiarid regions where the ground
water table is deep. They can le reclaimed for special 
crops, such as cotton, if these soils are carefully irrigated, if 
rainfall is enough to leach the annually accumulated salts, 
and if it is cultivated only once in three years. 
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Internal Salt-affected Soils 

Internal salt-affected soils have a deep groundwater table. 
There are no highly soluble salts in the surface layer; how
ever, salts do occur in or near the rooting zone of the sub-
soil. There are salts of varying composition, depending pri-
marily on the type of salts occurring in the groundwater. 
Such soils may occur in setnihumid and semiarid regions.
Soils with favorable properties can be cultivated; however, 
they have to be drained to a great depth or they will become 
saline, 

tices during which sedium bicarbonates are formed. They
have to he recognized by a careful study of the processes
that take place. 

Pseudo Sodic Soils 
Pseudo sodic soils are nonsodic soils with a high ESP, often 
more than 50 when analyzed according to the normal meth
ods. There is, however, no formation of sodium clay. The 
soil analysis is influenced by weathering products of sodium 
silicate, and consequently the ESP is high. However, only
thin silica skins, not sodium clay, are observed under the 

Potential Salt-affected Soils microscope. Crops develop normally in these soils. 

Potential-salt-affected soils are nonsaline soils that, without 
adequate artificial drainage, will become saline as soon as 
they are irrigated. Ev;n when the groundwater level is at a 
depth of several meters below the land surface, these soils 
will gradually become saline because of the continuous 
risinp groundwater level as a result of irrigation practices. 

SOIIC SOILIS 

Solodic Planosols 
Solodic planosols are soils in tile final stage of degradation
from sodication a/nd solodication. The destruction of clays 
in the upper soil layers is completed. Soils are strongly
leached. A real aerobic horizon and a dense B-horizon has 
been formed. Such soils can harlly ever be improved. 

The soils described above are the main types. There are 

Sodic soils of this group are characterized by the presence of 
sodium carbonates and sodium hydrocarbonalcs in the soil 
solution, and by crystal soda (Na _CO, Iofl, 0), thermo-
natrite (Na, CO, .11, 0), trona (Na, CO, ' Nal ICO, .21-1, 0),
and nahcolite (NalICO,) in the crystal phase. These salts 
are very harmful, particularly if the soil does not contain 
gypsum. The solubility of these salts is low at low tempera-
ture, and high at high soil temperature' The physical prop-
erties of these soils change gradually as a result of' the for-
mation of sodium clay. There is a migration of clay and 
organic colloids. Peds in the subsoil are covered by ar-
gillans, reducing permeability and rooting volume. Finally 
a natric horizon is formed. Magnesium carbonate may have 
a similar effect as sodium carbonate, 'md therefore nagne-
silum adsorption has to be determined as well. Sodic soils 
have an ESP of more than 6 and a pl-I of more than 8.2. 
Initial Sodic Soils 

several subtypes, including combinations of some of them.
The gypsiferous soils and the acid-sulfate soils, which also 
are a kind of salt-affected soil, are not discussed. Reclama
tion of these soils is very difficult, and generally impossible. 

It should be realized that, as mentioned before, soils are 
units that occur in the field and can be recognized by using
simple tools. They call be shown on soil maps to be used for 
land reclamation purposes. They do not represent taxa of 
any soil classification system. It is of' great importance to 
select a number of spots where soils must be studied in de
tail. They should represent tile most important soils of the 
area to be investigated. Samples of representative soils must 
be analyzed in the laboratory, both chemically and miner
alogically. Groundwater samples should be analyzed as 
well, not only for salt content, but also for tile presence or 
absence of the various cations aInd anions. The analytical 
data must be studied carefully. In addition to the study of' 
soil profile pits, deeper soil layers must be examined to a 

Initial sodic soils have the characteristics as described above, 
except for the natric horizon, because its formation is not 
yet completed. There are many subtypes. Soil improvement
is possible by adding gypsum in order to exchange the so-
dium on the exchange complex by calcium. As the sodica-
tion is still in an initial stage, most soils can be improved 
considerably. 
Natric Sodic Soils 

depth of approximately 5 In below the land surface, and 
permeability tests of all horizons and layers must be made 
in order to calculate drainages. 

File folloving considerations are important when salt
affected soils are to be improved or reclaimed. 

I. It is necessary to distinguish various types of salt
affected soils because: (a) the various highly soluble salts 
have different influences on plant growth, e.g., chlorides 
are more harmful than sulfate, magnesium sulfate is worse 

Natric sodic soils are soils in which the physical degrada-
tion processes have continued for a long time and a natric 
horizon has been formed. In arid regions natric horizons 
may be present at a shallow depth: in subhumid regions they 
occur at a depth of' sonie decimeters. Some soils can be ira-
proved by mixing gypsuni with the soil by deep plowing,
This is very expensive, however, 
Potential Sodic Soils 

than sodium sulfate, magnesium chloride is more toxic than
calcium chloride, and borates are highly toxic; (b) some 
salts, like sodium carbonate and bicarbonate, have an irre
vesible effect on physical soil conditions, and consequently 
on plant growth; (c) various types of salt-affected soils need 
a different land reclamation procedure, e.g., those soils 
with sodium sulfate should be leache-d during the hot sea
son, others like those with hygroscopic salts can also be 
leached during the cold season; gypsum as an additive is 

Potential sodic soils are nonsodic soils, often salt-affected,
that may become sodic soils as a result of irrigation prac-

necessary for some types of salinity, while others such as
tile Sabakh soils do not need gypsum. 

2. The main purpose of' investigating salt-affected soils 

( 
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for land reclamation is to determine how, when, and by 
which means the productive capacity of the soil can be irn-
proved. Salts have to be removed and measures taken to 
avoid resalinization. Drainage requirements of salt-affected 
soils, therefore, are completely different from those of non-
saline soils whose groundwater level is too high. 

3. It is much better and less costly to reclaim small areas 
of land with a high potential productive capacity, which can 
be intensively cultivated, than to rcclaim larger areas of 
land with a rather low potential productive capacity. Almost 
all agricultural development projects in salt-affected areas 
include too many soils that cannot be reclaimed efficiently 
and therefore should be excluded from the projects. Unfor-
tunately, this important tact is not always understood by ir-
rigation engineers and planners. 

4. Many land reclamation specialists do not realize that 
the quality of irrigation water that penetrates the soil is dif-
ferent from the quality of the irrigation water, as measured 
in a river or in at main canal, because a great deal of water 
evaporates during transport to the field ,,,idwien it stands 
on the land. 

5. lighly saline soils can he leached by brackish water 
during the first stages of desalinization if the composition 
and quantity of salts, both in the brackish water and in the 
soil, are well known. The salts in the more concentrated 
leaching water will have a composition different from that 
of the brackish water or of the soil. Leaching with brackish 
water means that sometimes groundwater or water that lias 
already been tised to lach the last salts front an alninost re-
claimed area can he used. This may COl trihIItc to a more 
efficient use of irrigation water of good quality. Soil per-
nicability often does not decrease considerably during leach-
ing with brackish water in the first stages of dcesalinization. 

6. Agronomists shotuld iay tiore attention to various 
farmt management procedtres aittcr rcclanatiom is cotin-
pleted. For cxamplc, preparation of' secdheds, applicati on 
of organic and inorganic fertilizers, quality of seeds, plant 
protection. breeding. etc.. have niow becoic important. 
One has to know how newly recl aimed land will react: 
therefore, no reclamation projcct should be started without 
collecting in advance all necessary inf'rnation in pihlt 
schemes, 

7. Farmers must be tiiught managetieat procedures to 

ensure that they can get good yields and that reclaimed land 
remains nonsaline. Most farmers cannot handle land with 
salinity in the critical ranges. As even a very low salt con
tent in soil decreases crop yields considelibly, the farmer 
should be given truly nonsaline land on which he can obtain 
yields that are high enough to pay the production costs and 
to get a reasonable profit. 

8. The project authority should farm new\ ly reclaimed 
land for at least live years before the land is handed over to 
private farmers, in order to ensure that land reclamation has 
been carried out in a proper way and that the farnr and his 
family can make a living on it. Most farmers are poor and 
cannot afford a crop failure. The risks of farming in new 
project areas are extremely high during the first years. 

9. Much miere attention should be given to the biology 
of salt-affected soils and to promohing biological activity 
in newly reclaimed soils. The biological activity of salt
affected soils is very low, and it is even lower after intensive 
leaching. It should therefbre be activated. 

to. A final remark will be on the quality of irrigation 
water in the future. Irrigation, leaching, and drainage of ag
riculiural land wil) beCome m1uch more complicated when 
cities and industries are expanding near rivers that now pro
vidc most irrigation water, which is still of good quality at 
present. New industries and the sewage systems of the ex
panding cifies surely will pollute the river water. New and 
very serious probIleiiis will arise for irrigated agriculture. 
I ain often thinking of what might happen if the highly pol
luted water of the Rhine River were to be used for irrigation 
of agricultural land. This water contains, besides various 
salts, heavy metals, chemicals used by industry and hospi
tals, and various complicated organic compounds. 

I have tried to get an idea of what would happen to soils 
in tilevalleys of India. Pakistan, Meso iot:unia, and in the 
Nile l)cIta if water of composition similar to that of thea ct 
Rhine had to be used for irrigation. Unfortun ately, I did not 
SuCCeCd: the plroblein was too complicated. Ilowever, it is 
certain that irrigating land with such water will cause sc
ious problIins for agriCuiltutire. All countries with large 
areas of irrigated Iand and that promote industrial develop
ment should lie aware of prblems that might arise it,tlie 
future. 



19. SALINITY AND FOOD PRODUCTION IN THE INDIAN 
SUBCONTINENT 

I. P. Abrol, Central Soil Salinity Research Institute, Karnal, India 

INTRODUCTION 

According to current as,:rssment, the present population 

of India, estimated at 700 million, will reach i billion by 

A.D. 2000. An annual food grains production of 230 million 
tons would be required to feed this population; at present, 
production is 150 million tons. This would imply that while 
an increase in the annual food grains production over the 
past fifteen years has been on!y 45 million tols, an increase 
of about 75 million tons imist be achieved over the next fif-
teen years. The situation is similarly serious :n neighboring 
Pakistan. To achlieve these production goals would require a 
tremendous effort anid ai multipronged approach. As inthe 
past, increases in food production are likely to be achieved 
both by bringing additional areas under cropping and by in 
creasing tile per-liectare yields of the exi stinrg cultivated 
area. The possibilities of bringing more land tinder cu!tiva-
tion are hiitcd bec aise more than X5 Percent Olftile poten-
tially arable land is alrcady under cultivation. Thus. the Na-
tional Commission on Agriculture (1976) estimated that the 
net cropping area may increase from 140.4 Million I' ill 
1970-7i to i45 Million ha ill 19X5 and 1501 million ha in 
A.D. 2000. Ai increase iii area is therefore likely to contrib-

iitC only innarg inalfly to iicreased production, a.ind a maajor 


effort will be needed to increase the yic!ds inareas already

under cultivation. Soil salinity is a major constraint inob-

taining increased pridLiCln through either of the above two 

approaches intie subcontinent. Soil salinization, alkalin-

ization, and waterlogging are the major desertification pro-

cesses the world over. Realizing this, the United Nations 

Conference on I)esertification held inNairobi iin1977 

adoptcd the following recoriiendatioris: 


Itis rctmiinicridd that urge i catures he takcn h c nihli 
dc',Crlifici io iil the irriaeifd tauids by prevcriin and conrol,
rig waterlo ging, ',aliriziationi and aikaliiizatior v reclaiming

deterioratcd lands: by impr'ving irrigation .ildr ihita Vc ,VS-
ten,,; by iodifyitig 1'iriruinrg itcliriqucs to increase prodirctivity
ill a regular and stiained wayv by deveh ing nie w irrigation and 
drainage scheries where P1iri tc. using ite-apl always an 
grated apploafich and tlroigh impri WM1uni of tie social aid 
ccoijriric co ofdtitiMispeICple depenldenttlpon irrigated agri-
culture (tlnitcd Natiois. 1977. 4 4 X). 

The objective of this chapter is to diiw attentioi to the 
magnitude of the salinity problem, current programs for 
initigating these problcms, and the fiture elffOrts rcquiired
for maintaining high prodrt ivit y of tle land. 

EXTENT AND NATURE OF SALINITY PROBLEMS 
Salinity problems are widespread in the subcontinent. 

Salt-affected soils are known to occur in almost all climatic 
conditions ranging from humid to arid. coastalAlong tile 
areas excess salts affect crop growth becuise of the ingress 
of seawater through estuaries, creeks, and rivers; because of 
groundwater flows, and because of inundation during high 
tides. By far the most serious problems of salinity are in the 
arid, semiarid, and subhuinid regions. Available estimates 
of the extent of salt-affected or waterlogged soils are largely
tentative, and very little effort has been made to map these 
on a national scale. According to El GabalIy ( 1977), out of a 
total of 15 million iha of irrigated land in Pakistan, ically
i i million ha or 75 percent of (lie irrigated aid suffers to 
varying degrees from salinity, water,!gging. or both. with a 
pro nounced reduction in the yic d ofimost crops. In India 
iiearl y 7 million ha of salt-affected lands have reached a 
level of zero productivity (Abrol, 19X2). ii another "2omil
lion h1aof land irrigated by canals, the pronductivity has been 
reduced to varying degrees because of salts. The 7 million 
ha now lying unproductive constitute abouf 5 percent of the 
potentially arable luld but are otherwise a part of tle most 
productive terrain, and accumultion of excess salts is tie 
sole reason for their tnproductivily. 

Processes leading to land dcgralation because of salts 
may vary depending on the nature of1solblC salts involved. 
Two chief processes are recogniizcd: salinizatioii and al
kalinizatioi. Salinization is the iiajor process; soils are 
influenccd by excess iicItril soluble salts,, including the 
chlorides arid siulfates of sodiumi, calcium,ard magnesiunm. 
Alkalinizatioi results in the forintaion of alkali soils, also 
termed sodic soils, and is (life to tlie infltence of salts, for 
exanplc, sodiui carbonllt, that are capable of raising the 
alkalinity of soil. It is important to distinguish between 
these two ca.tecgories bMIISe cf'lrits to control these pro
cesses arid to rcclaini the Lctcriorated lands are likely to re
quire specific approaches. Tlese two groups of salt-afffcCtCd 
soils differ not only in their chemical and physical chiarac
teristics but also iI their uc' graphical distributioni. While 
salilne soils tend to donli nte the arid arid semiarid rcgionis,
alkali soilS arc Vidcsprcad in the stblhiUiid regions. 

Till CONTRIIUTIN(; I"ACTOIS 
The processes leading to salt accumulation inthe root 

zone of soils, and rendering them partially or completely 
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unproductive, are largely the result of human intervention 
in one form or another. 

Rise in the Groundwater Level 

The subcontinent experiences a mrosuom-type cliimate in 
which the major portion of rainfall is received in a brief pc
riod of two to three mont hs. Both tile amou nt of raintotal 
and its distribuion are highly variable, making crop pro
duction very unstable. Data in l'able are inexample of the 
rainfall pattern ina niedium rainfall (700 mIn) area lof In-

dia. These data show that for ;itwo-year return period, 

two-day niaximuni raintall .IV 1 55 accrIll-
he u1p "I'll 
partied by a dry spell of twenty-eight days. Since ev2p-
otranspiration is hi,-h during the rain season., rain-
fed crops is risky. Irrigation, is therefore tie most effectivc means of stabilizing acriculLmiral production in the sub-
humid and se liiridregions aid of having In productioi in 
tie arid regions. For tllis tilereason, Indian coverllnet hs14 
mnade huge investments in Creating ilarge irrication poteri
tial in tilepostindCpCndent-c era. 

Bef'ore tiht.introduction of" ir'rigation into anilmrea I,watierBeforne heitrodctin oir-rati on iit alar a witr 
balance exists between the rainfall on one hand and the 
st r amin anrd tranmspira flow. grolundw ater tahle, calpoiititon, 
tion on the other. [his balance is SCioLisly dislurbcd when 
large Itlantilies o 'water irc introdicCd artificially Ifor grow-
ing crops, iitrodUCiic additional lacLtrs of grou1ndw\'aelr re
charge froni seepage fromll1Caals,. distributarics. illd in-
lined field channels f'rom tileirrication water released onto 
tie fields over and above the quantities actuall\, utilized by 
the crops. As a resilt of' these, the roundWat.ier table rises. 
Several Studies (Gardner. 1 958: Khosla et al. . toto) have
shown thai once the groundwater table is close to tilesoil 
surface, withini there is ain IppreCiable upward illOVe-2 Ill, 
Illent of' groLIndt;.er becaLse of' evaporation lrorir the soil 
surface (Fig. I). rsCltlinlg in iccuniuiltion of" salts in tile 
root zone. Since the ilgdwinmOSt arid a1nd semiaridltlrs 
regions contain appreciable quiantities of soluble salts, soil 
salinization is further agg.ravaed. Some examples i'0llo.\ 

The water f'rom the lihakhri canal svsteni was introduced 
in parts olfthe I lissar district in I larvana in northern India in 
1963. Fig. 2 shows the rise ill \%;llerlable in tweity 'ewll's 
fllowling the introductioll of' irriation, l.a.uge areals iri
gated by canals ire aih'eady saliniizcd, and lie prohleni is be-
coming more serious eaich year. 

The left bank canial of the Tlligahhbadra irlrig ation project 
in Karnataka state was comiSsioiCd in i153. A study 

Talt1et. r e iuncy ayi i i i i l\ 11iZ iii . , ,1rdllll 1111111l ll I 

nidihlrce days. and the Ilegth of dry spell al Karnal. Idi;i.
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made thirty years later showed that11 abotLII 33001 hI hld 

severely aiffec5tcd h waterlogging and salinity. It was 
lier eslillated tIhat this ae a s cxparinding at tlie rate of*5(,000 ha aInnlually. PIroductioll f'loli 2i,lilo ha ad llaboul 

for cing tile 
don their lands. In three years this area 
ready reached a zero level, cultivalors to aban

is likely to dourble. 
In the initial years of soil degradatilirn, the cullivitors lend 
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Table 2. Impact of waterlogging and salinity on the yield of rice in (he 
Tungabhadra command area. 

Rice Yield 
Period (tha") 

Before the rise of groundwater tlhl 2.28 

After the rise of groundwater table 1.65 


SOURCE: IBowondcr and Ravi. 1984. 

"Average of seventeen farms. 


to switch to more tolcl'at Crops stch as rice, but even 
production of the tolerant crops is substantially reduced 
(Tablc 2) apart froni accelerating the degradation of' addi
tional areas because of inefficient water use. 

In the NaoalrjUnsagar project .comtmiand area, inarly 
29,00O ha of the 140.o0i ha in irrigation have been affected 
by salinity aind waterlogging in a period of only fourtccn 
years. 

Such exalplCs coUIld be enumeraled one alter another. 
A rise in water table and c nseqtent soil degradation are the 
natural Coro Ihta1y to irr igatitl intitroduicli o. a t for any
long-terni success iltnlaitainting land productivity, plNvcn-
tive and/or corrective umcasures bccomc a neccssity. 

Inadequate Drainage Measures 
It has long been recognized that for lastin sttsuccess in ilri-
gated agriculture, adequate provisions nlust be iade in tile 
systen for the trainage of excess waler. I lowevcr, this has 
rarely heen done. There isoften : tendency, for political and 
socioeconoiic reasons, to find only tbe money requtired for 
rapid establishnielt of irrigation facilities to grow food 
crops quickly and to defcr or oltit the drainage works in the 
hope that eilher they will not be reqtiired or that tile r,.ccs-
sary Ifuids would be found when the project is producing a 
profit. Unfortunately. the cost of providing drainage aid 
recaahtion when the aids have allIeady becontme waterl-
logged and salirtized is Much higher, apart from the hu'gc
losses already suffcred through partial or cotnplete loss of 
production of the affected areas. As early as 1928 the report
of' the Royal Cotmniission oti Agriculture in India stated: 

It would appear that iann of te retnbils which have arin i
the ilrigled tracts of India in regard to waterlogging atid for-
tnation otfsal ty lands Iave been due to failurC to properly corre-
late a new irrigation systeol with the iatural drainagc of the 
tract. W'e hI' little doubt that I/, /1..0 has b''n larnt and 
hItatwhere hlis is ntot already the practice a carcfutl drainage stir-

vey which could include estimates for drainage construction 
will. in future , form a, integral part of all t-\w irrigation 
projects." 

In practice this aspect has been grossly neglected such that 
problenis of salinity aind waterlogging continue to increase. 
Although the sutbcontin nt Cin be proud of aviing the largest
aiiiounrt (f irrigated a1-ca in tile world, it is dottblful if even iI 
few Sqluare kiloinclers have a well-planned drainage system.
The existitig drainage provisiotns, if arty. are largely intended 
to remove water stagnation canscd hy excess rain, and thus 
the attempt is to divert the excellent quality rain water to the 
sea-a policy which needs serious reconsideration. 

Salinity and Food Production in the Indian Subcontinent tt 

Table 3. Approximate order of losses and utilization of irrigation water 
in some northern India canals. 

Approximate 
value 

Particulars (%) 
Losses in the main canal and branches 15 to 20 
Losses in the major and ii;nor distribularies 6 to 8Losses in the field channels 20 to 22 
Losses during application, including dfeep 

percolation, evaporation. etc. 25 to 27 
Utilization hy crops sia evapotranspiratin 28 to 29 

SOURCE: Gopinafli, 1976. 

Faulty Water Management Practices 
In the early stages of irrigation development, it was consid
ered sufficient to delivor water to blocks of' too to 150 ha 
throtgh pipe outlets frotn canals and distributaries. Ilow the 
farmers within these blocks, each faricr holding only a few 
acres, shared the water, equitably or otherwise, was left to 
the farmers. The developnment of agriculture was considered 
autotlatic once water was delivered at an outlet. In recent 
irojects the block was re:hUced fronl to to 150 ha to about 

40 ha. Clynia and Corey (1974) made several measurements 
on tile lield application efliciencics of irrigation water intraditionally faried fields at several locations it Pakistan. 
''licir studies showed that almost three- fourtlis of' theinea
sureuments indicated cfliciencies of* less than 30 percent and 
over hallf of the incasurements showed efliciencies of less 
than 20 percent. Table 3 presents the results of some tnea
sureiients ott the nagnitude of water losses in some north
ern India canals. A discussion of factors responsible for low 
elliciency utilization of the available water potential l'ollows. 

Excessive irrigation. For practical reasons, head reaches 
oL a canatl become fit to receive water much earlier than the 
tail ones. The work of constrttting lield channels and of 
leveling land for water application is slhw, often resulting in 
a gap of several years between development of head and tail 
reaches of a canal project. l)uring early stages of develop
ment, deiand for w'atcr in the lower reaches is low; there
fore, much niore water is available to the f'artiers in the 
upper rcaches thaln is their du,-. For this reason the fartiners 
start ConiSUtlling large alloin t o "swater by irrigating such 
aFCas and growing such crops as are otherwise prohibited in 
the project. 'IT c f'arnters also tend to overirrigate their fields 
because of the tncertain ty of getting tile next irrigation at 

at appropriate interval. 
Unscheduled 'cropping patterns. At the project plan

ning stage, water deliveries to an area are platnned with deli
nile cropping patterns in mind. In practice, however, these 
are rarely adopted. In the I'tmgabhiadra project command 
area, only 13 percent of the irrigated area was planned f'or 
heiavily irrigated crops, the remainder being fi'Or light irriga
lion. A sttudy in 1971-72 and again in 1981 -82 (Table 4)
showed that there was much more area under ]lcavily irri
gated crops. 'l'his coupled with low application eflicienicies 
has acccntualed the increase in water table and salinity
probletis in many areas. 
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Table 4. Area planned and actually covered under heavy and light 
irrigated crops. 

Irrigation 
Type 

Area Planned 
(ha) 

Area Covered (ia) 
1971--72 1981-82 

HIcavy 
Light 

300t)o (13'4) 
2,02,(00) (871/,) 

37,616 (32');) 
78.135 (6811 

60.389 (25 i 
1,86,675 (75(7) 

SOURCEF: loorinder and Rav. 1984. 

Inadequate land decvelopmrent. Inadeqluate land level-

ingresulting in nonuniform water application is the single 
Most important factor contributing to low water use effi-
cienvy, nonuniform leaching of salts, and soil salinization. 

Fallowing. Spreading limited quantities of water over a 
wide area is yet another factor responsible for speeding up 
the rate of' soil salinization. '[his is so because insufficient 
water is available to nect both the crop water requirements 

and the water needs to mfeet the leaching requirements for 
the control of' salts in the root ic . !-or this reason, even 
within tile command of ati irrigation project, crops are 
grown in large are as uIIder inirrigatcd conditions or tile 
land is left fallow. Fallowinlg encotn'.tgcS salt 'ICCumlaFRtiot)lndiI fth laoo tzne, s wincec(i abes saItraci" tihti ow 
i tilie root zon, and saiizatin imay be sever'e iftlie f'a H 

period is long, evapotrative is high, .and if the if' deCi and 
groundwater is shalow ad saline. 

Social factors. L.and fragtinentation atd associated difli-
cultiCs in the transport and applicatiot of water result in in-
efficicnt water t s aid ili tile spread 0f sailinlity. The system 
of land tenure whereby the cultivators may be share-tenants 
who are oftcen tloved nioliione arcl to .itotlher is vet anotlher 
Il.actoir thIiat 'iicon raIcs lanid derdto. Flx iclV water
fatorand ,iin2ouracs lo ndegradationd u isti watelaws ad pricing systeis aic also not citlducivc to el'ficicitwater use. 

CONTROL 01" SOIL SALINITY 

Mainitaiiiiig the hig-terii prtducti'itv of' irricated Iamds 
using salinity cottrol is a complex process. Thc colliplica-
Iions arise becansc of the Ihagc iiln ber 01 factols in\'oI\'Ctl 
as well as ouir liiited utiCrstalidiilg of the way they interact 
under tiatural conditions. There is aIiui'gcit need to develop 
apprtopriate technologies for reclaiming l 'a that have 
goIIe oif' cultivativat inud to prevent additio'il aCas flr0lll 
being afected by the salinizatitn prceses.le term "itch-
binigv efcters the searezas. cdThe triiit presses. 
nology'" refers to these IIreiS. These incIlude: h method Of 
land preparation, selection of the hest-suitcd crops, varietiesarid sequcrtcfrilictonerigton hainmge, aiid f'ar'rii 
a neuencfrltiliati.oil, irricaior. drainagc d 

ate-aiageirit practices. etc. '[he techinolticies devel-
opcd Ilust be relevant aiid adaptable to the fartels' level 
and iceCls. TIlius, Cflrls, ililst be itatic siluitiltaiiCOUsy It): 

I. InhancC Oiur utilcrstadirig Of the basic principles in-
vtlvCd in tile iMaiagcilcilt 01' our- resoirces. These Will cut 
acrlss several different disciplines. iicfudiiic ,,il-v,atr-
pkiihf-cliritate relationships. SutlacC and suhi,rfacc hydrolo-
gies, and ge iliydrolLgy. Ai c inhaced i dcrtlaiding will 
iroide us with 1h-' cilpability 10 predict. inIt Iuarimitati'VC 
iialncr, lie changes in l tite and space consecqucnt upon in-
position of a set of' practices like the effects of a change in 

cropping pattern on the water balance of an area, and the 
results of providing drainage in an area with regard to its 
salt and water balance. 

2. Develop and improve upon practices that will result in: 
(a) efficient on-fo'rm water use. This will require 

efforts to define optimum water needs of crops, 
water delivery regulation according to the crop re
quirements, optimlunl methods for land prepara
tion, etc. 

(b) 	 efficient drainage of the irrigated areas. Efforts 
must be directed at defining the optimum methodsof drainage olfsttrfacc water and groundwaters, 
practices for controlling the quality of drainage 
lows and their environmental itpact. mainte

no an tnclrdenvi ontrl ofpeed, etc. 
(c) 	 Optimm conjunctive use of surface water end 

grounlatcrs ith a view toward controlling thne 
waterale itiie a or llancetof 

quatity al qLialit of' water. conserving rain

water, etc. 
3. Develop an infrastructure for the transfer of technolo

gies to the fartuers through coitiLtuing cd ucattoi programs 
and pilot and deniotstration projects. 

4. Provide a mchanism for coistait review, change, and 
implementation of legal provisions, water laws, pricing sys
teins. etc., to brirg about a disciplined use ofsoil and water 
tcs. 
resources. 

SOME ACCOMPIASHMENTS 
The intent li:re is nlot to convey that efforts to find s' lu

tions to the plroblems have been lacking. In recent years 
iinple mentation of Ithe tni -f'.r water iana.agement ini

proveicnt programs has been conisiderably strengthenedby setting up Coinm atid Area )evelopment Authorities ininearly eighty irrigation proJects. Techntologies developed 

for the reclamation of alki Ii soils (Abrol. i983) Occupying 
nearlyt 2.5 Millioniha in tli Itdti -Gaigetic plains have foundwide acceptance by the fartlmers. and in the past seven to 
eight ycits, more than 30,000 ha of b 'run lkali soils 

il ir a Li LdWere ircc , e S I fI0 ' hy.lol. Prnjrii al l UttIr 
wrechiin in e L Ia i'la. Punjab an dPradesh, i'csttltiiic in more thain 1.5 niillion toils of' fodgrains ituctiti amttally. Over the next tci years reclana

tiiIf nearly 1.5 iilioir ha ofalkali nlnts. yehic ill tin
ti tllor 1 toni land inhan million of cram N ill 
tt s o fod gins ally, is 
proposcd. In Pakistan Several salinity control and rccliMl
tion proijects (S('ARP) were hatmiclhed and have yielded

(Rathiur. 9"2."'ccThesecoododt resultsus(~thn t)82). SiccessCs.uc cmtihiitwiti
sanding the lrgcent need for accelerated efforts It) solve 
salinity P'Cl n. SOulnd scientific basis. cannot be 

vcrc - lhiised. 

C(ONCIJSIONS 
The problems of salinity control are indeed complex. 

here appear to be no simple ant str'ightfotrward solutions. 
Our ability to deal with these effectively Will require ill
depth tIIItie'staildiig of' tile widely dif"'ricit disciplines in
voivcd. inclding soil-water-puiit-ciiiillc relationships. 
surface ind groundwater hydroh-,gics, cohydrlogy. etc., 
and thcir interactions in an intcgr itcd niannier. A very sound 

http:prceses.le
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research base, equally strong field monitoring programs, riculture. Proceedings of symposium on hydrology of riversand vigormus field implementation programs based on well- with small and medium catchments. New Delhi, Centraltested technologies are the only answer. Shortcuts to suc- Board of Irrigation and Power 130 (2):43-58.
cess have proved very costly in the past. Research programs El Gabaly, M. M. 1977. Problems and effects of irrigation in theof the appropriate magnitude must be organized to define near east region. Pp. 239-49. itE. E. Worthington (ed.)
and to improve upon ways ofnianaging our water resources
at distribution and "on-arln Arid land irrigation in developing countries. Elnsford, N.Y.:use" sages. A continuous Pergamon Press.Gardner, W. R. 1958. Some ;.eady state solutions of the unsatucflort to improve upon the efliciency of watcr use, installa- rated mloisture flow eqluation with application of evaporation
tion of drainage systems as an integral part of any irrigation from a water table. Soil Sci'enCe 85: 228-32.system, together with increasing the level of edlcatiO1 of Gopinath, C. 1976. Problems and concepts in irrigation use.the farning community, will help in hetter utilization of Pp. io-15, 2O1 . In Role of irrigation in the development ofscarce soil resources while preventing their degradation. India's agricultu re. Bombay: Tho Indian Society of Agri-

Cultural Economics. 
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20. SALINITY MANAGEMENT IN NILE DELTA FOOD PRODUCTION
 

Yehia Barrada, Faculty of Agriculturc, University of Cairo, Giza, Egypt 

AIISTRACT 	 million ha of new land will be brought under clltivation 
(o.o63 million ha per year), and only o. 189 million ha are 

The population of E.gypt is increasing at atannual rate of 2.8 per- fOr various nonagricultural developments.i Uised 

cent, and the per capita area 


f 
of CLIivatCd land decreased from The syste in o f inheritance coupled with tih rigid laws of

0.214 hI ii .)'/ to 0.05 ill I105. The number of holdings. land reform, which linit the ownership of land to a maxi
2.9 million, has an average simc of o.84 ha. wyvpt's average annual in tilin of 2 i hia per person anti lmliake lantid retit pernia inent and
share ofFthe Nile water at Aswan is 55.5 ' 10 in"' .Much water is inheritable, coutribtitCS to the lra.etImentation of land. I lindi 
wasted, and tiheirrigation eftlciencv ranLes t roin 44 to 58 percent.
Water balance studies of tile aquifer under the Nile valley show (1983) stated that the nuber of holdings exceeds 2.9 rail
2.) x 10" it' per year. ()vcrirrieatio: ineflicicncv o "drainae: lion. The averace size is abottL 0.84 ha, which is very small 
and seepapc triuni head regulatm, canals, and relatively hihIer, aSI 1)rotltltit'in Unit. The ntumber of parcels making ip a
inewly rclailieCl land cat,,ed t lrathlial risC in the \atcr table. holding va'ics Io111 one to tell. :LIch parcel ma.y blIeCilti
\Vaterloggingi. salinity and ... arc th1e Cause,,,f ic- \,;Ile( with a difllercnt crop according o a. Spaciic rotation.haidl. lnatiIl 

terioration of about 50ItpecCnt of tire total are'a tliter cultkiatiin. The fial lC.tlt is a disleCrSCL ystmCt of land ise., which 

)n o~fthe wotldds biest lpt-'ctsirietl ;it lakes application oflaldequatte management practicesprosidiug 2. I rnil the 

lion ha with Llhaitnle Inetworks k under \%iav
ant \%ill be coiipilctd diflictll illInallny respects.
 
bv 190). RCLtucin andlti]L Jibnlitth
wter coniscvanec d lss. ii- RCclallation of IICw lnds i!higher levels adjacent to the
 
lrioving the efliciency of \\atcr use, provil(in" illcllccti\C thainilex 
 delta and the Nile valley, the availability of greater amountss'steni. and applying applopriale soil amclioratioll tcchniques are of water aftet establishine the Aswan I lich l)anr. land f'ag
cssential for increasi,i food production. Istabllir an1ciperi
mental farml oil Itore ell'ctivc ete non IC_', Illtalion. ild inadeqt Illilmanagenllit practices, Caised
stndv soils, r'l\ 	 l.lld 


better coordination o.,iapplied rccarch are also badly iL'd'd. 	 .I apprecialc deterioration of over I mlillion ha of old 
fertile land. area imUner Egypt.0f the now culivatiOln in

INTRODTlION 	 16 percent is newly reclai ned laad. Its protduction, how
ever, is less than 3 percent of the total national agricultural

The CtltivaitCd area of Eg,pt is albilut 2.4 Million ha or production. IllviCw of the lih cost of land rcclalation and 
about 2.49percent of'tile total area. The area unrider cultiva- the long peritod o'f lite neeled to reach iprtleltitn pit c
tion consists of' the irri-aiCd Nile )elta and the larosw tial, I liildi i 1983) ,iltes that higher priority shouild be given
strips oil either side of the river, as well as tsmall railfed to incstiIti ftinds 1'1 the ainclioratio l of deteriorated old 
area covering lie ntorth tlscrt coast of Alsalldria to il)OlI land. the tlcveCllqlllcnt of better soil and water iml.alnae. t 
15 killfrori the sea. Rainfall averages 1)2 111111 practices, proeralmIS, isthe rtrinllsper Vcir. and soil coisolidLion 
Itostly duriN the wsinter milith, (November to March). The will tlCfitil,' be qlick'r and ihr than those anticipated 
rapidly grlwin., iopulatintlfiF.vpt and tileimpro\licnlit fron in 'estCnierIts on reclamiation of nev land. 
if'tie stalldilard of livinie challenic aericultme with atcon- \Vith the rapidly and coirtirt1uuslv irCerasitel demrands 
tinuttl0usly incrtaSinig LIit rid 1or P)dIl ts.(rCat elltts arc fkr llitld and filler, agrictilttirC has a lon, way to go in 
bcin lliahdC 1r incrCaseC f ,el, aifl tiber Klticlirtll imaking more ratioral Listo1 its linlitCd waitlr and land 
throtiugh inrcrcaiilr vieltIs ler tu1i :aCa. intcnrsilvi1r' the reCsources. 
cr lpinpi ll knalttto achieve a croplpin ,irndC\ IilrCr Ih nii)ni 	 2. 

,
anid brillinil iit.,art areas under cultivatioi. )nrin!e, tire \VATR iiSOUR iES 
past five dcadc., abrrt 0.44 iniliin ha of new land cl. AUri itnIculireEgypt dlepends oir Nile water. The Aswai
biOuglrt unLrCilti\alion (Table II. I lwvCr., tilecxpairsioI I lih Dam allows for Coinplete control of the Nile Water and 
Of villacs and urbani ceters, a.,well tsvarious oiher nlon- iiakes Storagce of water frorr one year to almoier possible.
agricultural deLICvebIhuicnls. c'Lleilld allappreciable ailtaill The tlotlal SlOlirgc capacit' is 64 x to" in '.The average an
fertile land. A cnirservative et.imate indicates illZimore ii)\\'nualarrivin at ,\swail is 4l ." Illl"i .,which conthat 	 Ilhrw\ 
Ihanl 5.000)r) ha lr ea ei' fllrs1ht frot aericltlure. Tlablc 2 sists orf: 
Shows thal Sincet It)7 , the lci capitia lrCi ol cultivated larnd sidaris Share 18.5 K 10 in /yr 
dccrias nd pilll tioni increased.rielie losses i Lake Naserl I ni /ir


A ralher optirinitic estirnale for lie pler capila area of avalbl 
i F 55.5 t I /Vr- H) 
cultivated land by the ll2(1(1) is(.0.13 ha. This i,bascd 
oil the iiUlllliolls th thilpopulatlioln of Eglypt will coi- Iltween 1t968 aild 9)78. Ire aiilltllls of Water IIowing ;In
tintic itliliCrrasC at the SamelC raie hCrVCL in I1),84 .5 (2.8 lilll' iiHli thC I igi I)aii rielCd f'ron s ;..8 to 62.2 X 
percet). Ihuls leaclhini 72.6 Inillion b 2)(1(0, while (.)45 I("Ill '. 
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Table 1. Areas of reclaimed soil. 

Area 
Period (ha) 

Before 1952 68,00 

1961- 1965 210,000 
1966- 1970 105,000 
1970- 1984 58.000 

Total 441,000 

Table 2. )ecrease of per capita area ofc.illivated land in Egypt 

since 1897. 


Average per 
Area under Capita Area under 

Population Cultivation Cultivation 
Year (lnlliolls) (million hal (ha) 

1897 9.717 2.076 0.214 
1917 II 190 2.257 (1.2(02 
1917 12.817 2.230 0.174 
1927 14.178 2.238 0.158 
.937 15.921 2.23 0.140 
1947 18.9)67 2.420 (1.28 
1960 261085 2.478 (.095 
1966 30.075 2.520 (.084 
197(0 33.200 2.5210 (.(176 
1976 38.228 2.574 0.1167 
1985 48(10 2.394 (.050) 

SOtRCE: Adapted rom "Plan (or Irritaiin Development in gypt," 
Ministry ol Irrigatin. 1979. 

During 1978 and 1984, 3.5 and 4 X 10" tn' of water, re-
spectively. were allowed to pass through tile darn to cover 
the needs of navigation and electricity production during 
the closure of canals (January and February) and between 
crops (Sel:,-mber and October) (Ministry of Irrigation, 
Cairo, 1979). As Sudan does not use all of its share of the 
Nile water, the available water to Egypt often exceeds its 
average annual share. 

Irrigation as practiced in Egypt today makes inefficient 
use of available water resources. I hge amouints of water are 
wasted and contribute to a rising water table, waterlugging, 
and salinity problems. A study of tile water released from 
the Aswan High Darn and the recoverable losses for the 
1974 water year (USI)A, 1976), indicated that irrigation 
efficiency ranges from 44 to 58 percent. This is ;alow ligure 
for a river system suIch as the Nile, from which many of the 
losses are reco,,erable. Further the atnount of water renlain-
ing in tile systemn and potentially contributing ,o raising the 
water table is estimated at 10 x 10" In ', equiva- tlt o 0.42 l 
of depth over the total irrigated area in 1971. LS,-DA, 1976). 

Table 3 shows the quantities of irrigation va(er, the quan-
tities of drainage water (in the delta) and the percentage
of drainage water to irrigation water during the period 
1970-78 (El Quesy, 1983). El Quesy (1983) indicated that 
the rate of drainage in the delta is about 3 mll per day. The 
leaching requirememt ranges betwen I and 1.5 mn per (lay, 

Table 3. Quantity of irrigation and drainage water for the delta. 

Quantity of Quantity of 

Year 
Irrigation 

Water 
Drainage 

Water 
Drainage to 

Irrigation Water 

(X 10' n') (X 10' m ) (%) 
1970 26.990 14.025 51.9 
1971 30.054 14.386 47.0 
1972 32.003 14.847 46.3 
1973 29.173 16.020 54.0 
1974 29.731 15.528 52.2 
1975 30.246 15.941 52.6 
1976 31.178 16.238 52.4 
1977 32.175 16.261 50.5 
1978 32.591 15.989 49.6 

Average 30.46(1 15.471 50.8 
SOURCE: EI-Qucsy, 1983. 

so the retnainder is considered to be excessive and could be 
saved if the appropriate management practices are applied.
Therefore, 7.75 to i0.32 x 10" il' of' water are wasted an
nually as excessive irrigation water. 

It the existing water sttpl)ly is to be utilized lot develop

ment of additional new lands or increased cropping index 
on old lands, this water Must come from one or more of 
the following sources: (I) improved irrigation efficiencies 
through tie development of better water management prac
tices, (2) reduction of' canal losses by lining areas of high
seepage, (3) increasing tile atnoulnt of reuse fronm the drain
age system, (4) increased use of groundwater, (5) reuse of 

municipal and industrial wastewater, and (6) tmodification 
of cropping patterns. 

About 3.6 x to" in ' of water now used to meet the navi
gation. barrage safety, and hydropower demands could be 
utilized. lefni (1983) indicated that the water balance stud
ies of the aquifer under the Nile valley show an increase of 
recharge to tile sum of losses and extractions which exceeds 
2.9 x 10" mn' per year showing a general trend of increases 
in tile groundwater levels. Tile Drainage Research Institute, 
which carried out the atorenlentioneJ studies, estimates tile 
anounts of usable groundwater resources to be up to 5 X 
10" in ' per year. These data show clearly that for the titne 
being, and at least for the cotning two decades, enough 
water is available for all planned developments, including 
increasing the cropping index and new land reclamation. In 
fact, water managetnent is a malor constraint for agri
cultural production while water availability is not, at least 
for now and in tile near future. 

Projects to add irrigation water by increasing the annual 
flow into Lake Nasser are being pursued. Egypt's share of 
the water anticipated from the planned Upper Nile projects 
is estimated at 9.5 X Io" i ' per year. 

LAND RESOURCES 
'[he total land area of' Egypt is too million ha. Despite 

the large anount of' available area, suitable land for crop 
production is scarce. The best cropland is in the Nile val



ley downstream from the Aswan High l)am and in the delta 
downstream from Cairo. I he delta comprises 68 percent of 
the total cultivated area in Egypt. 

The major part of the delia is made up of alluvial plain 
sediments deposited by seven main brahtnccs. Only two re-
,main today. Under natural conditioos, watcr overflowed tile 
banks, and tile changes in water velocity resulted in the 
deposition of sediments in a soil sCquence composed of 
relatively narrow, coarse-textured strips of higher elevation 
running adjacent to the channels, gradually dropping to 
broader and finer textured strips with increasirg distance 
from the channels. TihuA. interrelated texture-relief soil 
catinas were formed along each channel. These merge in 
tile middle of the delta. producing depressions of heavy clay
soils betwecn the channels. AroL,nd the borders of the delta, 
alluvium merges with €oil I"diftcrent palen ate ri as, 
prodLIciig interfcrence zones in which tihe properties of one 
soil eradually change into those of the other. The resulting 
licrorclief of the delta is summed up as fiihuerlike projec-

tions of higher land joined at tile base and sprelaling fan-
shaped into the lowlands of the north with depressions ap-
pearing in betwecn 

F~rom the present 2.4 million ha surveyed its cultivated 
land in Egypt tile productivity of' only 5 prcent is classi-
tied ais excellent, 41 percent its good. and tile remaining
55 Percenlt its either ta ir Or potl-. This liinitation ili prodlc-
rive land resources is holding back the effect of aly other 
agr icltura lii ve ert r"dit ionmal inplitts icreas ing
agricultural production ill Egypt. The deteriolation of' soil 
productivity of tie present cultivated lind is oftenii reported 
as being caLused h%' soil salinity. alkalinity, waterlogging,
subsoil coMpaCti n and hardpan foriitlit. 

Massolid 198; t stated that the role of grotiulndwater as a 
factor in salt-affected soil for ntion depends on salt con-
ceotratior, depth, and Itotion of the water. Generally. I 
water leptll of i to 3 M is considered criticai, especially
under high evaporat itiC aeii d and \here movement (1'
fresh irrigationl water is limited by restricted interral drain-
age coiidititas. On theoilier hiad, thie lil Iconcenitria-
tioi of the groltlid\Valer is c.nsidered critical if it is 2 to 
3 &L for Cl or SO type (r 0.7 to 1.o or sodaOl 
waters. 

Mineralized grOniillwatcr is also a Source tf'salinity and 
stlicity when tised for irrigation. The extent of its effect 
depend., on the salt COn)cenltratiol and coliipositiOrl, (llla.-
tity, netliod of application, and the soil properties. The 
drainage water which is 11aItiall, reused ftor irrigation ill the 
deltai contains oni the average 011ly 700 to 900i11. , total 
salts, becaulse of the importamit dilltioi with uuilised water 
which passes directly fIrom the ends of conveyance canials to 
the drainage network. Iho\vecr, its salt content should be 
periodically monitored. It should a1So be used with caution,
prefcrably aflter mixing \vith freshwater, only at times of' 
water siortage, or when no other souIrce is aVailabltc. 

Variatioli of macro arni iticro relief' also contributCs to 
soil degradation in (I:f crcnt ways. Chianges i et 
even of a, Magnitlude of 2 to 3 iii result in.siliniZation of the 
lower parts where the water table is closer to the surface. On 
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the other hand, changes in the micro relief on the order of 
less than 30 cm result in increasing salt content on the raised 
spots and better leaching in the low areas, which may ex
plain the spotted nature of salinity observed in poorly lev
eled fields. 

A gradual rise in the water table has occurred during this 
century as a result of overirrigation; inefficiency of' drain
age; and seepage from head regulators, canals, and rcla
tively high. newly reclaimed land. Both the intensity of 
groundwater evaporation and the salt accumulation process 
increilse a: the groundwater level approaches the surface. 

Mashali (1983) stated that under the arid clinatic condi
tions of Egypt where the total evaporation ranges from 1500 
to 3000 nlln per year, the sail aCCuulllatio(n processes attain 
their maximnum when the groundwater level reaches a depth
of 2 to 3 I or less. The capillary flow of" tie groundwater is 
affected by evaporation, soil texture, porosity, water-holding 
capacity, permeability, and available moisture content. 

The most common observation is the salinization of soil 
strips running parallel to irrigation canals. Caials are in
variably placed in old river channels or on land of relatively 
high elevation and. consequently, with coarser soil texture.
Thus, seepage has caused severe damage to the productivity 
of adjacent soils. Also, the general seepage from higher 
land has coipouided the salinization problem ill the de
pressions. i the soils of the northern delta, the problenm of 
salinity is grave. With tile appiroach to northern lakes. tile 
soils becoie heavier, tile elevation decreases, the grond
water becolIes more saline (due to contamination with sea
water), and tle water table approaches tlie soil surface. 

Saline and salt-all'ected soils in Egypt make up about
840,0ooo ha and are concentrated mainly in tile northern part
 
of' the delta. Ii addition, salinity has been noted in another
 
40o.o hit in sufti cient levels to affect crop production.
 

SALINITY MANAGEMENT 
Iii proxvinrig tlie prodLiclivily of saline and salt-affected 

soils in the Nile Delti should he based oii the results of 
sound applied rcse:arch programs aiied at investigating tile 
cliuses of' soil deterioration, tinding out the most appropri
ate neans of Iecovery, setting preventive measures, and 
inaintaining high soil productiivity levels. Research should 
be planned and inipleiiented by interdisciplinary teams of' 
scientists, incUdiling irrigation, drainage. and tfarl inecha
nization engineers, 'is well as specialists in soils, agronomy,
aid agricultutral economics. Also, extension service spe
cialists must be involved in the planning and execution of 
research. 

Institutes active ill applied agricultural research ill Egypt 
areitrimerous and belong t1odill'rent mlinistries. The uni
versiti,'s, the Executive Authority for Land lmprovement 
Projects (established in 1971). the National Research Ccn
tr, the Soil and Water Research Ilstitute of the Agricultural 
Research Center of the Ministry of' Irrigation and its various 
Institutes (irrigation. drainage, and groundwater research 
ivatnonstitutes),Iand the I)esert Ilstitute are ailong tle active or
ganizations in research aimed at improving soil productiv
ity. H-owever, the level of cooperation betwcen the research 
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institutes and the coordination of their research programs 
have much room for improvement, 

By far, irrigation and drainage are the most important 
practices that contribute to both the solution or creation of 
salinity problems in soils. Using furrow irrigation (long fur-
rows), together with land leveling and the reshaping of 
fields, would improve water use efficiency by increasing 
uniformity of water distribution, reduce water consump-
lion, decrease the load on drainage networks, and prevent 
spot salinization. Improvement of the physical environment 
of the root zone, proper soil and water management, sub-
soiling, and applying gypsum also contribute a great deal to 
improving the productivity of saline and salt-affected soils. 

During the past two decades, great effort was made and 
sound applied research programs were performed to im
prove the productivity of saline and salt-affected soils.Some major activities and a few research results are dis-
cussed below, 

ethat effective drainage is the key to iprov-
Recognizing tfine-textured 

ing productivity of saline and salt-affected soils, the Egyp-
tian government in 1970 started one of the world's largest 
irrigation projects. It was planned to provide approximately 
0.42 million ha in the Nile lFelta with covered field drainage 
systems (Abdel lcim. 1983). By 1984, thL Egyptian P~ublic 
AtthoritV for Drainage Projects provided 1.092 million haA it i t forainage roject Pded im(9 million ha 
with a drainage network. An additional e.oo8 hamillcion 
vilI be provied with a drainage system to be completed 

by (oo.
Abu-Zeid (1983) discussed the possibility of using ver-

tical drainage, especially in low-lying lands close to newly 
reclime hig lads Nil inares jut il)-nd aongtil 

stream from existing or new barrages. Vertical drainage ap-
pcitrs to hoe promlisitig becauIse of thle very large existinguneground e resrvoir, te ood qualty oagroueitndunderground water reservoir, tile good qul1ity of' ground

'total t) h
'o Manid 

resources for future agricultural expansion. 
Research to develop the dcsi-n criteria for drainage sys-

vater (200 to 500 saltse te need for water 

terms ato on soil produictrnds vac te the effect of drainage o fsid 
tivity is very active. [or example. EI-Guindy (1983) found 
that the dry matter productioi of lerseem tTrifidiun, ti'-
andriumJincreased on heavy clay soils inthe northwest and 

northeast delta by 36 and 18 percent, respectively, as a re-
Suit of theintroduction of' drainage.given 

Mashali (1983) stated that A58 percent increase in co:toni 
yield was achieved inKalioubi ! in 1968 as a result of plow-
ing, subsoiling, gypsUitn application, and establishing open 
drains with suitable slopes at a depth of too ci. Similar 
experiments at various locations in the delta gave similar re-
suits with other crops. As a result of the success achieved, 
the Executive At Ihority for ILand Improvement Projccts was 
established in 1971. It has the overali responsibility for land 
itprovement projects in Egypt. 

Genet and Malik (1978) recommetded the iaintentancc 
of the water table following an irrigation application I!least 
i tn below the surface for areas west of Noubaria Canal. 

This criterion is slightly stricter than the pt'ovisionaly ap-
plied salinity control criterion. They also reconmende(Id a 
s acing Of 50 M at a depth of 2 m for the lield tile drain in 
lie North Tahrir pilot area. 

rhtiied high lands and along the Nile in areas just udain-ield 

Table 4. Cotton and wheat yields as affected by 
different drainage treatments. 

Sed Yield Cotton Wheat Yield 

Drainage Treatment (Giza 70/89) (Sakha 69)
D
 

(Dcpth, cm) (Spacing, m) (ton/ha) (%) (ton/ha) (%) 

50 1.470 100 3.541 100
 
90 to 120 25 2.351 160 4.262 120
 

12.5 2.846 194 4.487 127 

50 1.927 00 3.616 100120 to 150 25 2.220 115 4.371 121 
12.5 2.944 153 4.718 131 

SOURCF: USDA, 1984. 

A comprehensive research program was initiated in 1975 
to develop a drainage guide for soils that includes depth and 
spacing requirements at two locations, one representing

soil (clay) in the northern delta region and one 
for loamy soils (clay loam) in Upper Egypt (USDA, 1984). 

The results obtained during 1983-84 in Mehallet Mousa 
Iarm (clay soil) arc given in Table 4. The increase in pro
dtction is closely tied to the decrease in drainage spacing. 
Amcr (1979) discussed the development of drainage proj
ects since their initiation in Egypt in 1938 and compared 'he 
different technilues :and materials used in the implementa
lion of subsurface drainage networks, and the plans of the 
Egyplian government for providing most of the land undercultivation with drainage systems. He indicated that soil de

tivation was stopped. andtHe idctf th mnild 

crops were increased by 20 to 30 percent on the average as it 
result e introducing effective drainage systems. 
eute nrdcn ffcie(riaessesIrrigation ts practiced in Egypt today makes inefficient 

use of its water resources. Il lge amIounts of wasted watercontribute to a rising water table, waterlogging, and salinity 
problens, iti addition to leaching of nutriens and yield re
duction. EI-Khadi (1979) indicated ihat some farmers use 
twice as much water as that applied by others for irrigating 
the same crop during the same season at a given location. 
She tlso .stated that the actual irrigatiotn efficiency is, on the 

average, 42 percent. The najor causes fbr wasting water are 
below.
 

i.Farm irrigation openings are greater in number and 
larger in cross section than should be. This causes unfair
ness in water distribution, as water often does not reach 
fields at the end of the canal. 

2. Private conveyance canals are not properly maintained 
and are full of weeds, have a cross section much larger than 
needed, ar,d are connected to the drainage system. 

3. There is no water use coordination among farmers 
Using the same canal. 

4. As farniers get the water free of charge, they have no 
incentive to give the necessary uffort or make the required 
investment to save water. 
5.The rotatiti system iakes farners fear that water 

stress may take place while water is unavailable in the ca
nal, and thus they irrigate at tile beginning and the end of 
the same rotation leriod. 
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6. At the early stages of plant growth, farmers use much field crops as a function of weather conditions 
more water than the plants need. while taking soil properties and quality of irriga

7. Lack of adequate leveling and inclination, which tion water into consideration. 
causes uneven water distribution and great waste of water (b) 	 Improving the efficiency of water use on the farm
when using small irrigation basins, is common, in order to obtain the highest return in monetary

teims for each cubic meter of irrigation water. Pre-
The Irrigation Reseaich Institute of the Ministry of Irri- ciso la leei adteu of irriga 

gation (979) indicated that water consumption in Giza was cision land leveling and ihe use of furrow irriga
129 m' per hectare per day when water was delivered at the tion on old land, as well as using sprinkler orfield level. This aount was reduced to 106 m per hectare trickle irrigation on the coarser textured soils in 

per day when water was delivered at a level 0.5 to I m be- the newly reclaimed areas, are likely to contributeto the achievement of this goal. Since agriculturelow field level. An increase in yields of wheat and maize by pracie ths dry matte rodut re 
15 and 20 percent on the average, respectively, was associ- practices that increase dry matter production, re
ated with the water savings. This shows clearly that whev duce yield losses, orconsee eratwould increase 
farmers had to pump irrigation water, they had an incer :ve the efficiency of water use, the cooperation of an 
for reducing water consumption and avoided wasting it. interdisciplinary team of researchers is needed.Further investigations are needed for determining the op- (c) Improving the fiiciency of irrigation. It requirestiur depth and spacing of drains, as well as the most ap- large investments, great effort, and many inves

propriate amelioration techniques required in salt-affected tigations and economic considerations to estimate 
soils. Also, improving the efficiency of irrigation and water pae benetinero an te aoii 
use on the farm is essential for increasing food production. pared benefits interms of saving water, avoiding 

Demonstrating research results on a pilot scale on farm- soil deterioration, increasing yields as a result of 
ers' fields whilewie adopting an integrated approa 	 lowering water reducing ofersufil adop an atedeapprach ofthe p-	 the table, expensespumping drainage water, and the greater possibili
tieum soil, water, and crop management practices is very ties of agricultural expansion through land recla
effective in convincing farners ofthe benefits of improved 
 mation (Ministry of Irrigation, Cairo, 1979). I
agricultural practices. 
 proving the efficiency of irr ,ation involves mainly 

the 	following:RECOMMENDATIONS ANi) SUGGESTIONS (i) improving the control of water delivery and 
It is believed that the prqjler implementation of the fol- distribution, and reducing the amounts of ir

lowing suggestions and recommendations would greatly rigation water flowing from the ends of con
contribute to increasing feed, food, and fiber production in 
 veyance canals to drainage networks. This re-

Egypt and would thus help agriculture cope with the rapidly quires recalibration of water flow through

and 	continuously increasing demand for its products. barrages, revising cross sections of canals, 
i.Higher priority should be given to investing funds in 	 and providing entrmces and ends of all canals

improving the productivity of deteriorated soils, as this with adequate gates which allow water flow 
would give higher and quicker returns than funds invested to be determined. 
in reclamation of new lands. 	 (ii) controlling weeds in canals. A combination 

2. Avoiding land fragmentation in newly reclaimed areas of mechanical and biological control (Chi
and encouraging land reconsolidation on established culti- nese mabrouk fish) appears to be very effec
vated land by revising the prevailing land reform laws and tive (Ministry of Irrigation, Cairo, 1979).
supporting concentration and specialization in agricultural (iii) making water available to farmers at all times
production on relatively large areas. at a level about i in lower than the fields. The 

3. Increasing crop index up to 2.5 would lead to an ap- abundance of water rotation would make
preciable increase in agricultural production. This, how- farmers feel secure, and they would not be 
ever, requires: tempted to irrigate their fields at the begin

(a) 	 Reducing the time necessary for harvesting and re- ning and end of rotation. Also. pumping the
moving a crop from the field, as well as that re- water to his field will discourage excessive 
quired for soil preparation for the following crop, water application.
through intensifying the use of machines to over- (iv) expansion of pipe conveyance systems, peri
cone labor shortage at periods of peak demands. odic cleaning of private canals, and lining ca

(b) 	 Developing or introducing early maturing, dis- nals in high seepage areas would appreciably
ease-resistant, and high yielding varieties of the 	 reduce water losses. 
main field crop. 	 (d) Improving the productivity of deteriorated soils.

4. Highest priority should be given to the following ap- This requires an effectivc drainage system, appli
plied research topics, which would provide the basic in- cation of various soil amendments (mainly gyp
formation necessary for increasing yields, reducing water sum and organic matter), and subsoiling. Research 
losses, avoiding soil deterioration, and the hazard of soil would address: 
salinity and alkalinity: (i) determination of adequate spacing depth,

(a) 	Determination of water rcquirements of the main length, diameter, material, and inclination of 
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field drains so that the water table is kept at a 
level which would ensure satisfactory yields 
and avoid the danger of salinization. 

(ii) 	 the need for and anount of gypsum and the 
best application method. 

(iii) 	the effect of farn yard Manure, green ma-
nurc, and organic matter from other sources 
on soil properties and crop yields, 

(iv) 	 the effect of subsoiling on the physical prop-
erties of soil and on crop yields. 

5. More support should be given to institutes performing 
applied research aimed at increasing agri cultural produc-
tion. Closer cooperation between these institutes Mid better 
coordination of thec~ research programs should be ellCOulr-
aged. As these institutes belong to different ministries, ei-
theor a special autltority or coi ittee should be estabIishedfar 	tisppse aoritheAy o ittenchoulemabaskedf Scmm 
for this purpose, or tihe Ademy of' Science may he asked 
to take tip this role. 

6. A tnaste r plan shounIld be prepared for all possible 
areas of fature agricultural cxpansion. The plan should indi-
cate priority areas for land reclamation an( should be con-
suited when preparing to reclaimia given land area. 

7. Farmers should pay for the water they use for irrigalt-
ing their lields, as this will provide ain effective incentive for 
them to spend tile time, effort, and money necessary to 
avoid waste. They.' ilso should be itived inl Wsater mnage-
aoind ashyuloeratlld seinled ilmetin;g-ment and shouId coop-ate ill sutggesting and iiplcennting 
the necessary activities which would ensure propel distri-
bUtion and minimizing water losses. 

8. Extension service siioLlh. play atmore cffective role in 
improving the productivity of deteriorated soil. To achieve 
this goal, demonstration plots should be established to train 
farmers and the quality of village extension agents should 
be elevated. 
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2 1. SALINITY AND FOOD PRODUCTION IN AUSTRALIA 

A. R. Aston, CSIRO, Canberra, Australia 

ABSTRACT 

Salinity is both tnatural and a man -induced problem in Australia. 
It is aimajor area of concern as it lffects Urban, indtustrial, and 
rural growth and development. This chapter is an overview oftlie 
sating problems of' nonirrigated anld irrigated land in Australi ;
and tile effects of salinity On food productiion. ,\pl:rt iron tie deg-
radation of a tmajor valuable land resource, the annual cost ceect 
on Australian agricultural prOductivitv is small . IH-owever. in cer-
lain areas of Ausiralia and rural enterprises in particular. ihie re-
duciion's are signilicanit and there is potential for increascd impact 

in tile lutur. The eflect of the predicted calo n dioXide enrich-

inent of the atlosphere on salility protlcnis is discussed. SuL-

tesLed nl;ageinent, policies, research and investigatiin reqiitire-

inellts are outlined, 


INTRO)UCTI()N 

Salinity is a na1tural antid it mi-inditcedCproblcm in Atis-


tralia and is an increasing area of concern. Matiy Australiai, 

soils are niaturally, sa line as a result of their hyd rogeolgiCid 
development. I lowever, since luropeii scttleient. triaii has 
upset tile balance between water and salt itcnoen in nany 
of these soils and, as atresult, has increased tie extent of, 

land and stream salinitv. A direct consequence of increased 

salinity is rCdtied food production. 


This cliapter is an overview of salinity and food prod uc-

tion in Aist raliia arid Stiiinlarizcs iiiainly two repiorts. to 

which the reader is re ferred for lu rther inforniioniiPeck et 

al., 1983: SCSC, 1982). 

SALINITY IN AUSTRAILIA 

Salinity re fers to the total concentration oft lie najor ions 

a solttin as ieasured by the electrical coiduct iviy ( EC) 

olthlt solution. Coiductivity relates to the total soluie salt 
c'IScSntration CBSa C (M is 


TISS =: 1'C
6. 5 
where EC is in inStn 'and "'lSS is iinig.l ' (Brown, 
1983). The Australian Water Resources Council (AWRC, 
11)8 i ) classified w:er on the basis of total dissolved solidsconcentration (TDS) where TSS = .105 T)S (Brown,1983). The AWRC describes ater quality as follows: 

'1'I)S inI. 
Fresh ' 500 
Marginal 5 ))- I , 0 0()() 
Brackish I -
Saline 3.000 

The salinity of a soil is comiotily delined as the weight 
of soluble salts or CI ' (expressed as NaCI) in a unit weight 
of dry soil. Surface soils are said to be saline when NaCI 

content exceeds o. i percent for loans and coarser soils or 
0.2 percent for clay hoanis and line-textured soils. Subsoils 
are saline when NaC] concentrations exceed o.3 percent. 
Northcote and Skene ( 1972) point Out thalt sodicity and ll
kalinity ill associat ion with excess soluble salt are also char

ric of salt-affected land.
 
Soil salting is dutie to teI Cc iulilt ion 01
1U 1 soluble silts in 

parts of or in the tol stll profile. hcese salts come frol 
many different sottices. Such sourccs are weathering ol soil 
aid rocks, sea spray. tertestrial salt in dust 1ind rain., pert
odc marilte inundaitiontand other sources such as Ititi-on, 
seepage, saline irrigation waters, saliine groundwaters.an11d 
The relative importance o each oI tliese sources depends oil 
tile regionalI cli maItC, t)p(griraphy and hind use. 

Salts can be accumulLated over different little periods. The 
input ol salt in rain fall and dust is very slow, typically to ' 
to to 2 kg'ln per year and can give rise ti) an increase in 
soil salinity of, the top Ii eter 01' soil at a rtte of arotrld 
C).o))i percent per year. Ilowever, this low acctiuln . at1ion 
over millennia has led to significant salt levels within the 
prolile in sone areas. Natutiral weathering of soil and rocks 
varies considerably. and it is believed that rates are around 
to ' kg 'i per year, which are much less than the content 
iti rain and dust. 

Irrigation and/or tile movement of salts upward to tile soil 
surface fromi deeper strata can add salt to tile top meter o 
51;ilin ucIi 1ore rapidlV than can rain!all. dust. and weather
ing. Salt liddition to soil by irrigation is a direct result ol 
hunMtai ,ctix-itN-, but other activities can indirectly result in a 
flow (I crouidwater to tile surfice or ;n enhancement of 
existing discharge to streains and rivers. The activities in
chide the storage. conveyance, and disposal of' surface 
water--works which impede natural drainage patterns and 

cause vegetation and land-use changes. 

Salting of' Nonirrigated land 
S ls ae soe ih ri n auae o e a o etl 

Salts are stored either in the unsaturated zoie above thie 
water table or withinthe saturated zone in aquifers t , fire 
either unconliied or conliied arid under pressure.Water tha: has irliItrated the soil surface dissolves storedsalts not alre:dJy in solution. The dissolved salt then moves 
with the tran,;port of water either back to tile soil surface to 

the sites of' root water uptake or by gravitational flow below 
the rooting zone It) lower positions in Ilie profile or laterally 

dowrislope.
Saline seepages are produced following the removal off 

forests and other deep-rooted perenniial natuti ral vegetation 
as originally proposed hV Wood (1024). Shallow rooted an
nual crops with Ii'lalow reduce tile total anrual water use o' a 
particular area, and this leads to higher soil Moisture levels 
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and increased movement of water down through the profile. 
The extra water movement through the soil and weathered 
mantle dissolves more salts (Jenkin, 198o), increasing the 
salt 	flow to tie groundwater. Where impervious layers are 
present, the water with dissolved salts may move laterally 
downslope as perched groundwater (Conacher, 1979). 

Water tables rise, particularly after a succession of' wet 
seasons, and eventually reach tilesurface, where they 

emerge as hillside seepage (Smith, 1962). Quite often the 
seepage first appears at the break of slope, or it' not, it will 
age may then extend upslope. Surface rtnoff or excessive 

age 	 ay henextndSufac r ecesivelineirisope runff 
rainfall can then transport these emerged salts downslope. 

In the low-lying areas where waterlogging can occur, con-
tact is made with pre-existing saline groundwater, which 
then results in the whole profile becoming saline (Bettenay 
et al. , 1964). 
The parts of southern Australia with a Nediterranean-

type climate with long dry stillmers and cool wet winters 
have not experienced significant levels of soil leaching. The 
water balance of these areas is particuIarly sensitive to the 
amotunt and extent of water loss by plant Watetr uptake aind 
transpiration. The removal of tlie deep-rooted perennial 
vegetation itl these areis has lpset tie hydrologic balance, 
as indicated by the extent of salt seepage and increasing 
stream and groutidwalter salinifies following 1tlan's chalnging 
land-use patterns. 

Overgrazing and other f'11S 01fhId disturbance illother 


areas of Australia have resulted in the loss of surface vege-
ths all'il topsoil atid ex-yecet',tati v us ownerersint f lie 

posure of' lie originally saline or sodic soil layers below, 
giving rise to areas knownt as scalds. 

Farther inlad, in salt flats, the water table of salty 
groundwater is sufficiCItly close to the surface for periods 
long enough to affect vegetation. Salt pans represent the 
more or less pertianent ottcrop of the saline water table. In 
the dry saline soils o1 arid areas, salts have accutt l1Itcd ilt 
tilesubsoil, which has becote sodic and alkaline. Inthese 
areas, rainfall has been insufficient to leach tile salts front 
the profile, 

Types and )istrihution or Nonirrigated Salt-affected 
Ltand inAustralia. Eight identiliable types of salt-affected 
land have been delined (SCSC.1t)82). and these are (ic-
scribed inl'TbleI . Estiniates f'areas (if each of'tie types 
for each state inAustralia are showtt in "lktble 2. 

Generally silt nmarshcs are along the coast mostly itt re-
tions where tle tidal range is large. Salt pans and flats are 
ottd inareas where the potential and atctital cvapiraliOt 

greatly exceeds the aioutnt of rainfall and \%,here ithe draitt-
age is slow. It other areas with it net evaporativc loss of 
water, dry saline land. citlicr hatnts or clays, occurs over 
parent ntterial contlaiing soluble minerals and salts. 

Man is responsible for the other types of satlt-;lflected 
land. Saline seepages are restricted to agricultural areas 
where there has becn extensive clearing ol'the natural vege-
lation. Inthese areas, anntul raintfall is generally tmore than 
30(0 tttl, and the majority of salitte seepages octr inWest-
ern Australia, with its Mediterrancatn-type clittate. I)ry, sa-
linized lads occur where ithe clearing of native vegetation 

Table I. Brief delinitiuns of types of salt-affected land. 

Type I: Salt marsh. Coastal land with water table (i.e., the upper limit of 
that part of the soil that is saturated with groundwater) ,tor near the 
surface, naturally saline in the subsoil or throughout the soil, and 
carrying salt-tolerant plants. 

Type 2: Salt pan. Land with water table intermittently at tle surface and 
naturally too salty throughout to support plant growth (shown as "salt 
lakes" on many maps). 

Type 3: Saltflat. Land with water table not at the surface, naturally saline 
in the subsoil or throughout, and carrying salt-tolerant plants.Type 4: Saline seepage'. Land with water tahle, and which has become sa

assa result of land use changes since FEuropean setlecnent. 
sa sol o/in se age s peal apllrsiae wtt 

aI.tom~oil saline,seepag~e, water table periodically wilhin capillary 
range of soil surface: soil saline throughout. 

h.ashsoil .sahm.s'pos.'water table below capillary singel saline in 
the subsoil only. 

Type 	5: lr Nalin', lanml. (.Otlise /oatn.s . I.and without water table, natu
rally salinc in the subsoil or ihroughout ,and with uniftorm or grada
tional average anlight-textured soils inareas with less than 375 num 
nual rainfall. 

Type 6: lr saline lans.s (oliue cho)..I.and \\ithout water table, natu
rally it heavy soilssaline in the subsoil or throughout. and with unifo 

or duplex soils in areas with less tlhan
30 Ito average annual rainfall. 

Type 7: Scalds. Land %here erosion of'soil frotm the surface has revealed a 
naturally salineor sodic tori/on and islargel bare ofvegetation. 
a..'lii' .all.s. \hole soil saline and solic. 

is , stndsodic.b. .li sals, subsoil saline 
c. non-.milim, .sal.s.stllnon-saline hut sodic. 

Ty'pe 8: Ilr 	 ithout.solinizu'/hul.s, l.atd v, water table and which has be
cumc saline in the siilb,o or throughout, possibly as a result of land 

use chlnu2e siice settlcttut. 
S ;OUltL: S('SC. I992 

in a2ricultural areas with low rainfall has resulted in the 
movement of salts f'ront Io\er in the profile to tilesoil sur
face. Scalds are prevalett in tilesemiarid and arid areas 
where grazing has retoved the surface vegetation, which 
allows wind erosion of' tie topsoil and leads to tile expiosure 
of saline and/or sodic subsoils. 

Salting of Irrigated Land 
The area of land irrigated in Australia intioxo-8i was ap
proximiately 1.65 x to" ha, and this was aboUt 9 percent of 
the total area under crops but only (.3 percent of the total 
area of' agricttltural establishmntts (Year Book, 1984). The 
areas oifdifferent crop and pastures irrigated itl 198o-81 are 
shown itt Table 3.The total use of' irrigation water estimated 
in 1977 was I1.30P < jo'in ',and 87 percent of this was 
sitpplied frot surface water resources. Total percapita water 
cotisutptioit itt 1977 inAustralia was about 3500 L per day. 
Of this cOntsuTi tio 75 percent or 2590 1.per day was used 
for irrtgation. 63o 1.per day for urban and indostrial use, 
atnd the rtcnaining 8 percent for other rural water use. 
The variability it streati flow and seasonal rainfall re

quires adeqtate water storage for successful irrigation using 
surface water 'esources. As a cotsequence, iost irrigated 
areas inAustralia are Supplied with water by a state au
thority. Expansion if irrigation has been (file Mainly to pub
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Table 2. Areas of nonirrigated salt-affected land in Australia (x 103 ha). 

New 
South South Western Northern 

Type Queensland Wales Victoria Tasmania Australia Australia Territory Australia 

I. 	Salt marsh 620 n.e.' n.e. 3 108 1,150 62(1 2,501 
2. 	 Salt pans 950 450 100 0.5 1,800 3.450 500 10,915 
3. Salt flats 8 	 6 50 3,600 nil 
4. 	 Saline seepages 8 4 90 5 55 264 nil 426 
5. 	 Dry saline lands
 

(saline Ioanis) n.e. 2,364 n.e. nil n.e. 
 2,800 n.e. 14,780 
6. 	 Dry saline lands
 

(saline clays) 285 - - 5,100 351 3,880
 
7. 	 Scalds 582 920 60 - 1,200 335 680 3,777 
8. 	 Dry salinized land n.e. n.e. nil nil n.e. 8 2 10
 
All nonirrigatcd salt
affected land 
 2.453 3,738 250 14.5 8,313 11.958 5,682+ 32,409 

SOURCE: SCSC, 1982. 
=
"n.e. not estimated. 

Table 3. Areas of irrigated and nonirrigated crops and pastures in T.ble 4. The areas of irrigated land, salinized irrigated land, and land
 
Australia I980-1 x 10
I ha). 	 with a water table <2 in from the surface (1980-81). 

Crop Irrigated Nonirrigatcd Total Area of Land 

Cereals 383 16,684 17,004 Area Salinized with Water 
Vegetable, 71) 69 139 Irrigated Irrigated L~and Table <2 in 
Total fruit 55 142 197 ix l0]ha' (X 103ha) (X 10)ha) 
Grape vines 46 24 7) Queensland 255.7 0.6 0.2 
All other crops 232 568 8M0 New South \Vales 714.0 8.4 85.0 
Sown pastures and grasses 868 24,032 24.9(0 Victoria 546.5 92.0 425.0 
Grazing, with fallow, etc. 1 452.30(0 452,300 Tasmania 32.7 n.s." i.s. 
Total 1654 493.811) 495,473 South Australia 79.5 21.5 14.0 

'Western Australia 24.7 (0.5 n.e. 
Northern Territory t.c. 0 n.e. 

Australia 1653.7 123.0 524.2lic investment in the building of dams and rcservoirs and - -
private investment by farmers in irrigation plant and earth- SOURCES: Year Book: Australia, 1984; Peck etal.. 1983. 
works (Year Book. 1984). ".s. not signifeant. 

Irrigation can increase soil salinity iii a number of ways. "n.e. nit estimtated. 

The use of saline water for itrigation from either streams or 
groundwater increases salinity directl,. As pointed out by foliar applications of saline irrigation wat 'rs. The extent of 
Peck et a!. (1983), 11 way of an example, I t of irrigation salinized soil as a result of irrigation practices in the Aus
water with I,ooo mg.L 'TSS infiltrating to a depth of tralian states is shown in Table 4. 
0.5 m incrcases soil salinity by about o. I percent. As time In Queensland the use of poor-quality groundwater as a 
progresses, this added salt concentrates at the root water utp- result of seawater intrusion causes most of the problems, al
take surfaces and at the soil surface. Saline water flowine though overall, tile small area affected is not considered 
from below also adds to the salt levels at the uptake and to be a major problem. New South Wales irrigated lands 
evaporation sites. To prevent this salt concentration in the amottnt to 714.6 X to' ha, of which only Ipercent is salt 
upper layers, a cottinual movement of water through the affected. This affected land is usually associated with a 
root zone is required. This extra water thetn cause:; water water table withit 2Im of the surface. By far the greatest
tables, which are usUtlly saline, to rise. As water tables ap- problems Occur in Victoria and South Australia, where the 
proach the surface, there is direct injury to plant roots, in- pcrccntagcY of salt-affected land to total irrigated land are 
creased 	soil salinity, and/or waterlogging. 17 percent and 27 percent, respectively. These problem

From a mantgetent point of view, there is a balance be- areas are nearly all associated with a water table within the 
tween the anmount and frequency of irrigation and accession Upper 2 tl of the soil. Itn South Australia the problem is in
to the water table. The balanced irrigation regime depends creased by the use of poor-quality irrigation water. In West
on many site and crop factors, quality of irrigation water, ern Australia the salt-affected irrigated land is due also to 
and climate. Direct injury to plants can also be caused by poor quality irrigation water and rising water tables. 
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Stream and Groundwater Salinity 

The salinity of a stream at any point is I measure of the 
amount of dissolved salts in a given flow of water. Clearly, 
any changes in either the water flow or the salt load will 
change stream salinity. Such activities as water pumping or 
diversion for irrigation or other rural or Urban and industrial 
uses, storage in reservoirs, weirs. etc., and land use changes 
can all infltuencec sireial flow. The salt Iad in a strcai is also 
affected by divcrsions and return flows, as well its inputs 
In groundwater, 

The salinity of r0r'undwaters cal he increased fy disposal 
of saline liquid ald solid wastes. Groundwater cxtraciion 
may lead to al inflow of' saline water from the sa , dja-
cei( saline aquii'ers. When r inuml walr is used f'or ,iriga-
tion, surface evaporation concentrates the salts, which may
then recharge tile aqlilfer Clow. I an LItiusc clanges ii od ify 
the iMIural recharge rate, which ca n afTect the level of' the 
Water table anid soi etiimcs incrCasC ciOuLlndwater salinity.

The River MuLrray lhows between New South Wales and 
Victoria anid then into South AListrialia were it enters the 
Southern Ocean. Water diVCrSions aroulnd 184 I' i0nl' per
\'ea are tranus fe rred by pipeline to serve raii and indus-
trial areas of' South ALIMralia. Utf'rtuaictly. the water is of 
low llality. Median salt loads of 1400 x to' kg per year 
have been estiniated; these give rise to salinity vZlLiCS in ex-
cess of 50o i.l. f*oir periods up to nine months pcr yeair.
Of this total e'Wtnaited salt load. it has ben fu'rther esti-
mated thlt 4(' to 50 percent of' thiis l0iod is iiann-iduced. 
(MaUnsell Mid l.atneirs, 1979: River Murraly ('omlission. 
1979, 8o, 81 ELg inecrinet and Water Su pply Iepi-tilnent.
1i98: and Peck et al., i983). Also in New South Wales 
in tile Ihinter River tlii,' alrC increaCs in SiiCam salinitv 
a: a result of rising girotndwattrs iin saline strataicans-
ing incrcased saline inflow to the river (amll'iall, 198o . 
Storage and diversion of good-quality waIe ill the oppe' 
reaches substaMtially reduce river flow farther dowtsticalo. 
where tributaries, iri,igation return Iilows, and groundwater 
inflows contribute to in'cased salinity. In SOIt hwestc'rin 
Victoria. 48 percent of total anual strcamlflow of 41 (io > 

Io" il' per year is salt affected with salinities exceedingiooo nigL I TDS. 
In Western Australia 35 percent ol'cotentionally divert

ible surface water resources are now saline or brackish as a 
consequence of dryland agricultural development (Sadler 
and Willianis, 198 1) anod a further 16 percent arc considered 

I ) lbe of marginal salinity. 
Seawater intrusion is a significant problem in coastal 

areas of all states where ground waters are puinied for irri
gation. Elsewhere there is aI wide range of' salinities in 
groundwater resources. In the Murray-Darling basin there 
ire reports of some local changes of groundwater salinity 
associated with irrigation. but ihey are not considered to I-
a serious problem. In South Australia the salinity of ground
waters is a major irohlcn which restricts potential uses. In 
Western Austrilia it is estimated that there arei 6ooo bore
hole wells providiig on-ftarn water supplies, but water fronili 
25 percent of these has beconc lot salty for use. 

TIlE EFFiC ()F SALINIrY ON AGRICULTURAL 
PROI)UCTION 

In Australia, about 42.4 x 0' ha of1land has been 
a1f'fcctCd by cnough salt to restrict agricultural production 
(SCSC, 1982). This represents aboUt 4.3 percent of'the total 
area of Australia. Most of this (87 percent) is, however, 
naturally salty land that was present before European 
settlement. 

The extent of, salinization as a result of'iran's activities in 
Australia is suinuu'ized in "l'able5. For nonirrigatcd land, 
4213 x 10i'ha or o.85 percent of' agriculturaI land is salt 
affected. 'he inajority of' these areas are scalds that are re
stricted to the arid and semiarid regions. The rest of the 
salt-af'ccted klnds involve saline seel;ges, for which niost 
concern is expressed. Nearly all saline seepages aire in the 
southern f'ringe of' the nmainland ind, iii extent, airc about 
twice the area of' irrigated sall-alfected land. Of' parliculai 
concer'n is tile I'a t that saline sLCpages Occur ahliost entirely 
oii the better arable or potentially arable iuricuiural land. 

The areas of' irri gated ant iionirrigated crops aind pas
tures in i98o--8i iil Australia are given in Table 3. The total 

Tahle 5 The aicaN ofl ;ia -iinthlC-d ;ta,-aifIIt' uhl I nd iH \AUStl~ia 19(' X] ).cd 

Qtlcenland 

New Sminlh VIL, 
Victoria 

°riallsn
ia 
Silulhi . ,tiroalia 

\Wcscrn Australia • 
Nilrehrn T'crrilolry 
Atstralia 

SOURCES: Year Ih nA. 
il


I.I. -n0 available. 

Non it Iii 
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ct I Ihrigatcd 

L.aid Alai 
I ,flXI 
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alh.cicd 

Ai 'i 
I.and 
1l9 

A ia 
i81 

Sill
ill.'ld 

0 illi 

157,2.44 

('1.485 
14.154 

2.107 

51(1 

924 
1510 

5 

9.38 

1.43 

I.(0 
0.2.1 

255.7 

7 14.0 

54(.5 

32.7 

0.0 

K. 

9.(1 0 

(I 

0.2 

1.2 

(,S 

(I 
02.321 1.255 

115.775 1(07 

77,61) 652 

-193,746 4,21. 

\ustralia. I984; SCS(, 

2.0I 

I 52 

0.814 

10.85 

79.5 

24.7 

na." 

I.053.7 

21.5 

0.5 
Ii. 

123.1 

27.1 

2.0 

[I. 1. 

7.4 

1982; Peck c id.. 1983. 
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area irrigated (1654 x to' ha) was only 0.3 percent of all
 
agricultural land. The irrigated cereal 
area was 2.2 percent Vegetables, Fruit and Grapes
of the total land sown to cereals in 198o-81. Of land pro- These crops are relatively intolerant of salinity in irrigaducing vegetables, fruit, and grapes, the percentage areas tion water and significant decreases in yield may occur.irrigated were 5o., 28 and 66 percent, respectively. An approximate estimate was made of the incomes of the

The application of saline irrigation water m\ay decrease Australian vegetable-, fruit-, and grape-produCilng sectors.
agricultural produtctivity by directly affecting the pints. In- which are at some risk fron incirasing saliniity of irrigation
direct effects may also occuLir, for example, the requirements water. loca Vallues of production were decreased in propor-Of more elaborate and costly methods of water application tion to tie potential decline in crop yield for increasing saor increased water applications to irduce leaching of salts linily. IFarm income per hectare was then calculated, aind
from the soil profile. The need fOr alld irs tallationo0f aLe- this was applied to an esti mate of the area of irrigated proricultural drainage also reduce econoic returns to the dtrctioru that was jtdgCd to be at risk from rising salinity
farnmer. above a threshold level. Using this pioccuec, Peck el al.

Peck et al. ( 1983) \ere tire first to assess, for Australia as ( 198 3 )  estilated potential losses it) fruit production of 1 .2 a whole, the extent of Crop and pasture yield redticlonl a .t NaIS per year if) arcas subject to risk where total productivityresult of, increasing salinity of irrigation water. Much of was 50 M.S. The potriltilil loss could he as high as 13 MS.available data on yield response is based on data from the Grapes apparently exhibit a greater salinity tolerance
United States and iay iot apply ito Austr'alialn conditions than citrus arid stone fruits. hr'rigation water has generally
even though11 allo'winces have becn ritade for diff'frCices in been of suliciert quality not to affect yields in the major
tire chemical compositior of applied waler. Also, as pointed irrigated virneyard regiots. The airea of irrn!ated vegetables
oUt by Peck et al. (t 983), it is possible thai crop yield re- was 70 .0 t ha int 1980 t .,arid abtout 20 percent of this sponses could le diff'rent in Australia because of' differ- atrea was at some risk ofI salinity problemrs. Incomue earned
erices in tie chetrical aid physical properties of the soilk. ill thCse areas at risk Ws about 40 MS. Using tire procedUre
Assessment Of prtoductsiity losses due to salinitv is also Oitltlhled carliet.pottintial loss of i1CorriW o' 2 NIS per' yearComlplicated since economric surl\evs of relevant crops are is possihle with alr increase ill irigatiori water salinity of 
infrequet. ('rIsequiently, al,' estunite oft he effects of sa- t oo Ing'l .
lirily (i crop aid pasture yields il Australia is teitative. The total estimated cost oI salitiatioi il colhinied an-
The findings of Peck el al. iXr , ) ire Iimmnitized and ar'e r1ral a.Igriculltr-al prodLuctivily in Atrt'aliai is allOrnd 30 MS
Collbiled with tho[se of S(C'S( It82. pei year, which is a!out (.26 percent of' the gross value
Crops and l)astures of agricultural commodities produced in Australia in 

l98)o--8 .Very little irrigeated cereal and plistitre prlductio nis cur
reritly at risk from Incireasint salinity of' applied irrigation lNImRI S
MN 
water. The three mai roenth what. harley. aid ric_)are i)EViElOPIINTS
grlMVnI Irgely ill !IC aLppTr Nuriray alid NIMi uunbidgee There has been i gencral increase over tlie last three de
hasins \\ here the salinity of irrieation w\ater has been within cadc,, in the area of scalds aind slirne seepage-if'fected landthe tolerance of' the crops. hliere has been no evidence of hy rlotlid 2 to 5 perlcert per iIiLuM (SCS(', I 182). 11 soriie
reduced pasture Vielk at current levels of' salirnity in irriga- states partilarly New South Wales, it is .tlticipateLd that
tionl water within AutSralia. Otler crops, including sugar- the Ldevehrprnilerlt (f scalds Ws'ill cease since SCild devlop
cane, tnotbiccor, and cotton, have hee little affected. inenlt is closely related to land mranragenent practices. IIr 

,%ost irrigation ',alinitatioricaused hy hiili water tables other states (e.g., Queensland). there is, ho\ever, greatf'r
occur's ill Victoria. It is difficult to assess Ihe o'eraill t'eduC- fear for future develonlent of' scalds. According to SCSC
tiiru in agriculturalliproducti'iy because statistical trends ( 1982), (pirriOiis differ AbotL tie possilile future develop
between salt-affectcd land aid tIu incomes dto rlot exist. Irerit ill seepage saltirrg and suggest that over the next
ThIis is die to the Illiarller ill which farirers aldip tu local 20 years tire exlent of induced seepage salting will double. 
conditions. It i,, nt lltcLililolri to fild proIfitahle farms sWith Peck et a]. (1983). have stated thit the hulk of, land irri
ses ercly sart-alTcLd laid II these instances farmers sw'ork gated with surface \\ater is likely to develop atshallow water
iriairily on the better-Lualil, aid nf Irc farri. teary et al. table in the long teri unless sonic 'orm of drainie is in
ft)82) estirimated the cost 0if itricatiot saliriatiorr in ViC- corpor'ated. I)epeidiig O soil dr'airliae characteristics,
tloria but only on the gra/inrg land beca i se apparently. ade- these areas may or mnay not beconie salt affected. In the
qLuitte coritil is achieved in other cneriprises risiig grliird- Murruiribidgee irrigation area of New SouLth Wales an area
waler pLiinpiig atld tile draiiiage. The cost of' salirritationt ill Of 750 kin- could develop a shallov Water table over the 
irrigation areas was estirniated to be 6 NIS per yeair. twenly-five years,next bui only t15( kir - could hecolre salt 

.alt-aflecled nnirrigaled land a present is arOinld 42 3 aff'cetd. Increases are expected in tie other stiles: for ex
olili. The ecoinrmic cost ol'this salirrizatior is a decline ample, in Victoria aboLIl tI kin' is expected tr develop a 

(If ipproxiniately 157 NIS in capital value and i loss of ap- shalloV waer table, Mnd aroiLtuLl 35 kin will develop ill 
lrixiiat.ly 21 NIS in annlual pruduCtivy (SCSC , 1982). Queensland. Soil salinity probleis in Soutlh Austrilia are 

expected to be reduiced by increasintg the ar'ea drained from 
3( to 50 percent. 

'V
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THE EFFECTOF ENRICHED ATMOSPHERIC 

CARBON DIOXIDE 


There is a potential for atmospheric carbon dioxide to 
rise, and at some time iii the foreseeable future a doubling 
of stomatal resistance seems to be inevitable. Aston (1984) 
simulated the effectS of a changed stomatal resistance on 
streamilow. I (is results indicated that we can expect stream-
flow to increase frot 40 to 9 percent as a consequence of a 
doubling ofatmosphLtric carbon dioxide coticent ration. Soil 
moisture level; were also increased, and this would lead to 
mlore water mloveli cllnthrt tg h thle root /one anld iijol'Clehingrand eet througr tale a ineadt r eleaching, and cloy',teI wvater lablcs and increalsed rechiarge 

of the groundwater would result. 
Land learing, fincertain areas, AlSO cauSs similar hvdro-

logic changcs which result in the development of saline 
seepages. It is theref'ore possible that the carbon diox-ide-cn ri ched at mesphcrc of the tnttnrc will alIso induceide-nrihedittlh-plIIV Wll inuce1' ileI'L~llC IIS 
seepage salting similar to land clearing. Furthermore, cxisiing vrd

igsaline seepages may bie cxaggeratcd by thie lower plantwae sp r ti se... iltie r c"fi.ta n lowater tr'anspirattio~n lo~ses itnthe recharec areats. 

NIAN\(U EMIENT' A N I() P ICIIS 
liI Australia, with nonirrigated soils there are no vetrer-

ally accepted IIllarcilmrlcmlt technilues or policies for tile 
prevention and corltrol of salt-alfectcd lard. Various liretlr-
otis are practiced, but these ll depeCd on the local condi-
tions and are subject to varying cnrvirnrmcrrtal and lcoo-
nimiic constra ints. Neth dI,. hoth proved anl uniproved. 
incfLLe: tile withholding oi' Crowrf ofWI'11d: tile rCquiring t 
license to clear land; tire itroductionr of Salt-tolerart vegetal-
tioi; tile use of1lppropriatC stockirrg ratcs anl graling mar-
aLcMCint: tile CorStr'Lctiol ocrtl hanks and shallow ditcicS 
to restrict latcral flows of* Suir ce ailft Srhallow subsurflacC 
water: tile irrstallationi of ditch, r1ole. 111d tile drailage: tile 
growing of trees aid crops that Consumrle v atel 11 a iIllch 

greater rate than the present vegetation: arnd rclOrestation. 
With irrieatdCl Soil" a corllilrbatiorrlOf iethods is used to 

ni anirage Salinitv. 'Tfese tmnethods are well established and are 
used ill ranry other courtrics. Ir lra, where salinity 1)Foh-
lenris are associatCd %itih tire walter diitlibutioi SystcrrIS arld 
with saline irricatiori water, tie rirnhotls irclude: tie liuing 
of, water (listlibulitnor chals.Cl,, the collVersion of 'bove

canopy sprinkler SystemS tb lmw-canopy application wiren 
irriI'ati1i0 \\t'! r is's,ailr. rrtdilViilrg lirlc and rate of appli-
cation of salhe irigation wtcr, tire allicattion of gylpsUii 
to imrprove Soil pcrmreabi'ility. ard tie sel,.clion of crop var-i-
etics that arc s;al tolcrart, 

WVhere shllow ater ar ttblestile nrrairr cause ofSoil Sa-
linity levels tha t a variety oflead 1o lwCr food I)rOductior, 
tecIniiLIes is urStl. AS rIenicrid earlier, tire actual rnrclhod 
or comlbination of' miLthods used d(elimis onl the ififferent 
conilitions pru\ ,ilirrg in cach region ard oi e ch fari. ()p-
lions available to rctlu.c tie anrlillt f \ttrt ieirig aIdled to 
tile gr lUlIdlWatcr St rCIir)iliLILC: LareCCllltiOr of watei- err-
titlCrrCrts., idurtioti of' \atcr' delivCries. etluiCtior1 ofichan-
nl lcakages. Iegradig Of lhid0to rirl rWe ap!plication cfli-
ciency, and plating oieep-rooted vegetation. 

Shallow water tables may also be lowered by drainage via 
open ditch drains, tile drainage, or groundwater pumping. 

RESEARCH AND INVESTIGATION
 
REQUIREMENTS
 

The Standing Committee on Soil Conservation (1982) 
recommended a nuniber of programs to facilitate the devel
opment of land-use policies for the prevention and control 
of induced drylald salting. These are also appropriate to 
salting problems associated with irrigated agriculture as 
noted by Pcck et al. 1983. The programs are as follows: 

i. Determining the extent of the problem with more ac
curacy and to monitor changes in the future by developing 
and using more precise mapping techniques using remote 

sensing. 
2. Investigating p'0cesses in order to Thide depr moretai led infbrmattion of thle basic causes of salting. These stud

ies should include local hy~drological investigations, salt 
aalinericp~e,wic r halances, soil hydrological parameters, water usef*ptilrlatseesLnrvriscodiosadof partictthir plant species ulnd r various conditions, Ind 
Sgrolitlndwater recharge. 

3. A)et3rnrining the COiSCqLCnlCe of hlnd-use options in
volving an estimation of future trenls and modeling of 
water arid salt flows il surface and groundwater systems and 
ill rivers. 

4. l)cveloping s linity standards for irrigation water and 
Australian conrditions. 

5. Fiidiurg tie best treatmirent For affected sites by inves
tigating appropriate salt-tolerant plant species and tech
ritLCs of rehrabilitatior. 

6. Conducting cCiriorliC studies of' salting on regional 
aild natioal scales to guide Itrdirrg policies. Thlese include 
asscssments of disbelefits of salt-affected hlind, costs/belre
fits of various strategies, rehabilitation methods and re
giorral hld-use policy options, aLI tire idertilicatiori of 
suitable rreth10ls of I'lldinre. 

7. Identifying distinct strategies arrlnpreveltative land 
use policies as a prerequisite of a works program. 

8. UndLlrtaking work pro lects in local salt-af'fected areas 
accorling to tie prescribed district strategy. 

o. Incorporating preferred prcrtetative land-use policies 
into state nl colnrrrrorrealth stracgies or legislation. 

PERSP1EC'IIVE 
In tire future. most of tIe productive land inl Australia will 

riot be salt afleCtcd I(SCSC. Ir982): however ill Western AUs
tr'alia. South Australia, aired Vicloria at least 2 percent of the 
wheat land iad sheep ran ge will have been ruined by 
Seepage salting. Ill tire Irar'dest-fhit ldistricts in soiuthwvcsterr 
\VCstern Australia aId northw\,eMern Victoria, according to 
S('S(' (It 82), tire land rlrost :fftlcd will be tile better, 
More productive laid. l)rylald andtl irrigatel agricultural 
develot ment has aid will continr e to cause a reduction in 
StrC;iirr watcr Iflihity which will rio loubit cause an1increase 
in tile Costs of' irOViuling lilLl using wilter. 

l'he overali reduction of u tr'lii;I's toUtl food P[roLItcrionr 
(lie to salinity is SlIhall. IlowC\'C, inl Iatiu'ular areas with 
certain irrigated urop S Where irlividlul far-i incoIes are 
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substantial, production losses caused by salinity would be Conacher, A. J. 1979. Water quality and forests in south-western 
significant both in terms of lower farm incomes and in in- Australia: review and evaluation. Aust. Geog. 14: 150-59.
 
creased social costs to the local district. Added costs to Engineering and Water Supply Department. 
 1981. Salinity in the
household, industry, commerce, and government are sig- River Murray. Information Bull. 15. Adelaide: Public Rela
nificant (see Peck ct al., 1983). lions Branch, E & WS )ept. 

There is no doubt that salinlty is a real problem and is Garman, I). E. J. I 8o. The unter River valley-water quality 
increasing. To iii,/losse y conceltrated efforts must present and fuluLIrL.ninimize , it I Ihiter envi iiouiimen i - proccedings sy in

posium in honor of A. 1). Tweedic. Newcastle: University ofbe carried out a all levels, from the individual farmer t( Newca,;ilc. 
govcrnmilents. Only by such intcglatCd, interdisciplinary co- J.mnkin , J. J. 198o. 'l'errain. grounllwater aInd secoildary Salinity in
operation will Australia be able to preserve and mailtain Victoria, ALIstralia. Agric. Water Manage,t 4: 143- 71. 
Awo Of' its Mnost vaIuable I'eSiLII'CeS, land and Waler. Maulnscl arid Partners 1979. Murray valley salinity and drainage. 

A ,cxprt for development of a co-ordinatel plan of action.
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22. SALINITY PROBLEMS IN FOOD PRODUCTION OF THE 
MEXICAN IRRIGATION DISTRICTS 

Everardo Aceves-Navarro, Colegio de Postgraduados, Chaplingo, Mexico 

INTROD)UCTION 


World hunger is increasing every day, mainly in tileun-

developed countries, despite programs carried out by inter-

national organizations. The problerr in these countries is 

that production is increasing at an annual rate that is lower 
than the population griowth rate. This situation implies that 

more toodmust be piluced it'we are going to meet world 

f"ood demand. 


In Mexico. e are rl rtinrfood, mainly grains. to 
cover tile COLII1'NtS [ecds, bi1 2we rfullent policies are o,; 
ented to satisfy our Os.vii needs h\ mlore etficiCntly Using tile 
available resouin rces. 

Mexico Ihlisabout 5.0 i 0' ha tnder irrigation using
both surface- and _,rourid,%aler sources (See Fig. I). In these 
irrigated areas, about to percent of the soils have different 
degrees of salinity pro'hleli:. Salinity effccts rarrec frorir 
land abandonment to ntoderale yield decreases. Around 
5oo,00o ha illtie Mexican irrigation districts are rlot pro-
ducing at optiunum yield, and in, rt of this area. about 
,05 there is no production because of high salt con-ooo ha., 


centrations. l)istribution of sailt-affected soils under irriga-

tion is shoWll ill
Fig. 2. The higher percentage of these soils 

is located intile
northwest region, where the mean annual 

precipitation is less thair 500 Ill In tile
sotutheast region,
where 	 anrnal rainflall is less than 1,5oo m, ara oftile 

salt-afflected soils is very los. 

Chenically, all Mcxican rivers have good water quality.
A representative concentration range varies frori I,ooo 
ppn of total dissolved salts for the Colorado and Grande 
rivers imnorthern MexicC to 300 ppm for sorutheasttile 

Mexican rivers, 
We are also using groundwater with salt cornctntrlliolis 

up to 2,1)) ppmr for crop irrigation. This arirount of dis-
solved salts suggests that soil salini,', problems ire not 
caused by water quality, but hy water filaria ct'rrent. 

\VATER MANA(,'ME'NT ANI) SALINITY 
CONT)ROl, 

Water 	A~iall lrgo S 
Water and Iri gtion Sytemsailauilit 

Mexico has a total area of approxirrItcly 2 nrillion kinl. 
About 31 percent isarid. 36 percent is semiarid, and 33 per-
cent is litiilad subhumid. The mean annual precipitation 
isequivalent to a water depth Of 78o rim. This calculates to 
a mean annual Voluie of precipitation in the whole country
of' 156o X o"i' (see Table i).It is important to note that 
50 percent of the rurroff ill Mexico occurs in2o percent of 

the territory and the other 50 percent in the remaining 8o 
percent that is arid and seniarid. This arid and semiarid re
gion is where 97 percent of the Mexican irrigated agricul
ture and soil salinity problems exist. 

The areas irrigated by different systems are shown in 
Table 2. As we can note, irrigated96 percent of tile area 
uses surf ace systems, and only 3.3 percent ire sprinkler or 
trickle systems. 

This implies that because of tileirrigation systeni used, 
larners generally do not have high water application efli
cienIcv, and starting I'rotn this point. I Would comment that 
tile 	 literature uIsually indicates thatscientific ard technicall 
farlerS list irrigate crops to mect evipotranspiration 
needs and to control salt ill tle root /one. This can be ac
complishcd more or less efliciently using sprinkler or trickle 
irrigation, but not using surfLee irrigation systems. For stir
fIce irrigatior systems in .Mexico. it does not make sense to 
recolllmend application of w:fter to mect the leaching re
lirenlCnt bcCa,use the frtnners are :il'early applying excess 
xater for leachirre salts frorii the crop root tone. Actually, 
tire prtnblctu is to convince themn to increase the water appli
cation 	efliciency. So in Mexican districts, rather thantile 

speak about a Ileaching reqUirenent or a leaching fraction,
 
%wehave to speak to the f'armers about increasing the water
 
application efliciency at least for reaching crop evapotrans
piration plus a mean leaching fraction.
 

Actually, the mean water application efficiency in the
 
Mexican irrigated areas is 66 percent, and the conveyance
 
Illealtl
efliciency is 7( percent. These two percentages make 
the mean irrigation cfficicCy percentage equral to 46 per
cent. i.e., for each it diverted fron dals. 54 'areioon 	 ill 
lost iil different ways. 

I)rainage Systems 
The Mex:-:an irrigation districts lack complete drainage 
systeiris. This results in atrise in tle water table and subse
quently, the appearnce of soil salinity problems. Soil salinity iproblems inMexico are not caLise( by poor water quality 
but by lack of drainage and deficient irrigation water man
agiremcnt in arid regiors.

When irrigation aeas were opened, fariuniers believed that 
as more water was applied, a higher yield was obtained. 
This thought led to serious seepage and salinity probleis in 
the Mexican irrigation districts. 

SALINITY PROIILiS IN FOOl) PROI)UCTION 
Of the 5oo,0o ha with salinity prohleis 55,000 ha have 

already heen abandoned, and the remaining areas have 

V/
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.40
 

Fig. i. istrihbution ot irrig.ated areas inl lkexien. 

Iitile 1. Av'ailability, diribution. illd) UW ill agriculiture of [le Nw.ter 
tesoutrce., of' Mexico. 

Ttal airea (it Mexico 2.000.000 kill- 100)4 

A\rid Mid Weinliliid iarea 1.340.000 kit2 671,Frrow 
I litrid anid sublititiid atrea 600.000 kinV 33; 
Mean annuital precipitaioin 

ill Nle~ico 1500 10" in 1()( /( 

Mleanianniual rutI101 410 (("Ill 2617, 

Actual anniual %kater 

Niorigc cipicity il 


damsn~id reserroi rs
 
for irrigationi 49) 10(i1214 

"l'utal~Grete Me5i000I Riliilt hiskh I 

Tilty perceito tNile nititff ocetrs ini20) perceni of [lie terriitory, 
Mainly [ittile MittllicaM reglion. 

problemis inl dilie rent levels, gene railly ranrg in ttg n 01l 4 to-
20()d111 of' the soil saturation extracet. 

Estimations tof areas with dimf rent level,, IIIsalinitv inl 1li 
activc root zonec are shown'l il Ta1hl 3. 

Ior.stinatinC the god produetion decrease in theser 
areas, the F oilowing basiC ;iCLc 1.3ipl()00S Wee ( t etal 

crops are exposed to the mOan salinity range (2) soils with a15 

lable 2. Areas and mini irrjigation stemn used inl Mexico. 

Irrigaition Area
 
Systemi (ha)
 

3,059.0001 
Border 1,350000) 
I'lai tt)pped 166.00)0 
Sprinkler 150.000 

Trickle 15.000) 
Other sy'leims 200,0000 
Toial 5,000(,X)0 

y€Il(than 20. 1.0.))0k1.00;Table 3. Flimin it' land area ithii different ;tlinitN le~cls intile atiive 

roiot Zonie. 

Percentf of (lie 

Salinity . Land Area Aflt'Lied Area 

40 ii 8.0) 180.000) 3.0) 
8.1lii 12.0) 135.00))) 27(1 
12.1 to (0,0 85.00)) ITO
10. 1 to 20.) 1)5.00) 

50, 0) 0 )100 .0 

http:1.0.))0k1.00
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' ,,, 

16 %. 

155% 

REGION 	 AFECTED PERCENTAGE
 
SURFACE
 

tHa.) 

I 	 NORTHWEST 250,000 50 

R 	 NORTH 80,000 16 

m 	 NORTHEAST 75,000 5 

IY 	CENTRAL 90,000 Is 

T 	 SOUTHEAST 5,000 1 

TOTAL 	 500,000 100 

Fig. 2. Regional distribution in Mexico of irrigated areas affected by salinity. 

salinity range from 4.0 to 8.o dSrn ' are cultivated with ECy,, = threshold soil electrical conductivity after which 
soybeans and corn, half and half; (3) soils with a salinity yieids per hectare decrease approximately lin
range from 8. 1 to 12.o dS-m ' are cultivated with sorghum; early as salinity increases 
(4) soils with a salinity range from 12.1 to 16.o dS'm ' are' ECy, = given mean soil electrical conductivity in the 
cultivated with wheat; (5) soils with a salinity range from crop active root zone 
16. ! to 20 dS-m ' are cultivated with barley; (6) soils with ECy,, = given mean soil electrical conductivity in the ac
a salinity lecel greater than 20 lS1m ' are abandoned, and tive root zone at which the yield per ha for a 
the 	 food production lost is estimated for wheat. given crop is zero. 

The salt crop tolerance evaluation and yield decrease are The crop yield loss caused by salinity for each considered 
made following Maas and 1-ofIfman (1976) and according to surface is shown in Table 4. 
a general response curve of crops as a function of soil sat- This estimation shows that more than i million tons of 
uration extract mean salinity level in the active root zone, as food are lost per year in the Mexican irrigated areas due to 
shown in Figure 3. salinity. Solution alternatives to these problems follow. 

From this curve, the mean yield decrease per hectare for 
a given crop and a gi',en mean soil salinity level can be cal- SOIL RECLAMATION 
culated with the equation As noted, the salinity problems were produced by lack of 

ECy, - ECy ,, (1) drainage and poor water management. The main MexicanECy, - Ey,,, 	 irrigation districts are located in the coastal plains wheredrainage may be technically feasible but very expensive. 
where: When reclaiming a salt-affected soil, two conditions must 
Y , = optimum yield per hectare for a given crop with- be met: First, the water has to pass through the soil profile, 

out sLlnity problems in the root zone and second, after the water passes through the soil profile
Y, expected yield per hectare for a given crop with and leaches the salts, it must be drained from the reclama

mean soil electrical conductivity in the active tion area. If either of these conditions is not met, it is im
root zone equal to ECy, possible to reclaim the soil. 

_A
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y 	 dations: (j) select salt-tolerant crops, (2) plant under dry 
soil conditions and then irrigate, (3) use at least twice the 
seeding rate recommended for nonsaline conditions, (4) use 
flooding, border, or sprinkler irrigation systems rather than 

100 a furrow system, and (5) irrigate more freq ,ently. 
For greater success, other factors have to be taken into 

account. These include type of soil, climatic conditions 
(mainly precipitation, temperature, and relative humidity), 
and drainage systems. All factors must be integrated in 
management practices to avoid salt accumulation in the soil 

Y 	 profile. In other words, the cultivation practices have to be 
changed, which requires a change in the farmers' minds. 

USE OF HALOPHYTES FOR PRODUCING FOOD 
In the arid regions of Mexico, water is scarce. Instead of 

using the waier for reclaiming saline soils, it has to be used 
in food production. This implies that an alternative crop 

.... must be found for using saline soils and water in food pro-
ECo0 Ecy ECY EC duction; in other words, we must find ways to live with the0 

Fig. 3. Yieid/general response curve of crops as a function of soil salinity problems, perhaps by cultivation of native plants 

saturation extract mean salinity in the active root zone. tolerant of high salt concentrations or to develop salt
tolerant new crop varieties for food production. Develop
ment of salt-tolerant plants will take time. 

Soil reclamation in Mexico has been done where pos- One recently explored alternative is the use of halo
sible, as soon as the drainage systems have been con- phytes, which grow in soils with very high salinity. These 
structed, following the methodology indicated in UJSDA plants can be domesticated and cropped for producing food 
Handbook 6o (USI)A, 1969). or forage. In the basin of the former Texco-o Lake, salty 

grass (Distichlis spicata) (L) Green, is cropped in soil with 
WATER QUALITY IMPROVEMENT electrical conductivity ranging from 50 to 70 dS'm - ', p-I 

Generally speaking, we have good water quality in the ir- of 9.3, and a gioundwater with salinity concentration 
rigation districts, but there are some irrigation return liows higher than the ocean, near the soil surface. 
that can be used who mixed with canal waters. Following Under these conditions managers have five cows per hec
the same principle, actually, we are mixing canal water with tare, each cow Weighing 2oo kg. Gains are 4t3 g per day 
brackish water from wells in several irrigation districts to per animal during the ;*our-month rainy season; the rest of 
help to produce more food. mainly during dry periods, the year weight gains are lower. 

In Mexico there are several thousand hectares outside 
MANAGEMENT PRACTICES irrigation-district perimeters that have high water tables and 

The key in producing food tinder .,aline conditions is soil, salinity. These areas can be cropped with salty grass or other 
water, and plant managetnent practices. The main problem halophytes for feeding cattle and producing food. 
in Mexico, and maybe in other countries, is that farmers CONCLUSIONS 
still u;e the traditional methods after they have developed 
salinity in their soils, thus producing low yields. Relative to salinity problems and increasing food produc-

If this situation is to be changed, a wide campaign must tion in Mexican irrigation districts, the following policies 
be initiated to convince farmers to follow these recommen- are recommended: 

Table 4. Total yield decrement For some given crops in areas affected by different salinity levels in the 
Mexican irrigation districts. 

Affected I-C.o Total Yield 
Surface Y I' lic , IC),, (dS - Y - Y, l)ccremenr 

Crop (a: ha)(ton ia S • I I(S "Il I) I - I) (toln/ha) (toll) 

Corn t)OO000 3.5 6.0 2.0 li0 1.75 157,000 
Soybean ')O(10) 2.3 6.0 5.0 10 0.46 41,400 
Sorghum 135,000 5.0 10.t 5.0 14 2.78 375,300 

Wheat 85,000 4.4 140 6.0 211 2.51 213,350 

Barley 45.00(1 3.5 18.0) 8.0 28 1.75 78,750 
Wheat 55.)0 4.4 20.0 6.0 210 4.40 242,000 

"Assumed inean yield in 4ie aba.ndoned areas. 
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i. Reclaim soil with salinity problems in the irrigation Finally, it is very clear :iat in the Mexican irrigation disdistricts. tricts, more food can be produced with more effective water
2. Encourag . ;he farmer to plant salt-tolerant crops management and by increasing irrigation efficiency.

when salinity problems exist, and to manage irrigation sys
tems, soil, water quality, and drainage according to climatic REFERENCESconditions, and in general, to apply all management prac
tices that will enhance crops' tolerance of salt. Accves, N. E. 1979. El ensalitramiento de los suelos bajo riego.

3. Change cropping patterns and diversify and change (Identificacion, Control, Combate y Adaptacion) Colegio de 
crops according to the productive potential of the soil and Postgraduados.therns corg od productive pMaas, E. V., and G. J. Hoffman. 1976. Managing saline water lorirrigation. Pp. 187-98. In Procecding: of the International4. Establish training programs for technicians and engi- Salinity Conf., Texas Tech University, Lubbock, Tex.neers working in soil-water-crop management in the irriga- Secretaria de Agricultura y Recursos Hidraulicos. 1981. Plan Na
tion districts. cional Hidraulico 1981.5. Apply the most recent findings of research programs U.S. Department of Agriculture. 1969. Saline and alkali soils. Dito crop and halophytes management and food production agnosis and improvement of alkali soils. Agriculture Handunder saline conditions, book No. 6o. Wasliington, D.C.: U.S. Government Printing

Oflice. 



23. SALINITY AND FOOD PRODUCTION IN SOUTH AMERICA 

Jose F. Alfaro, Alfaro and Associates, Walnut Creek, California 

ABSTRACT 

Food production is a priority-a major concern and cause for de-
pendency in Latin America. Prior to the Spanish conquest, food 
production wes suflicien: for most of' the population of the region,
which produced emany of the agricultural products found today oil 
most North Amercan and European lables. Inca agriculture in 
particular was ecologically balanced ind provided suflicienlt foop.The decline of large portions of the Inca population was partly due 
to the chaotic effects of the Spanish conquest. In addition, agricul
tural decline in some regions could have been caused b salinitin 
,ind wateriogging resulting from prolonged use of irrigation with il-
adequate drainage. 

South Amerincan agricultural systems include both capital-
iniensive fIarmiring, which utilizes modern technology for the pro-
duction of export products, and subsistence-oriented farming,
Paradoxically. food production for the n ass populat ion has tradi-
tionally been in the hands of peasant agriculture, which has nlot 
been uccessful in achieving its goals. Salinity in tle arid lands 
Peru. Argenti na. Chile, and Brazil constitutes a major obstacle to 
obtaining adequate crop yields. partLilarly in the Peruvian coaistal 
region, where about 9 percent of the population lives in the 
arid zone. 

To alleviate tood supply problems and other coinimon problems
of the region. Latin Anierica should make a concentrated effort to 
searLh for solutions. This action should be directed toward pooling 
resources for the study aind solution of problems. Furthermore. in-
dustrialized nat ions .hot ld dedicate a small portion of their capital 
resources to develop non-patentable technologies applicable to the 
socioeconom ic conoitions of most of t le popllilion of Latin 
America to promote 'od self-sufliciency alM political 1iid CO-
no ic independence. 

HISTORICAL DEIVEOI MENT 
When Pedro de Cieza de l.e6n described the way of life 

of natives in South America. lie recalled "'plains and sand 
wastes" of Peru where it "never rained' and where the na-
lives did not "build covered houses like those of the high-
lands." For their agricultural fields, "'coMltits leading from 
the rivers" walered the valleys, and were "so well built and 
so carefully planned that all the land is watered ind planted,
and nothing is ost. These irrigation ditches are very green
and gay, filned with orchards of fruit trees of Spain and lhose 
native of the country. And at all seasons in these valle ys fine 
crops of wheat anrid corn and all that is sown can be hilar-
vested" (Cieza de Le6n, . Their agriculture Was ecologically 
balanced anti supplied suIficien t food. M any agricultural 
products found oiln North American and Europeati tables to-
day originated in Latin America and other regions of the de-
vdloping worlu (Mooney, i983). In particular, as in indus-
trialized countries today, thie potato was the Indians' staple 

foodstuff, together with corn and yuca (Manihot esculenta),from which tapioca is made. 

Agriculture became established with the domestication of 
corn early in the first millennium ti.c. Diversion of streams 
for irrigation probably originated in tile early centuries of 
the first millennium 1i.c. as indicated by findings in the Viru 
valley of Peru (see also Bennet, 1949). 

continued durit agpre-Inca and Inca periods. Evidence of ir

rigatcd agriculture and the magnitude of know-how is repre

sented by the Viru valley canal system; tile Ascope canal; 
irrij ilion in tile valleys of Chilca, Mala, and Chala near 
Lima and those farther south in lca, Nazca, Atico, and Are
quipa. The Viru canal system irrigated 9,8oo ha of land ver
sus 7,000 ill 1953 (Willey, 1953). File 1,400 in Ascope ca
nalI follows the base of tlie hills and was constructed with 
approximtely 785,000 i' of earth and adobe (Benne, 
pit 

N049, atid Willey. 1953). 
Crops found growing by Cieza de Le6n in the 'oases" of 

the Peruvian coast included t-ose native to the country and 
many introduced by Europeans-wheat, grapes, bananas,
and citrus. The decline of Indian agriculture and decimation 
of' large portions of the population were partly due to 'tile 
astonishingly disastrous effects of the Spanish conquest ... 
and tile "social chaos brought about by the !action wars be
tween tie conq ui stadores" (Armillas, 196 1, 270). Agricul
tural decline of these civilizations could very well have been 
caused by improper soil and waterianageent namely
oI salitiizin aero ginvlcr onged useof 

soi aaion and waterlogging die to prhoged use of 
irri gation with inadequ0 ate drainage. 

Colonial and post-colonial periods of South America 
were characterized by tile slow introduction of techniques,
developed mainly outside the region, and spread, in coni
trolled (loses by tile owners of this technology, to lare hold
ings of' land. For tile tl'ost part, market-oriented agriculture 
vas (and is) practiced. Thus, South America emphasized 
export agriculture for the direct benefit of the colonizers 
during the colonial times, aiid ifl the European descendants 
during the post-colonial period. Maximium profits have been 
the main goal of this market-oriented agriculture. This has 
had some positive effects, but negative effects arise too fre
quentitly. Salinity, at least in South America. is perhaps one 
of tie least evils. 

PRESENT S'AUS 
The R egion 

The Region 
General. The outlook for the region of South America is 

not promising. Numerous studies and reports forecast a 
grim future for this area. Although tmost of these accounts 
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have little to do with managenent of the land and water re-
sources for salinity control, they have a great deal to do with 
causes and constraints which make these and other agricul-
tural problems unsolvable and ever-present despite the exis-
tence of feasible technical solutions. A Food and Agriculture 
Organization (FAO) report (1984) states that "'the basic 
problems faced by the region [Latin Americal are socioeco-
nomic rather than technical." To this statement, it should be 
added that omnipresent political problems, of international 
scale, control the economic growth and the people's social 
well-being. As the FAO report indicates, the agricultui ! in 
the region has a dualistic nature "consisting of a modern. 
capital-intensive sector producing For the market, and a tra-
ditional ,;ector that is partly subsistancc oriented.... " 

Peasant agriculture has been neglected in modern times. 
This neglect is the primary cause of poverty and the exodus 
from villages. which leads to overcrowding in the cities. 
The distribution of land holdings in Latin America is un-
even, and the situation as a whole has deteriorated (I AO, 
1984, 11). Marshall and Esfandiary (1979) concluded that 
most countries in South America, with the possible excep-
tion of' Argentina and Colombia, will find it impossible to 
become self-sufficient in food production by the end of the 
198os. This, or a worse situation, unfortunately could be 
the case by the beginning of the twenty-first century. 

As is pointed out by Marin-Villegas ( 1982), the most im-
portant problem in Latin America is inc reasing Uic inIploy-
ment coupled with tie relatively high lxpulkation growth 
(about 2.8 percent annually) and the exodus of the rural 
p)pUlation. If these ciphers continue to represent the popu-
hation changes in Latin America, the region is expected to 
double its population every twenty-live year , and by the end 
of the twe ntieth centiry it would have an nrI an population Of 
475 million instead of the present 220 million (Interamerican 
Development Bank, 1979. cited by Marin-Villegas, 1982). 
In addition, this growing population is young, with little 
training or education. To solve the problem of Uremploy-

Table I. Arabie. irriga:cett. and piulentially irmi 

ment, jobs would have to be created at a rate of 4.5 million 
per year, which is equivalent to 40 percent of' the global 
population growth (Marin-Villegas, 1982). 

Irrigation and salinity. I louston (1975, cited by Kovda, 
198o), estimates that 15 to 20 percent of the arable lands in 
the world are under irrigation at present and that 30 to 40 
percent of the world's agricultural production is obtained 
from these irrigated lands. [half of the irrigated lands are 
located in developing countries, and this amount should 
double by the year 2000 (Kovda, 198o). Table i shows the 
arable, irrigated, and potentially irrigable lands in various 
South American countries. The arable lands include those 
with perennial and annual crops as well as cultivated and 
fallow lands. 

Of the approximately 102 million ha of arable land in 
South America, 6.6 million ha (6.5 percent) correspond to 
irrigated lands, of which 75 percent are in tour countries 
(Argentina, Brazil, Chile, and Peru). South America has 
3 percent of the total irrigated lands in the world, and Latin 
America, as a whole, has about 5 percent of these lands (In
teramerican Development Bank, 1983). 

Argentina, with approximately 1.5 million ha under irri
gation , has 23 percent of the irrigated lands of South Amer
ica, l'ollowed closely by Chile with 1.32 million ha. The 
principal irrigated crops are grapes (2o9,o0o ha), irrigated 
pasture (230,000 ha), vegetables (2o8,00o ha), and fruit 
trees (130,000 0a). Problems in the irrigated districts in
elude poor water management and operation of irrigation 
systems, inadequate and obsolete irrigation structures, and 
improper or insufficient preparation of land for irrigation.
To alleviate some of these pressing problems, the Inter
american l)cvelopment Bank approved, in 1981 . a substan
tial loan 648 million) for a program of' rehabilitating irriga
tion systems (Mathison, 1985). 

Water pollution inl Argentina is a major problem, particu
larly in the northeastern region, and industry is the primary 
cause. The magnitude of tile problem is such that tei enor

hlbtelIands ill Souit Amierica (million', ieciares, 

(3) 
It) 12) ''cn ial. (2)')1H) (21(31 

Cou ntrv A rable " 'riI .:;tCd' rrig;ltlcr I ( 

Argentina 34.42 1.54 2.400 4.5 04.2 
Bolivia 1.11 . 125 (,.610 11.4 2(.8 
Brazil 38.803 1.051 2.964_l 2.7 35.4 
Chile 5.742 1.320 1.300 23.0 102.0 
Cololiha 5.0911 0.2)5 N/A' 5.8 N/A 
iquat or 4.324 (.520) 12.(0 

(nian,, 0.845 (0.12(1" 14.2 
'araguay 0.970 0.050" 5.2 

Peru 2.881 1.181 1.733 41.11 68.1 
Uniguay 2.252 0.1145" N/A 2.0 N/A 
Venezuela 5.21-1 0.36( ().727 6.9 19.5 

101.640l 1)to 6.6(15 6.5 

"Interamerican I)ocvopment Bank. 1983. 
h[AO, 1980. 

'Eslimaled by Ihe atlhor.
 
'Includes ollI' the laud illihe Sio traNIciSco valley.
 
'N/A: not available.
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mous flow of the La Plata River is not sufficient to dilute tile 
pollutants constituting the country's most severe ofcase 
water pollution (lop, 1978). 

One of the most productive arcas of South America is the 
northern Mendoza basin in Argentina. with an area ol'about 
I.5 million ha, of which more than 21o,o0 are under ill-
tense agriculture. The Mendoza basin contains about 75 
percent of the vineyard lands of Argentina, and its fields are 
irrigated with waters from tile Mendoza River, the lower 

Tunuyan River. aild two atluifcrs. The Mendoza River car-

ries about 1.3 million rns of salts per year, which are ap-

plied to tileland by irrigation and to tileglrOLnd aluifers 

through the recharging surfaces-. The ma in aquifer contains 
water of low salinity but is subjected to salinizatii by irri-
galion reiUrn fOws, excess puin phliig,andi inladeqtnale drain-

age. A second aquil'er contains i ost I seepage waters from 

(he carlalI systemi aniid deep percolation losses froli irrigated 

lands, thus incrleasinc tile etrCNely hih level
sallilV to MaIi 
for agricultural use (I.lop, 1978). 
Illtileregion of Pataconia, about 40.000 ha irrigaec( in 

the nineteenth century 'ere 50 percent salirlicd ill1971 
because of overirrigation, the loss of large amoun1ltiits oIf 
water from tile carals, and insuflicient drainage (Berg-
lll; In. 1971). 

Irrigation development of the Rio Negro basinin Argen-

tila began iltilei89os with 5000 IlM in tile(hoele-Choel 

a rca. developed by a etl 1t1lily of'\VeIsh iriiers. I 1951i 

_,,,ooo ha \were lost to severe salinization. Byi 1967 tileirri-
gated area iii this basin totaled about 83.ooo hl. Up to 
24.000( I'a lea ted ill tileupper Rio Negro. requLii red CorrCc-

tive measures for salinily control, including intensiv,: leach-

ing. Salinitatiol hliarue 'lre serious ini tile losser portions 

of the basin. Ill general, tile uMairi causes of tile salinizatiorl 
a d vate rIhggirig prbIni ca nIbe aitrihl(tL to inclficient ir-
rigation practices, hligh water losses Irloll canal scepage, ill-
adequate naturalIdrainace. and iiISufli:ierit artificial drain-
age. Although ue solution of saliri/atiln iid waterhogging 
pro!lerilS iight be technically f'easible, institutional, ilara-
gerial, and political constraints. as well as lack tol lononlic 
and otlir incentives, present scrious obstacles to cortrol-
ling tie atorementioed prolbIcms (Novarv,. 169. 

Brazil ranks fourth inl irrigated land aiong South Amncri-
can eOulntrics, and its potential for e\palnsio is reinen-
(101s1.The poteltialIy irii cal land in the Sio Francisco 
valley alone surpass,,s the present irrigated area of every 
country ill the rcgitll. as well as each couIlntry's potenltial 
(see T"ble I ).Total possibilitics Ifor irrigation arc illthe 
mlagnitlC of 48 Millionl li. Irrigation cffoIts started ill 
1877. The tlI irrigatled area illthe northcastern regior 
reached 500 ha by 194o and is estillated to(be 71.ooo ha 
today (Maril-\illCgas., 1082). 

Although there are lloavailable data on eilenir11dlle 0f' 
Lind salinization in the r rtheast, preliiiiiar studies irlli-
cate that relatively young irrigation projects are being at-
IfcICd by salts as a resuilt of iimpopCr project plarliig and 
niar1igerlent. These lands have been irrigcaed for ten to 
thirty )ears with waters irlml the Sao Irancisco River, smalleser 'oirs ( J('ude.). hr f'rl slillI streams of ~'l peren-

nial flow. 

The waters lroni the Sio Francisco River are of good
quality. However, some irrigated perimeters have developed
saline spots which should be considered wkarning, of pos
sible development of'more serious problems, justilying the 
revision of present water nmanagemen! practices. ina pre
lininary study (Vadivieso and Cordeio, 1983), the origin 
of salinization is traced to tie water storage illthe a -udcs. 
Water accumulated in the catchnlent picks up salt:, on its 
way to the a (udes, where it is further concentrated by the 
intense evaportion characteristics of tie region (a maxi
n1nnf1 Io11i1i per day). L.and. located at a level below 
tliese reservoirs are affected not only by tilequality of tile 
irrigation water but also hy water seepage. Relatively newly 
irrigated lands are being abandoned al'ter a few Nears of ofp
eration because salinization and/or waterlogging have made 
tle inprodticliye. This, in tuin is creat in an addition;l 
problen of neglected irrigation LtI draiiiage strCtuires.
 

Estilates ace that 20 percent of tileland under irrigation
 
illnortheastern Brazil is affected by salts (Cordeiro and
 
Millar, 1978). Some of the projects arc under-utilized. Ili 
(he Sio (Gonalo project, for example, of 4, 100 ha, 0,lly 
1.1oIha arc actually under irricatiotl. Illaddition, 24 per
colt of tile area iii operation corresponds to sodic Soils 
(COrdeiro) et al., 1982). Social a1d .( lII0lli losses result
inc friii these prolblems are substantial considieriiig tie pov
erty of, northeastern lraZil and tileUnlprodtlctive capital ill
vested. i iiutding tie cost per irrigated liectare---$8.ooo 
(Marin-Villecas. 1982, I 1). 

Th. Case of Pr
 
FstirIates are that tile Incas ha,d 2 nililli~ll ha Under irriga

tiol when Spanish coMIquistadores arrived ill Peru. With
tile 

implantation of'the eolonial governlents, large areas of
 
1aiid with infrasItruCturc Ir irrigation \%'ereialantlionied. Ag
riculture was given low priority by the gtlverliiilents to give
 
way to a rrc prolitable activity, namely inilling.The 2 inlil
lion ha were reduced to 10,000 hIa. pool rly utilized and
 
with prldLICti\ it\' at tie stbsistence level, which continues
 
to this day (Marin-Villegas. 1982).
 

Today Peru Ilas approximately 1 .2 million ha in irrigated
 
ag ri.'U lItrC,
Which repi-csent only 4 1percent of its estimated 
potential tsce 'lable I). The country has tile highest yields 
illrice (4,46(o ku/ia) aiid suarcane (126.400 kg/la, grown 
totally under irrigation, and ill Cotton is second only to 
Mexico (IA(). ,81). Oil the other hand, Peru, the source 
of tile pltato, is no\v inliporting them. This situation wors
ened witl tie disastrous eflfects of the El Nirio current. Pro
d'iction of -,lost crops decreased,. , i potatoes declining 
6ooooo tons arid grains falling !2 perrent. Ill addition, 
droughts illthe south aind torrential rains in the noitlh caused 
a,12 perCeinl decline in rVal illcorile a1d hlrece-digit illfla
lioii-- the ''worst ecolloiilic sittlion of tle centuro'"' (U.S. 
I )epartliut 0' Agriculture. 1X.1. itl). 

Most o'f the coatt of' Peru is arid, or cxtrenely arid, like 
the Sahiara region. About 9o percent of the popLilation re
sides illtilear:( lone. The nican lemperalure is between 180 
and 24' C, Witil the rilaxiMiuili rea0ching 38' C. Precipitation. rangirng frulii 1 1t13(1( 11111,is p(oorly' dist ributed and 

averages 25 Ino ;ah1ng file eXtreiiely arid coasta strip. Para

4,
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doxically, it is here that one finds land with the most agricul-
tural potential and soils producing almost 50 percent of the 
agricultural gross product. There are fifty-two valleys, tray-
ersing the coast from east to west, where most of the agri-
cultural activity take place. The main crops are cotton 
(133,ooo ha), rice (88,000 ha), corn (1o,ooo ha), sugar-
cane (48,000 ha), alfalfa (41,000 ha), beans (22,000 ha), 
potatoes (8,ooo ha), and sorghun (7,000 ha) (Estrada An-
cajima, 1983, and Masson, 1974). 

Irrigation along the coast is practiced on about 700,0o0 
ha. Nevertheless, only 20 percent of the 40 million in of 
surface water is utilized. Most of this water (70 percent) is 
lost to the ocean by the rivers carrying the water or iginating
from heavy rains in the sierras mainly during tice months of' 
January through March (Estrada AncaJima, 1983). 

Most of lthe Peruvian coastal soils are affected by salinity, 
The salinity problem has becn identified and classified by 
ONERN (National ()ffice for Evaluation of Natural Re-
sources). Of the lifty-two coastal valleys, thirty-nine have 
been studied, as have two hundred pampas. Although stud-
ies are not complete, it is estimated that out of 8oo,ooo ha 
of cultivated coastal linds, 250,000 ha are afl'e,_ed by salin-
ity and 150,ooo ha have associated drainage problems. In 
addition, ONERN estimates that natural salinity exists in 
the desert or paitiip1ls on 2 million ha (out of 3.5 Million ha 
of potentially irrigablc lands (Masson Meiss, 1974). 

Some of the soils of the Peruvian coast have high con-
centrations of horon, mainly in the southern coast (Masson 
Meiss, 1974). Nevertheless, crops such as alfalfa, cotton, 
and corn showed little or no effc,'t when grown in soils with 
concentrations ranging froIii 5.2 to 115 p1m1(Fox, 1968). 

Most of the saline soils of the lower coast are Solonchaks, 
in association with Regosols-and Fluviosols, formed from 
recent allIvial deposits. Salts are present below 11.50 M 
depth, and electrical conductivities are above the level of 15 
dlS'm '. A cemented Solonchak hardpan layer iscommonly 
found at adepth of in. These soils are quite extensive, rep-
resenting more than imillion ha (Zamora, 1975). 

Salinity in the semiarid region of the Peru vian highlands 
(tle Sierra) olfcrs no mjor obstacles to agricullural devel-
opment. 0- tihe olher hand, the salinity of the rid coast af-
fects the irrigated valleys a id tile uIt ivated virgin desert. 
called pamnpas,- as well. In the irrigated valleys tle scar-
city and irregularity )f water supplies hiave caused probcins 
of drainage and salinity associated with excess water ap-
plication during tie months of' water abundance, which 
coincide with high crop water denands and evaporation. lr-
rigatili of the Lipper portions of the Valleys has had coinsid-
crable effect on older irrigation developments inl the lower 
lands, which are in most cases well prepared. 1110re prtduic-
tive, and of better quality. Inl the panlias tile salinity Ihas 
been traced to the marine origin of the soils or of their suib-
stratmi (Masson Mciss, 1073). 

The impact of' salinity on the economy of Peru is grealt. 
Data presented by Estrada (i t)84) indicate that the annua', 
loss in agricuLure traceable to salinity is about St1o rmil-
lion. Total losses are about $410 1illi(i whe l ell'cets of the 
drought of' 1981--8t are added. I-£stratfa po0ints oit that 
"existing data indicate that salinizatiti has increased ill tie 

last 15 years." He explains that the reasons for this are poor 
planning in the implementation of new irrigation schemes 
and lack of coherent and continuous programs to develop 
intermediate technologies adaptive to particular conditions. 
Irrigated agriculture on the coast reached a high level of 
technology, which was promoted and maintained by private 
enterprise, but was practically destroyed by political actions 
in the 197os. As a consequence, the recently redistributed 
land and its water were poorly managed; salinization and 
waterlogging lollowed. Some of this land was later aban
doned, leaving behind useless irrigation infrastructure and 
unproductive land (Estrada Ancajima, 1984). 

DISCUSSION AND CONCLUSIONS 
When one considers tile vast knowledge that exists as a 

result of worldwide experience and scientific work, salinity 
and related problems in irrigated agriculture should be 
minimum. Well planned. executed, and managed irrigation 
schemes should last for centuries for tile use of future gen
crations as highly productive, well-balanced, and controlled 
ecological systems. In reality tie opposite occurs. Too 
often, productive irrigated lands are prog'essively deterio
rated due to salinization and the buildup of' toxic elements 
contained in the irrigation water or in the ground. 

Although this is happening in both developing and indus
trialized countries, the economic and social consequences 
are, in many instances, catastrophic for a developing coun
try. In general. salinization problems, like many others in 
agriculture, have their main roots outside the technical field. 
In a market-oriented economy, planning (foes not evolve 
spontaneously to maintain and perpetuate the proper eco
logical balance. On tile contrary, there exist political short
term and myopic goals and always a discrepancy between 
tie administrative planning phase and the strategy that 
would ensure proper management of the nonrenewable re
sources involved. The institutional framework in too r 
instances isguided by purely political considerations, \, 
in most cases have little to do with the preservation of a 
well-balanced ecosystem. 

Increased fod production is essential for maintaining po
litical and economic independence of South America. Crop 
yields in many countries of the region are unacceptably flow 
and could be i uchlihigher if soil salinity were eliminated 
and proper agronomic, conservation, and irrigation prac
tices together with highly watcr-rcsponsivc cultivars, were 
introduced. 

In South America ;ill available lands for irripat ion arc po
tentially subject to .,alinization, particularly those of tle 
arid regions, ard maintaining productivity is crucial for the 
ni chi-ieedCd food. Nevertheless, political, budgetary, in
stitutiOnal, and many other constraints prevail over the pre
vcntion and control of, salinizatioll and the execution of 
prOIpcrly planieLd agricultural programls to ensure and main
ain food sclf-suflicicnicy. 

The lack of sullicient numbers of scientific and techni
cal personnel and the similarity of prollems in the Latin 
American nations more than .iuStifytile search for solutions 
in an all-out action. This action shoult pool resources for 
tile study If and solution to comiimon problems, such as aind 
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salinization, directed toward a common goal, i.e., sum- Interanerican Development Bank. 1979. Socio-econonlical progciency in food production. With the participation of inter- D.C.ress in Latin America. Annual report. Washington,
national agencies and inputs from industrialized nations, re- Interamerican Development Bank. 1983. Progresso socioeconom
search and learning centers and programs at the regional ico na America Latina: Recursos naturais. Relatorio tie 1983.
level should be created. Washington, D.C. 

In addition to the foregoing, industrialized nations should Kovda, Victor A. 198o. Land aridization and drought control.
dedicatededcate asinIda Iaotionaportion of' their capital nresocsefor re-small ofa tercapitlg resources fo 1Boulder, Colorado: Westview Press.Llop, A. A. 1978. Economics of irrigation under salinity condi
search aimed] at nonpantable technology to increase f(od tions: the case of Mendoza, Argentina. Ph.I). diss., Univer
production. This technology should be readily available and sity of Califirnia, Davis.
applicable to the conditions of' Latin America. thus promot- Ml u-,illctx, J. 1, . A iwriLtiithra i iiLgla coo estrategia deing economic and political independence of the region. desenvolvimento regional. Istituto Inteaniericano (ICCoop

eracao para a Agrictullura-Ministerio do Interior. Brasilia, 
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24. PRINCIPLES AND PRACTICES OF SALINITY CONTROL ON 
FOOD PRODUCTION IN NORTH AMERICA 

James D. Rhoades, U.S. Salinity Laboratory, Riverside, California 

ABSTRACT 

'his paper presents some of the important principles and practices
in controlling salinity in irrigated lands. Approaches are presented
and some needs are identified to improve our ability to deal with 
maj or salinity problems in North America. 

SALINITY EFFECTS ON SOILS AND PILANTS 

Salts exert both general and specific effects on plants, 
thus influencin,- crop yields Salts also affect soil physio-
chemical iropertics, which could in turn reduce the suit-
ability of the soil as a mcdium for plant growth. 
Effects on Plants 

Excess salinity (essentially independent of its composition) 
in the irrigated root zone adversely alffccs plant growth by a 
general reduction in growth rate. The hypothesis that seems 
to best fit observations is that salt stress increases the energy 
that must be expended to extract water from the soil and to 
make the biochemical adjuStmCnts necessary to survive 
under stress. 'l'his energy is diverted from the processes 
which lead to normal growth and yield. 

The :,alt tolerances of crops are expressed, alter Maas and 
loffman ( 1977). in terms of their threshold values and per-

centage decreases in yield per unit increase of soil salinity 
in excess of the threshold (the preferred Unit of soil salinity 
is the electrical conductivity of tle extract of a saturated 
soil paste, r, in dSni '). Salt tolerance data cannot indi-
cate accurate, quantitative crop yield losses fron salinit y 
for every situation, since actual response to salinity varies 
with growing conditions. including climate, agronomic 
management, crop variety, etc. Salt tolerance data arc useful, 
however, to predict how one crop might fare relative to an-
other under similar conditions of salinity. Plants are gener-
ally most sensitive during the seedling stage; hence, it is ini-
perati ve to keep salinity low in the seedbed. When salinity
reduces plant stand, potential yields are decreased far more 
than that predicted by tile salt tolerance data. 

Typically, salt tolerance data apply most directly to sur-
face irrigated crops and conventional irrigation manlagc-
mcnt. Sprinklcr-irrigated crops may also stiffer damage 
from foliar salt uptake and "'burn" 1')m contact witi the 
;pray. The available data base predicting yield losses front 
foliar spray effects is limited (Maas, 1984). The degree 
of' foliar injury depends on veather conditions and water 
stress; for exaniple, visible syniptonis may appear suddenly
when the weather becomes hot and dry. 

Certain salt constituents are specifically toxic to some 

crops. Boron is highly toxic to many crops when present inthe soil solution at concentrations of only a few parts per 
million (Maas, 1984; Bingham et al., 1985). In some woody 
crops, sodiutm and chloride may accumulate in the tissue to 
toxic levels (Bernstein, 1974). These toxicity problens are 
not major in North America. The effects of salinity and 
toxic solutes on the physiology and biochemistry of plants 
are reviewed by Maas and Nieman (1978) and M'as (1984).

Sodic soil conditions may induce calciunI and various im
cronutrient deficiencies by the associated high pH] and bi
carbonate conditions repressing their soltbhilitiCs and con
ccntrations. Sodic soils can be improved with amendments 
such1 as gypsum and sulfuric acid tRhoades, 1982). Sodic 
soils are less extensive than saline soils in the irrigated
lands of North America. 

Elkets on Soils 
The suitability of soils for cropping depends appreciably on 
the readiness with which they conduct water and air (per
mcability) and on aggregate properties which control the 
friability of the seedbed (tilth). In contrast to saline soils, 
sodic soils have lower permeabilities and poorer tilth, caus
;ng problems in sotne irrigated lands of North America. 

BIecause of' negative electrical surface charges, clays ad
sorb positively chargcd ions (cations). such as calcium, 
magnesium, and sodiun, by electrostatic attraction. These 
cations can be replaced or exchanged by other cations that 
are added to the soil solution. Each soil has :Imeasurable 
capacity to adsorb and exchange cations (tile cation cx
change capacity). 'file percentage of this capacity satisfied 
by soliuni is referred to as the exchangeable sodium per
centagc, P,. The percentage is approxiiiately numerically 
equal to the proportion of sodium relative to calcium plus
magnesiutml present in the soil solution referred to as the so
dium adsorpt ion ratio (R, = Na ( (Ca ' * + Mg ) ' ,' ' 
where the concentrations are expressed in mmol (+)/liter).
TIus, R,., can be used essentially interchangeably with P., 
over tie normal range of P .,encountered in irrigated soils. 

h'lieadsorbed ions in the "envelope" around colloidal 
clay are subject to two opposing processes:( I ) They are at
traced to the negatF\ely charged clay surface by elec
trostatic forces, and (2) they tend to diffuse away from the 
sLrface of tlie clay under a concentration gradient. The two 
opposing processes result in an approximately exponential 
decrease in adsorbed-ion concentration with distance from 
the clay surface to the bulk solution. Divaleit cations, such 
as calcium and lagnesiun, are attracted to the surface with 
a force twice as great as nionovalent cations, like sodium, 
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for example. Thus, the "envelope" in the divalent system is 
more compressed toward the clay surface. The "envelope" 
is also compressed by an increase in the electrolyte con-
centration of tie bulk solution. 

Short-range adhesive forces, called van der Waals forces, 
are involved in the particle-to-particle associations that bind 
the clays into aggregates. The net forces, which result in tile 
formation of aggregates, are diminished when tile cation 
.'envelopes" are extended and are enhanced when they are 
compressed. This occurs because the relatively long-range 
electrostatic charged "envelopes' :iround adjacent clay par-
titles repel one another. With compression of the cation
"envelope" toward the clav surface, the overlap of tile "en-
vclopes" of two :ljiacent particles is reduced for a given dis-
ance between them. tile repulsion f'orces between tie like-

charged "envelopes" is decreased, and tile particles can 
approach suliicientlv close to permit the van det Waals 
lorces to come into play. The resulting aggregate structure is 
thore porous, resulting in enhanced perneability and tilth. 
When repulsion between clay particles is predominant, 
more solutioii is imbibed between clay particies, causing 
swelling. Such swelling redtLces the size of the interaggre-
gate pore spaces ill the soil and hence rcluces permeibility. 
Swelling is primarily important in soils that contain expand- 
ing layer phyllosilicate minerals (smictites like montmoril-
lonite) and P,., values in excess ol'about 15. For such miner-
als, exchalngeable so(dium is initially pref'erentially adsorbed 
on tile external clay Stl'aCe s. These exteniIal surfaces make 
Lip about 1.5 percentl f the cation cxchange capacity (C1). 
Only with futrther 'butildutp'" otf adsorbed soidtiul does it en-
ter tie inIerlayer position between tile parallel platelets of 
tile oriented ald associated clay' particles of tile subaggre-
gate assemblages, called domains, where it create., t:ie re-
pulsion f'rces that ledl to swelling. l)ispersion (release 
of' individual clay platelets flri agg legates and skkit 
(breakdown of aggregates into subaegregcte assemblages) 
can occur at I.,.; Values lo\vcr thani., providing tile ce-
trolyte concentration is sufliciently low. l)ispcrsed platclets 
or slaked subaggregate units call lodge iln iorc interstices, 
also reducing pern cability. Soil solutions coinmposed of high 
solute concentrations atl calCitli and IlllncsiUlll salts 
produce good soil physical properties. C'onversely, lw coi-
centrations and SIodiumii salIts adversely afIfect permciability 
and tilth. 

When water infiltrates the soil su.rface, the soil solution 
ol' the topsoil is essentially that ol the infiltrating water, 
while tile exchangeable soditm percentage is essentially 
that preexistent in the soil (since P.,, is buffered against 
rapid change by the soil CEC). All water entering tile soil 
must pass through tile sulrface; hence, tile stability of the 
topsoil aggregates influences the water entry rate of tie 
soil. Therefore, soil perme.ability and tith p)obleitls must 
be assessed iiiterms of' both the salinity of the infiltrating 
water and tie exchangeable sodtliuin peremt age of tlie top-
soil. Representative guideline threshold valies olI R .. -
P, ) and the electrical conductivity of ilufillrating water 10 
nmaintenance of soil perm eability are given iii Rhoades 
(1982). Significant dilerences exist aiong soils in their 
susceptibilities, and this relation should be Used only as a 

guideline. Effects of salts on soil properties are reviewed by 
Keren and Shainberg (1984), Shaiiberg (1984), Shainberg 
and Letey (1983), and Emerson 198,1). 

SALINITY-RELA'FEI) PROCESSES OPERA'rlVE IN 
SOIL-I'Lt NT-WATER SYSTEMS 

Salinity mnagement requires all understanding of not 
only how salts affect plants and soils but also of how crop
ping anI irrigation affect soil alnd water salinity. 
Irrigatioii-E 'apotrilsirtio-IAeacitig-I)rinage 
Irratins 

The concentration of soluble salts increases in soils as the 
applied water, but not salts, is removed by evaporation and 
transpiration. Evapotranspiration (FlT)I can cause an appre
ciable upward flow of water and salt into the root zone from 
lower soil depths. By this process, many soils with shallow, 
saline water tables become salilizcd. Soluble salts will 
eventually aCCumlnulate in irrigated soils to the point that 
crop yields will sul'fer unless steps are taken to prevent it. lo 
prevent tie excessive accutun .t of salt in tie root zone,,ion 
irrigation water (or rainfall) Must be applied inexcess of 
that ncedcd f'Or E'T and must pass through th1e root zone 
to leach out the accumulating salts. This is referred to as 
tile 'leCaching retluirement" (I_ U.S. Salinity Ladboratory 
Stall, 1954). Once the soil solution has reached a salinity 
level compatible with the cropping system, subsequent ir
rigations iiiust remove at least as much salt from tie root 
zone as is brought in with irrigations, a process called 
"maintaining salt balance." In fields irrigated to steady-state 
conditions with conventional irrigalion management, tile 
salt concentration of the soil water is essentially uniform 
near the soil surl'ace recardless of tile leaching f'raction (I., 
the fraction of infiltrated water that passes through thz r',,, 
zone) but increases witl depth as L decrea'ses. Likewise. 
average root zone salinity increases and crop yield de
creases as I. decreases. l)etails on methods to calculate the 
leaching reqtirelent and salt balance are given by Rhoades 
(1)74. 1982). 

Adequate dr-a in age is inlandator' to handleIlhe leachat e 
needed to achieve Iile Ieacilin g Ieq u irement anmd salt bail
artce. In addition, tie water table depth must be controlled 
toI p;'event any appreciable uLpwai'd flow of' water and salt 
into the root zone. Trhis water table depth is irrigation man
aienent dependent and not single valued as is colmonly 
assumed Ivan Schillgaarde, 1976). 
Soil Salinit-Plan Interactions 

The tinie-averaged root zone salinity is affected by tile de
gree to which tie soil water is depleted between irrigations 
(Rhoades, 1972). As tIle titie between irrigations is ill
creased, the matric potential decreases as the soil dries, and 
the osnmotic potential decreases as salts concentrate in the 
reduced water voIll C. Crop yield is closely related to tile 
tinie and depth averaged total soil water potential, i.e., ma
tric pils Osmuotic (1Ingvalson et al. 1976). As water is re
moved fron iii Soil with ionunilOrm salinity distribution, 
tie total water potential of tie water being absorbed by tlie 
plant tends t approach nioirmity ill all depths of the root 
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zone (Rhoades and Morrill, 1976). Following irrigation, irrigated soils, Flow velocity and water content are typically
plant roots absorb water in soil depths of low osmotic stress lower in soils irrigated with sprinklers; hence, bypass is rerather than regions of' high osnotic stress. Normally this duced and efficiency of salt leaching is increased. For aineans that most of tilewater uptake is Iron the upper, less more quantitative description of' effects of' convection andsaline soil depths until suflicient water is removed to cqual- dispersion on transport soils tilesolute in see review of 
ize tie total water stress with depth. After that, salinity Wagenet (1984).
effects on crop growth will be magnified. i summarv: 
(i ) plants can tolerate higher levels of salinity under condi- Salinity-Soil Interactions
 
tions of lowxmatric stress (e.g.. high-f'requency forms of ir-
 Other soil-rclated processes also affect salt concentration
rigation, like drip), ind (2) high soil-water salinities occur- and transport dturing the irrigation andi leaching of soils. In
ing iii deeper regions of'tileroot zone calbe signilicantly most arid land soils, the clay particles are domiinated byoffset if suflicient low-salinity water is added to the upper negative charges, which can retard cation transport through
protfile f'ast enough to satisfy tilecrop's evapotranspiration exchange processes. Simultaneously, anions are effectivelyrequirement. Research results tend to support these conclu- excluded fron part of the pore solution adjacent to thesions (van Schilfgaarde ct al., 1974). Thus, irrigation nmn- negativelv charged clay surface, accelerating their transagenient affects permissible levels of S'alinity of' s Idains port. Boron also undergoes adsorption reactions that retardirrigation water., A typical deficiency of prevalent classifi- its movement. These reactions are reviewed by Wagenet

cation schemes ot water quality for irrigation is that they (1984).

exclude irrigation 
man agement effects. For methodts of as- Dissolution and precipitation of salts and mineral weatlifrsessirg wtter suitability fOr irrigation, see Rhoades ( 1972. ing significantly affect tile soil solutioncomposition of tile 
1982, 1984) and Rhoades and Merrill ( 1976). and salt-loading contribitions frori irrigation. Studies by 

Rhotadcs et all. (1973, 1974) have shown that the effects of'Soil Salinity -Irrigation System Interactions salt precipitation are generally insigniflicant at leaching frac-

Tihe distribution within iard tlie degree to whichia soil pro-
 tions of 0.2 and higher with irrigation waters of less Ihan

file becomes salinized als( are tnnctions of tle degree and about I.0 dS 
 i I electrical Conductivity ('Y,,,).At leaching
manner of water application and leaching. More salt is genr- fractions ol'o. i or less, salt precipitation is 'reqirenitly sigerally removed per unit of leachiatc with sprinkler irrigatio nilicalit, depending on lie composition of' the irrigation
than with lood irrigation. Thus, th1e salinity of water ap- water. For waters with a (T,, of less than -0- 4 dS' l , tile 
plied by sprinkler irrigation could be higher than that ap- dissolution of' minerals is of ten more important incontrol
plied by Ilood or furrow irrigation with i comparable de-
 ling the level of soil water safinit, than is the salt content olgree of cropping success, provideld filiar burn is avtided. the irrigation water. Models of soil chemistry have been de-

There is evidence that trickle irrigation, inwhich water is veloped and coupled to descriptions of' solute transport

applied steadily at a rate sliightly in excess of' l', permits (TWagerit, 984). 'hese riiodcls are primarily based on
 
clops to le grown more successfully with saline waters than cheniical equilibrium concepts and seldom include silicate

otherwise possible. 
 With this method, tie high matric po- mineral weathering. Fturthermore, many salt dissolution/
tential resulting from tie high soil water content and limited precipitation reactions arc kine'icallv controlled in soil sysdrying between irrigations riinimizes tiric-averaged soil- tents. Lack of aliliropriate descriptions of mineral weather
water salinity. Crop salinity tolerances determined ti der ing and other kinletically controlled reactions inr irrigated

filood and fa'nrrow irrigation may iot lie directly applicable 
 soils are major f'actors limiting tihe validity of' prevalent
to trickle irrigation because of the higher Water ptleit ial chemistry riodels (Jurinak, 1984).
achieved vith tlie litter form of' irrigatior: however, sil- The hydraulic properties of' the soil depend upon total
stantial data are lacking iii this regard. salt concentration of' the percolating water and tile nature of'

As noted above, the salt-removal efficiency with sprinkler tie adsorbed caJtions. The sodiurti adsorption ratio of' tie
irrigaiton tends to be silstanitially higherlthan with flood soil water (R ,) is a good estimate of' the exchangeable so
and trickle irrigation. Solute transport is govern ed by the dium percentage of the soil, as discussed earlier, and is fre
combined processes of convection (novement wit the bulk qiierlnly used for diagnosing sodicity problems. IHowever,
solution) aind diffi s ion (movement under a concentration R_ is related to bul is not tile Situ as that of' lie irrigation
gradient); convection is usually the predominant process. water (R,, ). Changes illR,, occur as the irrigation waterI)ifferential velocities of' water flow.vnorially occur within intiltates (lie soil btCause of'conicetration by F.T the accu
tilesoil matrix (dispersion) becauise [lhe pore size distri- nuiltition of'salts inIthe seedbed becatslcif'evaporation, and
buiion is typically rlonunifori. Dispersion is appreciable ilte decomposition of'plant residues near tiles trface. Other
when flow velocity ;Shigh, arid diftusion ol'tern liriits salt factors aiffecting R,, are the loss or gain in Ca arnd Mg salts
reliOval under such conditions. Soils with large cracks arid due to precipitation of' alkaline earth carbonates present in
well-developcd structure are especially variable in their the irrigation water arid the introductlion of Ca, Mg, and 
water and solute Iransport properties becarse tile large ICO, into lie soil water fIron the dissohltion and weatheripores"prcfcrrcd pathways,are as are earthworm chart- ing of'soil uiincrals. These effccts limit the applicability of
nels, old root holes, intcrpedal voids, etc., and moist of' R as a suitable index tf' R_ to relatively saline, lowthe flow in flooded soils occurs inthert. Muchif the Water carbonate waters. For sodic waters, the more generally ap
and salt in intra-aggregate pores is 'hypassetd ill flord- plicable adjusted sodiuni adsorption ratio should be used inl 
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its place. The adjusted R, may be calculated by either of 
two methods, which give essentially equivalent results, as 
described elsewhere (Rhoades, 1982, 1984; Suarez, 198i, 
1982; Oster and Rhoades, 1977). Soil permeability will be 
reduced if the adjusted R_- o',, combination lies to tile 
left of a threshold relation between adjusted R_. (ordinate) 
and o-, (abscissa). threshold relation curves downwardhFile 

below adjusted R_ values of 1o and intersects the (r,,, axis 
at a value of about 0.3 because of tie dominating effect of 
electrolyte concentration on soil aggregate stability, disper-
sion, and crusting at such low salinities. A representative 
R,, - (Y,., threshold relation is given in Rhoades (1982) as a 
guideline for arid-land soils. There is a lack of sufficient 
quantitative information to assess clearly the sodicity haz-
ard of an irrigation water for different soils. Mineralogy is 
ore cause of substantial variation in response among soils. 
Additional variations may be caused by the effects of cc-
menting nilcrials such ais organic matter aid calcecous, 
siliceous, and oxide coat ings, which tend to stabilize soil 
aggregate stability. Additional e:on plicat io[is include tile 
effects of tillage and other cultural practices, such as sprin-
kler water impact, which enhance disaggregation and the 
associated problelns of sodicity. 

In many semiarid regions the irrigation season is f0-
Ilowed by a rainy scason. Durring the irrigation season tile 
salinity of the irrigation water usually prevents excessi\vc 
aggregate slaking, soil swelling, aind clay dispersion. \Vhen 
the irrigation water is displaced by railr water, a R, - Or,, 
situati on ducive to disaggrcgation, dispersion, and crw~t-
ing can result. Insufficient research has been directed toward 
prediction of this type of response, with resulting limitia-
tions in tie imanagemnCt of, saIt-affectcd soills.Indeed, it is a 

function not only of soil sodicity but also of other soil prop-
crties. including thlie rates Of soilmineral weathering, salt 
dissol tion and transport, and catiou cxchangc. For riore 
information on this topic, see Shauinbcrg (I984). 

Adsorption by tihe soil of so)iC oILutcs like horon also oc-
curs with the irrigatli proccss. Plints respot primarily to 
the boron concentration of' the soil water rather than 10 the 
amount of' adsorbed 13(Kcren et al.,1985a, b: IBingham ct 
al., 1985). Somc horon atldd witli the irri ation \valcr will 
be adsorbed hy tile btit boron still concentrates ill thesoil, 
soil water. For some transitionil period (f time. the degree 
to which boron is concent rated in the soil water will be less 
'han tiat of rion-rdIrbet solutes like chloride. The tiie I-e-
luired to reachi a stte when horon concentration intihe soil 

water reaches its maxinitll is typically three to five years 
huLt varies vith soil properties, amount of' irrigation water 
applied, leaching fraction, and concentration of B3in the it'-
rigation waters. 

The prcvalcnI motlels of solutC reactiirs ard trarsporl in 
irrigated soils suffer tlie deficiency oI" not appropriately rep-
resenting the large variations in the above descrihed pro-
ccsscs that often occur tder lieIt conditios. Only recenlIy 
has this problem been approached directly by ieasuiI rig. on 
a large scale, solute distributions ill field soil profiles. The 
results to date indicate that we do not yet have a suitable 
method to summarize and to integrate the processes opera-

five on a field basis (Jury, 1984). It is probable that alter
native modeling approaches, like that proposed by Corwin 
et al. (1984), may help in this regard. 

SAII'I'Y-RELATED PROCESSES OPERATIVE IN
 
ISRRIGATION PROJECTS AN GEOHYI)ROLOGIC
 

SYSTEMS
 
Some unique effects of irrigation are operative at the 

scale of whole projects and entire geohydrologic systems; 
hence, some management practices for salinity control 
should address this larger scale. The control measures for 
minimizing the impacts of irr!ated agriculture should be co
ordinated with overall water resourcedevclopmlent programs. 

Irrigation Return Flow 
The primary sources of irrigation return flow are bypass 
water, canal seepage, deep percolation, and tailvater or sur
face runoff. Bypass water is often required to maintain hy
draulic head and adequnate flow through the ca, a system. It 
is usually returned directly to the river, and few pollutants 
are picked up inthis route. Canal seepage may contribute to 
high water tables, increase groundwater salinity and phre
atophyte growth, and generally increase saline drainage 
froim irrigated areas. Ia\ ct al. (1972) estiunated that 20 
percent of the total water diverted for irrigation in the 
United States is lost by seepage from conveyance aIId irriga
tion canals. If'tile water passes through salt-laden substrata 
or displaces saline groundwater, the silt pickup fron this 
source canl be substantial. An example is the Grand Valley 
of Colorado. Canal lining can reduce such salt loading. 
Evaporation losses from canals commnonly amotnt to only a 
small percentage of the diverted water. Closed conduit con
vcyance systems cail minimize both seepage ind evapora
tion losses and IT by phreatophytcs. The cIOSCd conduit 
system also provides the potential for higher project irriga
tion eflicicncy aid lower salt loading (van Schilfgaarde and 
Raw lins, i98o). 

Salt Loading from Irrigation and )rainage 
Irrigation water may contain from (.(5 to3.5 tons of salt 
pe" I moo ill. With crops requiring annual irrigations of' 
6,200 to9,300 mI water per liectare to meet ET, from 0.3 
to 32 tons/ha of salt may be added to irrigated soils annu
ally. Reducing the vohltc of water applied will reduce the 
amotunt of salt added and tihe aiotnt to be reloved by 
leaching. Minimizing the leaching fraction maximizCs tile 
precipitation ol'applied Ca, IIC) , and SO salts as carbon
atcs arnd gypsum minerals in the soil, and it minimizes the 
'.pickup" of weathered and dissolved salts from the soil. The 
salt load from tile root zone can be reducet f'rorn about 2 to 12 
tonIs/l pe Cr rg I. from to0. 1 (Rhoades ctyear by rcdn :i I.3 
al.. 1973, 1974; RhOitldcs. 977; Oster and Rhoades, 1975). 

Minimizing leaching may or mnay not reduce salinity deg
rmla tio where the drainrage water is not intercepted and 
is returned to the associated surface or groundwater. A re

uLrction of degradation will generally Occtr vhiere saline 
groundwaters with conccntrations ii excess of those ol the 
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recharging drainage waters are displaced into the surface grown, the quality of water used for irrigation, and soilwater. Many such situations occur in the upper Colorado properties determine to a large degree the kind and extent of
River basin. Reduced leaching will also reduce the salinity management practices needed. 
of receiving surface waters, if they are undersa:urated with 
CaCO, and/or gypsuIl and tile draitgc water becomes sat- Growing Suitably Tolerant Crops
urated with one or both of these minerals. Reduced leaching Where sailnity cannot be entirely eliminated, tile judicious%,illnot reduce salinity ol the receiving water if it is already 
saturated with these constituents. Rivers unsaturated whit selection of crops that can produce stis'actory yieldsinder 
gypsuI n[bit essentially saturated with CaCO) will not bene- moderately saline conditions is requir d. In selecting crops
fit fiom reduced leaching unless salIts other than those de- fOr saline soils, particular attentionshould be given to tie 
rived f'roll tile diverted water or from soil mineral weather- salt lc e of tie crop during seedling developnt, be
ing and dissotl uti m in the root zonc are en contnt ered in the cause poor yields frequently result from failulit .re to obta in a 
drainage flw palth Or ,i "'(Oreigr s: iliem' a n I wlal t\ r iSdil- satis factory stand. Some crops that are salt tolerant during
placed by the draitc wa'lter to the river. Thie Colorado later stages of growth are quite sensitive to salinity during
River in its lower basin is probably othis type. rly grth. Amoig the highly tolerant
 

sugar~~~ ~
coOl)5 b-issurlace gr receiving aemdil badeeyerLike waters, didwater irrigation stgar bets cottoni . Bruda grass, Rhodes grass.tesswestern 
drainage water may not benclii fiota reduced Iec lhing. WilI wheatg rass bird's-ftoot ire foil. tale beets, kale* aspa, eaus. 
i ources ofolfow,rcharge otherhleraalcs.than eofw tilel spinlch,otd trilape return Crops having salt tolerance i 
roundwvatcr evenitually tituist come to the composition of elude radishcs, celery. bens. clovers, and nearly all fruit 

tile drainage Watter, which will be more saline vith lowoMaws trees and Iloffmii.ii, t977.
 
leaching. Ilowever. tile groundwater salinity may be Iiwer
with reduced lealchintior an iiteri i period of tite. For Managing Seedbeds and F'ields to Minimize Local
 
groundwater being punmpcd for irrigation with 
no recharge Salinity Aecumulation
 
other than by drainagc return, tile Short -'term litmitations are 
 Failnre to obt ain a salis,factirv St d o(l'Ifirrow-irrigated row
the sanc as described abovC. (rtnlidwilter uitdersatutrated crops on 1todCraltCl y Mtline Soils is a seriouls proble in inWith CaCO) (unlikely iii arid lands) will show t slight bene- ialy places. The failures usually ater duet the accUtItiila
fit under low lclching. grottetd\vdtCr satUrlated with CaC() tion of' soluble salt in raised beds thlt are "wet-up" by lur-Will Show no benefit Under IOW lIching, and grolnatel\V r row irrigation. Modifications in irrigation practice arnd bed
SlturatCd With CaC(), atd tiC.a'ing sZtUR itn itth gvlpsuni SIhlpe tiiay reduace salt~t :CtII iLllation ncar the seel. The tetl-Will show subst;ntial bCHit from low leaching. Low leach- dency if Salts to accumulate near the seed during irrigation
ing nanagenlent Can COnt iiuIoslv reducC ulegraltion of is greatest in sinle-row. flt-tol)pcd beds. Stfflicicnt salt to
the groundwater, only if other sotrces of hiili-quial ity re- prevclt ri i atio IIma conceitrate in the Seed zone, even
Chiare iito the b asii exist and if flOW out of ite balsit if' the ilveragc sal content of thc soil is nioderately low. Withis lighIrcItiC to la inagc inflii\\. 11 iliCd VIltiiC of Si- don hIle-r ow beds, however, most of' tile salt uoves into (lie
line Watter is disp)sed of il I Closed basiti by irrigation, center of the bed, vvich leaves the shouldcrs rcltively frec
groundwater salinity Will usuallv be lower with high leach- of salt, thus enhancing seedling establishn ent. Sloping bedsing (Rholdes and Starcz. 1977). are best on safline soils beculse the sced can be safel v

The extenlt to Which leaching cal be tnininlized is limited planted ott the slope below the zone of salt iaccuttdanatit l.by the salt tolerances of the crops heing growni. In most irri- Platiing ill furrow's or balsins is saItisfactory frlo'ii the staid
gpation projects. the currently used L's can be reduced appre- point of salinity Control but is oftei unf'avorable f'or thecia bly without harming crops or Soils, cspecially With iti- emergence of' tmay tow crops bca.LusC of crustiig or poor
provetllents ill irrigattionti tntc t vanl Schill'gaarde et aeration. Pre-clrgcnce irrigati l Iby sprinklers or by speal.11974). cial fiurrows placed close to the seed may be used to keep 

the soluble sadt ,.'oncCntrltion lOW ill ile seedbed during gcr
RACT'IIS 'TO ()NT,( Initiation and seedling establishment. After the seedlings are)l SAIINI'TY IN 'IlE established. the slecial furro\N 1 IIN' be aban.otcl nid newR()OT ZONE' filT'rOws Made between the rows, (or sprinkling may be re-

Management practices I'or the control Of salinity aMd so- placed by f'urrow irrigtt ol.
dicity include: selection of crops or crop varicties thai Will Careful leveling fI land makes possible a 1i1orC unifortii
produce satisf'actory yields under the existing conditions of' applicationi of wtter andl hcCC, better sllinity control. Barsalinity or sodicity; use of hlad-preparatiOi and tillage i'cn or pool treas il othe\isWi r oltenpI'tlcti\,C fields are
methods that aid iii the control or removal ol salinityv srC- high spots that do not reccive enotlgh \\'ater f'or good crop
ci:il planting irlcetures that minimize salt accuUllliuhtion riw, th or0fo leaching ltIIses. I.aLands that have been irri
arotnlld the .,cd; ir'ie itil to tli illi l a rClatively high gtd one or y'ovea's afier initial leveliing (ltcti need to belevel OF soil mioisture and to achieve pleriodic leaching of 'the ICl)eCd to rcuOVC tihe surlace tLe1VeInICSs catsCL by the
soil, and special rCeatmeicts (such as aldditions o1 chemicall settling of fill nteriall. Annual crops should be gown affteramtidiments, organic matter. and growing green manure the first leveling so that replatnitg can be performied before it
crops) to maintain soil permeability and tilthi. The crop perennial crop is plamted. 

http:Iloffmii.ii
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lands from becoming salt affected. The amount of waler ap-Irrigating to aintain iL gh Soil Water Potential plied should be sufficient to supply tie crop and satisfy the 
and Periodically leach Salts leaching requirement but not enough to overload the drain-
The method aul frequency of irrigation and the aunou nt of age system. Overriation is a imnajor cause of sa' 1ity 
irrigation water applied may he n;naged to control salinity. buil ihhp ill ranly irrigation projects of1 North Anericai.Ehie nmain ways to apply water are bisin flooding, furrow ir

rigation, sprinkling, subirrigation, and drip irrigalion. Operating )elivery Systems Efliciently 
Flooding the entire surface is suitable for salinity con tol if Excessive loss oft irr igation water trin canals constructed 
the land is level, thougeh aeration and crusting problems may in permeable soil is a ii aljr cause of high water tables and 
occur. Aeration anod crusting prObieIIs are minimized with saline soils in many irrication projects. Such seepage losses 
furrow irrigation, but salts tend to iccumulate in the beds. should be reduced hy lining the canals S'With impermeable
If excess salt does iccI i1ll11ate, i rotiati1l of crops aiLI pcti- materials or by omnpa.icing the soil to achieve a very low 
odic irrigation hV flooding is a possible salinity-coIntrol pe iieibility. BecaueS tle ainlloult of water passing critical 
measure. Alternatively, cultivitioi anId irrigatiil depths points ii File irrigation delivery systmn must be known in 
can be Modified, once the seCdlin.es are well established. to OIrder to provide wltcr citlrol an1d to achieve high water-use 
"shallow" the furrtows sO tilt tile beds will be leacIhed by e'cflicienc', provisions flr effective flow nileasrinelt should 
later irrigatilions. Irrigatioln hy sprinkling may permnit better be made. UnlOrtunltc~ly. iany current irrigation systems do 
control of tie amnount and disirihltion of water. The tell- not use HOw ilieasuringe devices adLI, tIus, tile individual 
dency is to apply too little water hy this method, and leach- farmers operate their own turnout fLicilities with limited 
ing of salts heyond till: root zone is accoilllli:lcd (lonly with control lf the allollllt diverted to the l'urms. In addition, 
special effort. Salinity is kept low in tile seedbed during Iilain dclivery systems ellcourige ov'erirrieation because 
gerilination, hut cruini1 ilax be i pll eiln, Subhirrigiioln, water is stipplied for fixCd perioLds. or in Iixed allltLlMS. ir
in which the waier table is il.iltained close tl the soil sur- respective of scasoalll vmi-ations in oil-l'.ari n.eeds. Sailit 'v 
lace, is not general'ly suiitahle salinity is i problen un- and waler table problenls ot il m'etile result. Increasing tlie 
less tihe water table is lowered pcriodically and leachillg of elicicncy of (he distribution systent It provide water oi de
the aiCCnulaiitcd salts is accom1plished by rainfall or hy sur- ilnd and in iietered 11iluIls f'acililates silillit conltlrol.
 
flace applicitions of wter. )rip irrig atil, if' pr priuy' de
signed. Illiimizes salility aMid llatric stresse!, beCaLISC the Irrigating Ef1ficien!ly
 
soil wier is kept rcativcly hiligh and salts are leached to tile Imlprovemients in salinity ctlltrl will cOllie frt,lm ili
periphery of the wetted area. As nlted earlier. higher levels proved orl- faril irigi ation elliciency. The key to clective ir
oIf salinity ill tile irrigation laiter caii be tolerated \wiilt drip rigtilion and saliinit' control is to pro'ilc the proper amntn 
as coiipared wilh otiler mietlods of irriatilion. of water at the proper time. The oplilim irrigation schelne 

BIecause sOhillIle salts i'educe te avaiIhility of wiltcr in provides Water ClItinuouisly to keep the s.il water content 
almh1ost direct proplrtiln to their tohitl concenltratiion in the in he root /one withil na.ri'ow lillisi., AtlougIl carelully 
soil 5(Illitll , iI-i gaiIllfnreqrn lex'.y ilrCspet ivyeIf ol'IlethId of, progallFled peril lds of strss illa' b1Cdesirable to obtain
 
irl'igatiln, sIoLuid be inciCis&d so that tile ioistlure clltelt iniaxinlIli Ccontomic yield With Someic crops; Cuturad prac
of' saline soils is illailllned as hill as is practicible, Cspe- tices also may deimnllld periods of dry soil, Thls, careful 
cially duiig sccdlin g Cstalishillenl and the early stages of clntlrol of titllilg aind 1.illliunl 0f' Witer applied is a prere
vegetative growth. quisite tol ,o.d witcr use C'ficiCnc) Mid o Iligh Crlop yield, 

especial:', in saline soils. As n'ntiontid aboe. tlis requires
Mianagilng Soils to Sustain Tilth water dtelivery to the lield oil den;,uJ which, ill turil, r 
Sodic soils a.Ire espLciallly su'jcct tIlptuddling and crusting. quires .lose cooidilntIn bet ween ile fa rner and tile entity 
They Should lie tilled cau'efuI lly, taking care to -avoidwet soil thilat distIJ)utes the water: it calls for deviceS to imeaSLre 
conditions. Ileavy iliachiicr'y trailic silluld also be avoided. w itr flow (rilts a11(1 VOlunles), and 'Cdback devices that 
More frequenl irrigatiln. especially dum'iing the gerlir iilo measure tlre \air and salt content in the soil. 
and seedling stages ol phnts, lends to solfen surf'ic'eCrusts Automated solid-set and center-pivoI sprinklers systels
(in sodic soils and ellcourliges better stainds. Allendlmenlts aire conducive to plood lcontrol and distribution: i;i principle, 
such as gypsulm, organic ainlttl,ininal aild g'eCCil IM-ind trickle irrigation is evel be efr. (;Irvity system designedll.' 
nures may be used io niaintl.in permeability aid ilth, and lperated properly, can ailso achieve good Cllinrll, Laise'

cIonlrolled precision ind leveling allows her areal waterPRACTICES TO (()N'I'I(I SAI1IN I distrihutio \'ovCrthe field aid snmller watcr applicatilns; 
IN IRRIGIATE) IANI)S CllibinCd with aUt~ilaltion, it his led tlo high irrigation clli-

IIIpirovIClenS ill the CfficielliCs 0I the delivery and ip- ciencies for dead-level, flooded s,'stelns (1)edrick et il., 
plication systeills will apprcciably lacilitate salinit conliol 1T78). Using closed conduits rat.lher Ihain open waterw.ys
in irrigiated linds. OvCrirricalion Cotiribuics t tilthe walet for laterils has tie idvllita e of effective oftl'-n cllltrol, in 
table ;ild salinity problenms and increases the aillnuil of alddition tIo capturing gravitational cnergy f'or pressurizing 
water tIhia tile diaill age eill .i There- or cotlrol. Ii furrow-irrigated armeList aCCollOillate. delivery systells as, I'm
f'ore, a proper reIation between irrigation, leaching, and row lengtlh can be reduced---and thus intake distribulion is 
driinage lust lie maliintained in order to prevent irrigated iilprlved and tail waer eliniitcd .using as'stein suchlas 

http:waterw.ys
http:niaintl.in
http:seCdlin.es
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Worstell's (1979) multi-set system. Surge irrigation can im- returned to the river (or groundwater) as well as reduce 
prove irrigation uniformity in graded furrows (Bishop et water loss. ThL adoption ol'the rminimized leaching" conal., 1981). For tree crops, a low-head bubbler system that cept of irrigation whid.i reduces deep percolation should beprovides excellent control while minimizing pressure re- of* appreciable benefit .or reducing salination of our water 
quirements has been developed (Rawlins, 1977). Dri sys- resources, especially in the upper Colorado River basin (vantens. of' course, are increasingly being used for pernmanent Schilfgaarde et al., 1974). In addition, the interception ofcriops and high-value annual crops. Numerous opportunities saline drainage water should likewise be beneficial. Interexist for modifying existing irrigation systems to increase cepted saline drainage water can be desalted and reused,
the effcctiveness of water and salinity control, disposed of by pond evaporation or by injection into soife

A frequent constraint in inproving on-I'arm water use is isolated deep-aqui f'er, or it can be used as a water supply
the lack of knowldge ofLjust whet irrigation is nceded and where use of brackish waters is appropriate.

of how nuclh capacity fuor lepIlenishment is available in the
 
root zone. Ways to detect the onset of' plant stress and to Isolating and Reusing Drainage tI'Irrigation

determine the amount of depleted soil water are prere- While there is an excellent opportunity to reduce the salt 
uiSitCS to supplying water on dcin andl and iii the amonnt load conitribUted by draiwige water through better irrigationnedtd.Prevalent methods 0f scheduling irriggati on usu nal managcment, especially through reductions in seepage andion0t. but should, incorporate Salinity eflects oil water deep percolation, here are practical constraints which liinit

availability (Rhoades er al., 1981). Irri ation ainagcenent such reductions. But the ultimate goal should be to laxi
for salinity control is the subject of' reviCxews by "an Schill'- mizc the utilization of' an irrigation watcr supply ina single
gaarde (1976) and van Schill'gaarde and Rawlins (198o). application with minimum drainage. To the extent that theAll irrigation pro'jects. if' they arc to remain viable, must drainage water still has value for use by acrop of higher saltbe accoilnpan ied by draili age, which inuist remove seepage tolerance, it should be used again for irrigation.
and leaching water, as well as water tI at invades the arie a I)rainage waters are otein returned by difftuse flow or ini
f'rom the surrounding lields alilanids. This water sh oIld be tentional direct discharge to the watcr course and autoriat
reused to the extent possible and the residual disposed of at icall,' "'reused." l)ilution of' return flows is often advocated 
a suitable site. Taihlwatcr recovery and reuse for irrigation for controlling water salinity. This cincept has set'iona; liwill help in this regard. If rltural drainage is irsIr f'ficient. it 

mi
tations when one considers the effect on the true volume of

should be SLpleincited by artificial drainage (van Schill'- usable wat r, and it shonlId not be advocated as a general
gaarde 1974, 1984). method of salinity control Diversions in excess of crop 

needs often provide return flows for irrigation downstreamPRACTICES TO CO)NT'ROl, SALINITI Y IN T and help modulate the river flows. I lowever, as already
R1SOURCES noted, such return is the mchanism by which much of the 

Irrigated &griClIture is a 1iajor contributor to the salinity salt loading of rivers occurs, which, in turn, limits the kind
of' niay rivers and groundwaters inNorth America. The ag- of crops that cal be grown. More significant is tOhIfact that

ricultural community has a responsibility to protect tile if tile water being returned to the river is so saline that its
 
(Iiality of' these watcrs. It riirst also Maintain a viable, per- use for crop production is nil, then dilution with purer waternmnent irrigated agricultUre. Irrigated agriCUiturCtCannot be and using tlie iix for irrigation of' crops of' tile sarmc or

sustained without adCIUate leachinrg and drainage to prevcnt lesser sall
tolerance does not add tC the usable water supply.excessive salintio of the soil, yet these processes are the this process oifmixing. simply utiIized the river()ne has, inl 

Very ones that contribute t0 tile sat 
 load ing of' Or rivers and as 1Coinilled "deix'cry and disposall" system and mixed
grouidwaters. River alld groundwater Sal inritv could he I'c- the usable and unusable waters into o.e blend, which is sepa
(uced if' salt loading were minimized or eliminated. The rated again by plants for their use. Ii nm irrigated soil, tile 
protection of our water csourees apgainst excessive sa lina- plant, through transpiration, "distills" otl( the usable f'raction, while sustaining a0gricultural production thrrougehi irri- lion of tie iix (expending bioencrgy to do so) ard the "ungatitn, vill reluirLt a comprelensive land and Water urs usable" f'raction passes through the profile again and inthe 
policy that incorporates the natural processes involved in process displtes or "'picks ulp'"more salt inits flow path.the soil-plant-w'ater and associated gcoliydrological systenis. Greater flexibility for crop production results if the drainage

Strategies to consider incoping with increasing salility water carl lie intercepted and isolatcd. Then the waters canin receiving water systems resulting f'rolr irrigation include: be blended or used separately for irrigation or other uses.
I,eliminating irrigatlion. (2) intercepting point sources of' Once tIe drainage is mixed ill surface waters. these alter

drainage return flow and diverting theri to other uses. and natives are lost.
(3) reducing tile arirotint of' water Iost inseepage and deep Strategy for salinity control of river systems is to inter
percolation. cept drainage hefore it is returned to the river and to use it 
Minimizing Deep Percolation for irrigation by altetrn ating it with tile river water normallyaMd Interceitin g D)rainage used dnring certain periods in the growing season of selected crops. Wh.' te drainage water qtrality is such that 

l)cply percolating water ol'ten displaces saline ground- I'or exhausted. then it is discharged toits ptential rcrC is. 
water of higher salinity or dissolves additional salt f'roi tlie cvaporation pords or other aipproprite outlets. This strat
subsoit. Reducing deep percolation wil reduce the salt load egy will conserve water, sustain crop production, and mini
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mize the salt loading of rivers. It will also reduce the diver-
sion of river water for irrigation. The feasibility of reusing 
drainage waters for irrigation is facilitated using the "dual-
rotation" management system of Rhoades (1984a, b, c). In 
this system, sensitive crops (lettuce, alfalfa, etc.) in the ro-
tation are irrigated with "low salinity" river water, and salt-
tolerant crops (cotton, sugar beets, wheat, etc.) are irri-
gated with drainage water. For the tolerant crops, the switch 
to drainage water is usually made after seedling establish-
ment, preplant irrigations and initial irrigations being made 
with river water. The feasibility of this strategy is supported 
by the following: 

1. The maximum possible soil salinity in the root zone 
resulting fiom continuous use of drainage water does not 
occur when the water is used only for a fraction of the time. 

2. Substantial alleviation of salt buildup resulting from ir-
rigation of salt-tolerant crops with drainage water occurs 
during the time salt-sensitive crops are irrigated with river 
water, 

3. Proper preplant irrigation and careful irrigation man-
agement during gcrmination and seedling establishment 
leaches salts out of tileseed area and from ihallow soil 
depths. 

4. Data obtained in model ing studies and in field experi-
ments support the credibility of this "cyclic" reuse strategy 
(Rhoades 1977, 1984c). 

Desalination of agricultural drainage waters; for improv-
ing water quality is not economically feasible even though it 
is to be implemented for the return flow of the Wellton-
Mohawk project of Arizona. The high costs of tilepretreat-
ments, maintenance, and power are the deterrents. Only in 
extreme cases, or for political rather than technical reasons, 
is desalination advocated (van Schilfgaarde, 1979). 

ACTIONS NEEI)EI) TO IMPROVE SALINITY 

CONTROL IN NORTH AMERICA 


A number of needs for salinity control through manage-
ment have been identified in the preceding sections. Yet 
other control possibilities exist, some of which await ad-

knowledge and technology. Some of' theseneeds are outlined below, 

Expansion of Basic Research of Plant Response
toxSalnity oasicD evepme of Toleant aress

to Salinity and IDevehpnient of Tolerant Varieties 
In spite of all the effort expended, the specific effects of salt 
on plants are not sufficiently understood. An expanded 
study is needed to make greater proprov in this area. A 
companion efl'ort should be undertaken to improve the salt 
tolerance of crop varieties. Research on the genetics of' salt 
tolerance has not been adequately supported, and intra-
specific differences in salt tolerance should be exploited so 
that progress can be achieved in the form of' more salt-
tolerant cultivars. Because pienotypic symptoms of salinity 
stress are vague, physiological and biochemical mecha-
nisms of salt tolerance must be identified to provide the ge-
neticist with specific selection criteria. Rapid screening 
techniques to evaluate these criteria are needed to select 
genotypes with heritable salt-tolerant traits. As proposed by 

Shannon (1984), a plant breeding program for the develop
ment of salt-tolerant species should be undertaken and 
should include (i)identifying varieties with superior salt 
and boron tolerance and crossing them with high-yielding, 
adapted varieties; (2) screening segregated generations for 
increased tolerance in controlled stress conditions, such 
as greenhouse; and (3) testing advanced generations in 
the field. 

Claims have been made of the potential for genetically 
engineering crops capable of being grown using seawater. 
Researchers at the U.S. Salinily Laboratory believe, how
ever, that the extent of such improvements wili be modest
10 percent or, at most, 20 percent increases in permissible 
salt levels being more likely-and question claims or im
plications of breakthroughs leading to commercial yields 
using seawater or even half-strength seawater for irrigation. 
They are not aware of any success to date in selecting or 
developing plants that are significantly more salt tolerant by 
mcans of any such techniques (van Schilfgaarde, 1983). 

Although increased efforts in genetics and breeding for 
greater salt tolerance are needed, we must be cautioned 
against the false premise that management research is out
dated and should be minimized. The needed conservation 
of soil and water resources still demands breakthroughs of 
equal magnitude if a permanent, viable irrigated agriculture 
is to be sustained. 

Another approach for overcoming salinity restraints is to 
introduce new crops that grow well under saline conditions. 
Halophytic species, by definition, are tolerant of high salin
ity. Unfortunately, though they thrive in adverse environ
ments, they tend to grow much more slowly than conven
tional crops. It is likely that those genetic mechanisms that 
protect the halophytes against stress ire, at the same time, 
the ones that restrict growth rate. As in the case of breed
ing, the development of new crops (including halophyte cul
ture)' is an area that deserves more attention, but it also is an 
area prone to false hopes, sometimes kindled by reports 
from prestigious institutions. 'he fact that a plant is native 
to, and survives in,saline enviroments does not mean 
it can be cultivated successfully as a crop, since biomassproduction tends to be proportional to transpiration (van 
Schilfgaarde, 1983). 

Our ability to improve salinity control in crop production 
could increase if we better know how to relate crop toler
ances to field conditions. Though an extensive literature 

exists on salt tolerance of crops (Francois and Maas, 1978), 
there exists rather limited knowledge of how management 
and climate, a:, well as their interactions, affect salt toler
ance and crop growth. Our knowledge of crop watel"use as 
affected by salinity and stage of plant growth is insufficient, 
though recent gains have been made in this regard (Letey et 
al., 1985). The salt tolerance of various crops under a vari
ety of farn water management practices should be thor
oughly investigated The studies should include short-term 
cffects of high salinity at various stages of growth. The 
long-term effects of rccommended irrigation and agro
nomic practices for salinity control also need to be more 
thoroughly qvaluated. Rather than using only crop yield as a 
measure of success of' salinity control management, evalua



tions should also include effectiveness in the protection of 
the quantity and quality of our w:tter resc irecs. 

Since crop salt tolerance and soil salt balance are intrin-
sically related, better techniques for determining optimum 
leaching requirements are needed, especially for dynamic
situations. A serious limitation in this regard is the lack of 
quantitative knowledge of how plants respond to varying sa-
linity and matric stresses, according to time and space,
within the root zoe. Another defic icicy in !his regard is tile 
lack of adequate knowledge, on a field basis, of solute 
transport phenomena, which influence variability of salinityy 
and which affect minimun leaching requirements. Most 
our present knowledge regarding leaching requirements and 
the movement of water and salts has been developed in labo-
ratory-soil Icoluns and lysimeters. 1he results obtained 
Usually cannot be applid under natural field conditions, 

Declonts o f derls rrdisalinity 
Effects on Water QualitN 
Quantitative prediction techniques that will describe the 
quantity and quality of subsurface return flow from irriga-
tion are needed. These models must be capable of predict-
ing long-term changes in the quaritity and quality of subsur-
face return flows under a variety of' water managemernt 
alternatives. To ftfly evaiate chemical quality changes, the 
models should be capable of handling salt precipitation. 
minimal weathering, and cation exchange reactions, which 
take place as water moves through the soil profile. Critical 
limitations of such models will be in defining tie path-
way(s) 6f suibsurface return flows arid tile chelmicalI and 
physical properties of tlie substrata in tie pathway(s) within 
large hydrogeologic systems. i.e., irrigated v'dleys or large
basins. In studying such large areas, a balance mLust be 
reached between the sophistication of the model and tile 
cost of collecting the required physical data. Because of the 
current lack of such riiodls , tile problems resulting from 
'he development of new irrigation projects, particularly 
those involving lands in0t prviously irrigated, are IsuIally
confronted after the fact. 

Developnient of Models f r Assessing Economic 
Impacts of'Salinity Control Measures 

There is a need to delineate tie wide v'ariety of benclits and 
damages that occur as a result of salination of' soils and 
waters. In assessing costs and benefits associated with salin-
it), control aind effects, the development of crop productioin 
and crop damage functions caused by salinity a1e requisites 
for making more accurate cncom.mic evaluations and for the 
decision-making process. Ilowever. such economic studies 
should also consider effects Oi o ir water irc st nrccs, in cILId-
ing tie local, state, reg ional, and national benefits that 
would accrue from ile implmccntation, either in an irri-
gated valley or river basin, of a salinity control program.
For Cxaiiple, a control tllclsre irniplemnenited in a particular 
vall'v has direct benefits to the local area, including non
agricultural sectors and downstream water users. lenefits 
that accrue to bolh upstreaii and downstCrealn users result 
from increased crop yields, reduced nced for fertilizer, re-
duccd hainage, savings in water costs, etc. 
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Improved methods are needed for making area-wide in
vestigations t(; define the need and potential benefit of salin
ity control measures. These studies should pinpoint the 
sources and causes of salinity and provide background in
forniation to select the most appropriate control measures. 
Once the sources of salts are defined, more detailed studies 
should be undertaken to specify how those sources may best 
be controlled. Demonstration projects and extensive educa
tional programs should be carried out to demonstrate and 
accomplish implementation of selected programs. 

Inventory
 
Development of Soil Saliity
 
Proper operation of a permanent irrigated agriculture, which 
uses water efficiently, requires periodic inlormation on soil 
sa!inity. Only with this information can the effectiveness of 
irrigation project operations be assessed with respect to salt 
balance and water use efliciency. Suitable inventories of soildo not now exist in the United States, nor are there 
monitoring programs to document tile salinity status of our 
soils and to assess the adequacy of our irrigation and drain
age systems on a project-wide basis. National or state pro
grams to monitor soil salinity are likewise nonexistent. Cur
rently used methods based on "'salt balance" calculations 
are inadequate (Kaddah and Rhoades, i976). The need for 
monitoring will increase, since less water will be available 
for leaching as tile competition increases fbr wate, now used 
in irrigation. In addition, more restrictions are expected to 
be placed on the discharge of salt from irrigation projects.
With less leaching, there will be a corresponding increase in 
soil salinity. The inventorying and monitoring of soil salin
ity is complica ted by salinity's spatial variability. Monitor
ing is influenced by salinity's dynaiiic nature because of the 
in'pact of changing weather patterns, management prac
tices, water table depth, etc. When tile need for repeated 
nmeasurements is multiplied by the extensive requirements 
of a single samplirg period. tile need for simple, practical
methods for measuring field saliiiity is obvious. Procedures 
for delineating representative monitoring areas within irri
gation projects aire also needed, as are procedures for rap
idly producing soil salinity maps. New inistr'umeits for iCa
suing soil electrical conductivity, coupled with computermatping techniques, have tlie potential for meeting salinity 
monitoring and mapping needs. 'l'hese methods need to be 
integrated With corii pItter-aided tmapping techniques to de
velop a geographic information system for salinity. A net
work of repicsentalive soil salinity monitoring stations 
should be established iii irrigation projects, especially those 
projects Undergoing changes in operation. It would be ap
propriate for a governmental agency to assume this responi
sibility. The f'act that no agency is now\' monitoring salinity
oin irrigated l;arid is a major concern I''rii tle staindpoint of' 
1arid arid Water degridat ion . For more discussion 0t' salin
ity inventorying and monitoring, see Rhoades and Corwin 
( 1984) and Corwin et al. ( 1985). 

xansion of Adaptive Research and Impleientation 
of Existiig 'echnology 
Much more is known about salinity and its control than is 
currently being used. Known principles should be adapted 
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to existing field circumstances. Much progress can be made 
simply by the transfer of existing technology and by inno-
vative adaptive research. The present approach to salinity 
research, where studies are carried out in artificial, small, 
controlled, and relatively simple systems, which exclude,
much of the reality of' irrigated and the largeragriculture

hydrological system, leaves much to be desired. 


hydrolog l system aes b nch beeendesied appldcurrent 
We must keep a proper balance between basic aad applied 

research and not expect accomplishments in basic bio-
technologic, genetic engineering research to supplant the 
need for research and improvelent:: in management and en-
gineering. Nor should vc forget the real goal for our re-
search-to feed people while conserving our dwindling soil 
and water resources and to avoid increasing the literature 
with more reports of studies that are irrelevant or of aca-
demnic interest only. 
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25. MANAGEMENT SOLUTIONS FOR SALINITY CONTROL 
IN AN IRRIGATION DISTRICT 

Lowell 0. Weeks and Thonas E.Levy, Coachella Valley Water District, Coachella, California 

ABSTRACT 
Coachella Valley, California, began irrigated agriculture in the 

187os using groundwater. Increased demand resulted in the lower-
ing of water tables and the need for an additional source of water,
Water was imported tliom the Colorado River throngh the All-
American and Coachella canal, and all undergro nd distribution
sys'temn was colistlmte~ d Ito '3eflorecsysem deltiver water to the, t'arllu, ii elverwatras ontniledto o te tarns.Befre m-
portati on ol water began, it w as recognized that drainage of lie 
irrigated land wonlhi be reqitdllC extensive investigatiof,anld an 
salinity control by drminagc was Undertaken. hnplnenlation of 
procedures based on tile fi ndiiegs has reusl Cd ill the colistruCtioll 
of an oi-lirli and district-.AdC drlinage sN'stCm. Inconl; unction 
with the research. adeq uaIL iirigeatioawater, a depository (Or
drainage water, and enlightened farnicrs have produiced higliCrop
yiels and n0it eILIs of satliiity in theoti agrcittCuiral produclivitv
vatley. 

INTI01)UCHTON 


The production of l'od by tileuse of enterprise is the 
most important indul~stry in tie world. Agriculture is one of 
the oldest endeavors of' man and probably began about 
6,ooo years ago (Garbrecht. 198 t). 

For hundreds of years people lived by fishing. hunting, 
and gathering wild plants and seeds. They had to look for 
food continually, which leftlittle little for any other activi-

ties. Early civilizations began to develop an agricultural 
so-
ciety where fewer people ' cre required to produce the 
needed food. This left time for the non-fartiiers to de' lop 
arts, crafts, and to engage intrading, which all led to tile 
establishment of towns, Cities, and countries. 

Food developitent occurred in the great river valleys
where soil and water were abundant. Thus. tilefarmers 
soon learned tie prinmitive art of irrigation. 

Irrigation probably started in tileNile River valley more 
than 4,000 years ago. Nile valley farinrs soon learned they
could grow two and three crops a year it tilewarn., rich 
soi Is (Said, 1981). Thus began the lirst major world power.
However, irrigation brought problenis that continue through-
ou tie world even today. Problems of poor lind ind water 
management have resulted in Farms becoming waterlogged,
with.increased salinity that has curtailed crop produclion. 
Correcting ihese conditions requires good drainage of allir-
rigated crop lands. Drainage is essential for removal Iof ex-
cess water and salts. Whenever irrigation facilities are coti-
structed to water land, a drainage system must be installed. 
inCoachella Valley, Californii, this resulted in a Iiariage-
merit solution for salinity control by the Coachella Valley
Water District (CVWD). 

COACHELLA VALLEY 
Coachella Valley, in southeastern California, is situated 

in eastern Riverside County, within a basin that was called 
the Salton Sink around the turn of tilecentury. This valley is 
some 8o killlong and front 8 to 16 killwide. As shown in 
Fig. i it lies between tie coastal range oilthe west and the 
Little 'San Bernardino Mountains onl cast.tile The Salton
I ea oI msSane1Vallry 'i uoh ea st n o t liena s. 
Sea forns thie vail ev cs n'ctr loy.soVtlle on(1ni

The clite of Coac le Ia Valley consists o tg. cx 
trelely hot sUintiuers (with occasional high Itemperatures
throughout tie year). tiild winters, aild a low relative htn
nidity. The skies arc aliost cloudless, with ian anntinalt aver
age rainfall of 66 un since 877. Killiig frosts are rare, tut 
when one does occu r it is generally in Decemilber, January,
 
or i February. Every 1otthIi has had a teilperat ire iofat least
 

32C (National Oceanic and Atmospheric Admitistration).
Thus evaporation is very high during every tnonth of the 
year and tileneed for irrigation is year round. 

The average rainfall is so slight inCoachella Valley that it 
is dis, garded. and all water for crops is tront irrigation.
There are two sources of water for irrigation: deep wells fed 
by rainfatl and tiielting snows on the mountains surround
ing tilevallcy, and since 1949. water diverted from the Colo
rado River at Itoperial I)a i Upstream from Y1,i ma, Ari
zona, through a 258-kin canal system that distributes it to 
the fartis. 
The dominant soils are of recent valley alluvium eroded 

frot granitic Mountains to tie east, west, and northwest, 
and grade iti texture from coarse and title sands to clays. 
The clays occur predominantly ilthe lower trough of tile 
valley and are 0f allUviunl of the Colorado River deposited
while tileGrand Canyon was developing. The soil gradation

is not uniform. Because of tile
extremiely variable capacity 
of floodwaters to carry suspended material and because of' 
progressive nmovenent of part of the deposited materials 
from flood to flood. there is a mixture of materials. l)epos
its of sands, silts, and clays are valfound throughout tile 
Icy. Inaddition, seasonal high winds have redistributed 
soie sediments. Therefore. the soils are highly stratilied 
with layers of less than 25 till to inore than (1.3 Inthick 
(USI)A, 198o). 

The cominig of Itie railroad in 1877 was allilpirtnt f,ac
tor in opening the desert to settlement. The discovery of a 
water-bearing sand and gravel stratun in1888 was the be
ginning of irrigation. During the first years of farming,
nearly all the wells had an artesian pressure that produced
sufficient fhow needs, wellfor domestic apd urban as as 
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small irrigation requirements. As the increased acreage re- Valley Water District. Present activities are all water related 
quired more water, many of the wells ceased to flow or the and include: () water conservation and underground re
flow was so greatly decreased that water users began to em- charge and replenishment; (2) irrigation water delivery; 
ploy pUMpS. 'Iis it bccaie evident at an early date that (3) installing and maintaining an agricultural drainage sys
additional water uIst be found and brought to Coachella tern; (4) installing and maintaining domestic water pro-
Valley if its agricultural base was to continue to expand. duction, storage, and delivery facilities; (5) providing 

wastewater collection and sewage reclamation facilities; 
COACIIIELLA VALLEY WATE.R I)ISTRICT (6) construction and operation of stormwater protection 

The Coachclla Valley Water District was formed in i 918, works; and (7) providing recreation facilities. 
under the County Watter District Act of the state of Gdlifor
nia, for the purpose of protecting and 'urthering tlhe water WATER SUPPLY CONTRACTS 
rights of the people in the area, to invoke and maintain Since 1918 the district has entered into eight separate and 
water conservation principles and practices. and to seek ad- distinct contracts with the U.S. government, all dealing 
ditional sources of' water for the region. These ctontinue to with water supply froni the Colorado River. In the early 
be the responsibility of the CVWI). contracts of 1920, 1921, and 1929, the district made contri-

All of the lands within the district arc desert lands, and butions to the federal government for its early surveys, in
the district now c(intains approximatelyN kill-. vestigations, reports to construction2600 Most of' and relating the or 
the agriclit ural land is bel w sea level. Ihoover I)am anrid the building of the All-Atierican Canal to 

Since its establishment, the district has continuLouLsly de!lver water into Coachella aind imperial Valleys. 
functioned as a pihlic a ency of"the state of California. All 'Ilie district has also entered into live separate repaiynent 
its autlhorized functions and duties are governmental in na- contracts with the federal government, incurring repayable 
tlre. In I937, by special act of tile legislature, the Coachella obligations that totaled $80 million. These contracts are: 
Valley Storm Water District was nierged into the Coachella (I) 1934, for delivery of water and capacity in the Iperial 

\AI
 



Dam, and All-American and Coachella canals; (2) 1947, for 
construction of an underground pipeline distribution system 
for 300 ki2; (3) 1958, for construction of an irrigation 
system and drainage works for 42 ki' of Indian lands;
(4) 1963, for rehabilitation and betterment of works that 
were constructed under the 1934 and 1947 contracts; and 
(5)1978, for lining the first go km of tie Coachella Canal 
for saving 150,0oo dkmi of water per year. Repayment
of all contracts was over a forty-year payout period and 
is 	current. 


On March 
29, 1963, the district entered into a contract 
with the state of California for a water supply from the Cali-
fornia Water Project. The cost of this water supply nmakes it 
uneconomical for agricultural use, but it will be used exclu-
sively for domestic and municipal purposes. 

IRRIGATION 

The combination of a climate characterized by hot sun-
mers, mild winters, almost negligible rainfall, and good
soils has given Coachella Valley a distinct advantage in the 
growing of m:iny specialty crops. This a'clrhals a 365-day 
growing season. Field crops include carrots, sweet corn, 
niany kinds of' leaf lettuce, and asparagus, and its citrus 
fruits and table grapes arc aimong the finest produced all'-
where. ''his area has tilelargecst acreage on tileNorth 
American continent where dates are grown.

The methodS of irrigation in Coachella Valley are similar 
to those used iiother irrigated regions. In the valley, much 
thought and effort have been g ien to the most eflicient way
of handling water. The district's distribution system consists 
of 8oo kim of underground concrete pipelines. By reducing 
water loss due to evaporation, underground lines maintain 
water quality while making valuable Lind useful instead of 
covering it with open canals and ditches. All water deliv-
ered through lateral turnouts to tie farmer is measured 
through a meter. l)etailed records of, the quantity of water 
delivered to tile are kept by both the fairmer and thefiari 

district. 


MANAGING SAlT IN AN IRRII(;ATION I)ISTRICT' 
Through nianv years oftechnical studies, observaltions of 

farni results, and ideas ranging froriridicuhls to very cOn-
servative, the district is firn in itsopinion that nnaging
salt in an irrigation district requires six major item+: ()
knowledge of tlie idrohgib ic and subsurface prolilc cli;,r' c-
tcristics, (2) adcqlate supply of irrigation water, (3) On-
farn drainage collection sysieni, (4) district-wide drainage
collection sy'stet, (5) depository fIr saline drainage waters, 
and (6)info rmed farriers. 

Knowledge of'tile Hydrologic and Sulsurface 

Knowedgeof heIlydologc nul Sbsuracesal 

Profile Characteristics 
Drainage of irrigated land throughot the world is required
unless optilnii sOil, Wiater iuality, rainfall, and crop cimdi-
tions occur niiaturally. I)rainage iiproverent may be re-
tluired because: ( j) poor water and land rianagentent hIrs rc-
sulted inwaterlogging and high salinity, (2) the area is low 
aId swalpy, arid (3) the soils may be saline. Under arid 
coinditions, such ais these which preva ilitt Coachella Valley, 
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salts accumulate if they have not been leached or dissolved 
from the soils. Coachella Valley soils are high in soluble 
salts such as sodium chloride, sodium sulfate, sodium bi
carbonate, and calcium chloride. 

Because of the properties of the soil in Coachella Valley,
it was believed that farm drainage would be needed. In 
1927, the district installed a number of shallow ground
water observation wells called "alkali wells." The water 
levels were recorded for several years, but because of the 
great economic depression of the t930s and diminishing 
water levels in the irrigation wells as the result of an over
draft, interest in the "alkali wells" was lost, and by 1940, 
most of them were lost or damaged beyond repair. 

As long as farming, then confined to approximately 69 
km 1,was dependent on groundwater as its source of irriga
tion water, drainage was not an important problem. This 
was because of the effect of heavy pumping on artesian 
pressures, using water containing low total dissolved solids 
(TI)S), and only the less saline soils were being farmed. 
There was evidence that with the widespread use of newly 
imported Colorado River water, less groundwater pumping 
would take place and water tables would rise, causing se
rious drainage problems in the future. In addition, tilemore 
saline soils would be irrigated, and the higher TIDS of the 
imported Colorado River water would require drainage for 
salinity control. 

In 194.5, a Memorandum of Agrecment was signed by the 
University of California Experiment Station, the U.S. Sa
linity Laboratory, and tile relative "Investigadistrict, to 
tions on Salinity Removal and Control by Drainage.' In 
19.18, the U.S. Burcau of Reclamation also joined in this 
agreement. The memloranduni set forth three objectives: (i) 
to observe groundwater conditions, (2) to develop tech
niqucs for land reclamation of salt-affected soils, and (3) to 
obtain infornmation for the prarctical design of on-farm 
drainage systems. InI order to achieve these objectives, it 
was necessary to obtain a thorough understanding of the by
drologic and stratigraphic conditions of tie valley. This in-
ICidedI information regarding: (i ) changes in water table
levels with increased use of' Colorado River water for irri
gation; (2) changes in groundwater quality with tile as in-
Ifucnccd by the use of Colorado River water, which had dif
fercrit chetnical characteristics its compared with natural 
groundwater: and (3)tiledirection of groundwater flow. 
More than 1300 piezonietric wells ranging from 3 to 47 Ill 
in depth were drillcd. This investigation was uniqLue since 
an intensive study was initiated before any m'.ilicant drain
age problcin cxisted in tilearea, and basi data were oh
tained prior to the import ation of water. Investigations are 
usually iiade after crops have been danitagcd and soils made 

ine beC.Iulse of highl wa~ter tables.C 

An Adequate Supply of Irrigation Wafer 
Colorado River water has been imported to Coachella Val-
Icy since i949 through tilecanal a n distri bintiol system, its 
previously noted. F'r tiers order water for next-day delivery 
up until 5:oo I'.M. the day bk'forc. With fcw exceptions, such 
as unexpected frost conditions or exceedingly hot periods, 
water has always been available. With tlie water storage fa

-,
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Table 1.Watei requirements and il'darea fo'r crops grown in the Coachella Valley. 

Crop 

Alfalfa 
Misc. field 
Cotton 
Asparagus 
Corn, sweet 
Carrots 
Vegetables, all 
Dates 
Grapes 
Citnis 
Non-harvested 

Total hectares of crops 
Less double crop 
Total hectares irrigated 

Water received through 
Coachulla Canal 1cubic 
dekameters) 

Irrigation reqreement 
in irters per year 

Consump- Land Area 

five Use" 1975 1977 1979 1981 1983 

Meters Htectares -

1.71 4.514 3,698 3,981 3,885 3,832 
1.20 1,180 442 331 1,304 323 
0.95 567 2,185 1,416 1,943 i99 
1.36 215 121 231 386 743 
0.67 1,934 2,458 1,986 2,362 1,866 
0.52 2,151 2,142 2,107 1,380 1,150 
0.94 1,775 1,862 2,709 2,699 3,879 
2.21) 1.579 1,656 1,824 1,839 2,212 
1.28 2,986 2.917 3.2(15 3,856 3,973 
1.31 7.166 6,562 6,318 6,085 5,967 
1.43 1.464 1.393 1,482 816 1,171 

25.431 25.439 25,589) 26,553 25,805 
3.1123 2.933 2,840 2.998 3,197 

22,418 22,5106 22.749) 23,555 22,618 

523.411 47,016 -157,153 530,402 430,114 

I .17 1.41 1.43 1.43 1.49 

'U = KU,Ilaney-Criddle formula frol United States Department of Agriculture Technical Bulletin 
No. 1275, "l)etermining Consuttmptive Use and Irrigation Wate r Requirements," page I . Where U 
consumptive use requirenent: K = empirical seasonal coeflicieni: F = stint ltontly fa1ctors (f)of the 
for the eason stn of the products of mean ionihly temperature (I)in degrees Fahrenheit and monthly 
percentage ol annual daytime hours (p). 

cilities located behind tile many datms on the Colorado 
River and the water priority of this district, it is anticipated 
that thcrc ill continue to be an adequate supply of irriga-
tion water, 

The anntual consuniptiv:e use of crops grown inCoachella 
Valley as calculated using the Blaney-Criddle fornmula 
(USDA,1962) and updated by the district to reflect irriga-
tion practices in planting and growing crops in Coachella 
Valley isshown in Table 1.The cropping pattern of Coachella 
Valley for the last ten years is also shown on Table I.'[he 
average annuil water requirement is 1.44 tit. The diversions 
f'rom the Colorado River for (lie last tell years are also 
shown on '[able I. 

On-F~arm [)rainage an( Collection Systent 
Successful agricttural activity in arid regictis such as 
Coachella Valley reqiuires a method of land drainage for the 
removal of excess soluole salts from the root zote. In1this 
valley the choice was made to do tihis with a system of un-
derground pipe drainage lines. This decision was based on 
effec iveness of drainage, better use of land, and the ci)st of 
:iistallation. 

The farm tile drainage system is laid out in a grid ar-
rangemnent with abase of collector lines of 20 111111 in diam-
etcr with laterals of either Ioo-, 127-. or 152-1111im diatneter 

filter envelope, which increases the drainage efficiency and 
keeps fine soil particles from entering and plugjing the 
drainage lines. Installation involves trenching, pipe laying.
and backtilling, all in a continuous operation. The cost to
day to drain a hectare of land is approximately $ 1,2oo. The 
maintenance of a proper salt level is probably the most im
portant function for economic success in an agricultural en
deavor inCoachella Valley and would be impossible without 
these systems, which discharge water and salts into the out
let syst,'m provided by the district 

District-wide l)rainage Collection System 
'he main outlet collector drains for all on-farm drainage 
systems are constructed and mai.itained by the district. The 
policy of tile district is one outlet for each 0.32 ktin or to 
within 400 tn of each o.16 kii: parcel. 

The outlet drains are either open drains or underground 
pirF'drains. The open drains are used iti the area between 
the agricultt .'al lands and the Salton Sea and as a large 
valley-wide collector drain that also conveys floodwaters, In 
tile rest of tle valley, underground pipe drains from 0.3 to 
o.6 fi in diameter are used as the outlet system. All drain
age waters disehirge into the Salton Sea, which is the drain
age depository for both the Imperial and Coachella valleys. 

pipe, depending on the length off epository for Saline l)rainage Waferthe latcral. A typical farn 
system is shown on Fig. 2. The drainpipes were originally The U.S. Geological Survey in the tiid-1920S undertook an 
made of red clay tile or concrete, but t,;day most of the new investigation offtile Salton Sea as ioits importance as a de
pipe is plastic. '[le drainpipe is laid in a continuous gravel pository for agricultural wastes and to predict the future ele



--- 

__________ 

, ._tion 

DISTRICT 0IRRIGATION 
PIPELINE -T FARM 

2.OUNDARY 

-N 
H ___________

IIfarmers 
0 0 

NO SCALE IC 


:'ELINE 
0N-A Rment 

IAINtoo,, OfrARM GRAIN 

o o BmITYP) PIPELINE 

0 
_$1 


DISTRICT 0DRAIN 

PIPELINE 1" 


-A-VENUE , V -
VENU Iage 

Fig. 2. Typical farm system. 

vations of the surl'ace of the sea. With tilecompletion of this 
report, the federal government by executive order in1928 
withdrew fron all forms of entry the public lands of the 
United States in the Salton Sea area lying 74 inor tiore be-
low sea level. These restricted lands were set aside for tile 
drainage of all waters into this natural drainage basin. In a(d-
dition, the Inperial Irrigation District and the CVWI) 
undertook to acquire private lands under and around tlie 
Salton Sea. Thus. a large area in the hottom of the old 
Salton Sink is now available for the discharge and deposi-
tory of agricultural wastes from Coachella Valley. 

Itformed Farmers 

It has been said that an infDOried farmer rim be successful 
on poor land and an uninformed farmer will no oe suc-
cessftfl on good land. As to drainage and salinity, it can be 
restated that tilebest farmer cannot be successful on hlands 
of inadequate drainage and the worst farnier will hav2 a dis-
aster oin good land. 

The original studies in Coachella Valley determined thlt 
approxinmately 2000 m of water per hiectare applied by 
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ponding would be required for leaching tile(CVCWD, soil for reclana1953). Additional leaching would occur in 

conjunction with tie irrigation of crops. If soil tests in later 
years indicate that salt buildup was taking place in tilesoil,then additional leaching by ponding would be needed Ior 
short periods of tine. This information is made available to 
the larmer by the district, the University of California Ex
tension Service, and tileSoil Conservation Service. The 
armers have taken advantage of this knowledge. Tloday thleof Coachella Valley are atnong the most progressivein the world. 

L S
 

Experience of the district in a half century of involve
in drainage of agricultural lands indicates that management of*salt to increase food supplies takes cooperation,knowledge of soil salinity, and the facilities of water agen

cies and f'armers. Without an engineered drainage system, 

Coachella Valley could not produce an average crop value of
 
1,200 per irrigated hectare as it (lid in 1983. The drain

age and salinity problems threatening agricultural produc
tivity are practically nonexistent in tiledistrict because

of (I ) comprehensive drainage investigations and research, 
(2) an adequate supply of irrigation water, (3) a farm drain

system, (4) a district-wide collection system, (5) a de
pository for saline waters, and (6) inf'ormcd and coopera
tive farmers.
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Jael Sillirnan, Columbia University, New York, New York and Roberto Lenton, Ford Foundation, New York, New York 

ABSTRACT 

This chapter analyzes the available iniformation on irrigation re-
search and action LindCrtaken on and IOr land-poor rural people in 
developing cotnries and helps idenify those irri2atiol1planing,

design, and management ilterventlons that can improve their 
lives. irsm, we present some background information oil thols 
who colstitte 1tc l:ind-poi ir and give an overview of ltheprincipal 
types of irrigatic sYsteis louniid ill different parts oflthe world. 
will ttienreview the ways inwhich irrigation can indirectly assist ilhe 
land-poor, particularly through the generatiln of cmploy lent op-
piOrtunitics. Third. we discLlss experience with direct attempts to 
assist land-poor people lhroullghirrigalion, Lising land- and water-
allocation approaches. Finialy \e analyze irrigatioli research, pol-
icy. and acltion that cail be Liliblertakcl to address tileiiects of the 
lani-poor. 

Nature has enougL I to sist ain aIt, bUt notling tio satisfy the need 
of a few. 

--M. Gandhi 
INTRODUCTION 

It is now generally accepted that in many developing 
countries irrigation has great potential for improving tlod 
production and enhancing rural incoies. I nMch of the 
worid the scope Ior tileexpansion of' irrigation facilities is 
vast, and many developing countries are investing heavily in 
irrigation to niect their productioLli needs. 

Policyniakers ill 1110st develping Countries would agrtee 
that tile ltundaietalobjective olirrigation is tile alleviation 
ofL rura poveritv. Thus frioiti a Socia alidt CCiolliC stantd-
point irrigation must necessarily be viewed in tilecontext of' 
the rural poor. large numbers of whom ito not own land or 
IoLnot own ntogh to make aI difference. Yet I'roin a physicalpoiit (f view irrigatibt, is inextricably linked t01land ard 
has thus generally been viewed by engineers and scientists 
illthe context of the Ianded--as projects undertaken by or 
flOrthose who own land to which irrigation water can be ap-
plied. Consequently, the very people who are generally ita-
plicitly or explicitly the "target group" of' irrigation pro-
grains are oLtei not tak en into account i tile planaing, 
design, and managemntet of irrigation projects. Fiurther-
more. they are all tool frelucritly bypassed iii the setting of 
irrigation and vater-ianageniit policy. Even irrigation re-
scarch studies and pihlt pro ects that fo0cus oi those wil 
own little or no land-the "*land-poor"-- arc few antid far 
between. 

The purpose of this chapter is It hell) revrse this IIend.. 
Approaching irrigation 'roli the perspective of die land-

action undertaken on and for this target group of people and 
to help identify those designs and management interven
tions that can increase their livelihoods.' "Thechapter also 
attelpts to develop a better underst inding of tilerelation
ship between irrigation and tileland-poor, so that policies 
and planning, design, and nmanagement criteria that take 
theni into account Imay ultitnately be developed and utilized. 

This chapter is divided into fiotr sections. Ilit li first sec
tion we present sonic background illliation on those who 
Constitute tile land-poor and give ai overview of Itile prin
cipal types of irrigation systenms found in di Ifferent parts of 
tileworld. Il tile second section we review the ways in 
which irrigation can indirectly assist the land-poor, particu
larly through the generation of emtiploymnent opportunities.
Ilithe third section we discuss experience with direct at

tempts to assist land-poor people thlroiughIi irriigation, using 
land- and water-allocation approaches. Finally we analyze 
research, policy. and action that can be LidertakeIn to ad
dress the needs of the land-poor. 
Two caveats are inlorder. First, irrigation is but one of 

several alternative approaches to enhancing incomes and 
employment aniong tie land-poor, and the economics of 
achieving these objectives through irrigation should he coin
pared with those o lother f'orns ol investrient to achieve the 
salie objective. Second, tie dual importance of both land
lessness and irrigation illsouth and southeast Asia undoubt
edly biases much of this paper, and some ot tie nmate:ial 
may be less relevant to those parts of Latin America. Af
t'ica, and Asia where tie landless and near landless are not a 
Significant pro'portion o tlie rural poor, or to areas charac
tcrizcd Iby Ilahor scarcity. 

SUMMARY BACKGROUND INFORMATION 
In this sc,:tion we provide a sunmimary description of tile 

"target group" of landless and near-I and less people and of* 
tie different types of irrigation systems prevalent illmuch 
olfAsia and other parts of the teveloping world. An under
standing 0I' both is requirtCd if better irrigation policies and 
priorities that directly address tileland-poor are to be (level
oped and impletniteid. Inclusion of this material is an at
tempt to begin to overcome gapstile ili the existing litera
tire oi irrigation. Mnch 01' this literattire (foes not foicus On 
tie characteristics of'tileIard-poor, and that which (foes 
teints not to pay atteitioll to the characteristics ol the irriga
tion systetii. 

I:'Ihtwiig ('hanibers i1984ah in is chapter we Use the tr1 "live
11110OL"todtC11OC of wCalth and tof tlow%,t tood cashI esvel mocks. of ili 

poolr. the chapter has as a principal oibl jective to begin to which provide forphysical antd social well-eing. and security against
analyze the available inlorniation oInirrigiltioli research arid impov'rishlient. 
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The Land-Poor 

In most developing countries the rural poor are generally 
small and marginal farmers, small cultivator tenants or part 
tenants who cannot derive livelihoods from their land, or 
households of agricultural laborers with little or no land 
who rely on "asual agricultural labor for their livelihoods. A 
working definition of the land-poor thus includes (1) those 
who own no land, (2) those who operate no land, and 
(3) those whose major source of income is wages derived 
from agricultural employment (Singh, 1981, 1982). Many 
small and marginal farmers Ire included in this extcndcd 
definition. Since their holdings: are too meager to produce 
enough food and incole to sustain them, they periodically 
join the agricultural I or force to stupple ment their agricul-
tural earnings. Their livelihoods front their land are so pre- 
carious that unforesecable circumstances, or even slight 
perturbations, easily push theim of the land to join the coin-
pletely 	 landless., 

In this chapter wc distingtiish between the terin "land-
less," which is applied only in the strict sense to I'lose who 
own absolutely no agricultural land, and [he tern "land-
poor," which is used to refer to the laniidless ini tile extended 
sense described above. [)iffcrcnti ation between tile wo is 
required because the term "'larndless" Itis often been used 
loosely in the literature. rcsultiing ill coircCptu;l cofulsion 
and (in some cases) laric variations ill statistical data. 

The ntrnMers of Iaiand-poor hiave rea ched al aring p1"Ipor-
tions ill sevcrll countries: iillBaigladesh, for cxample, 50 
percent of all rural IiOusCIords are Iand-por, while iniIndia 
they account for 40 pe-cclt of tile rural labor force (Si'igh , 
1981, 1982). In Indoncsia aid tile Philippines lie propoir-
lion of' hlad-p1 ror i-uraIl hOuscIlrIds Iias been stealily ill-
creasing because of pressure oin1land and "prolctarialaizai-
ion" caiusCd by eviction l nd tehnological disp1lac, relnit 

(Gooneratne, 1982). In Much of Asia frag Ilie itat ioll of 
landholdings bCCaLSe of inc r Sing popuIltion pie ssui-es Iiis 
led to landlcssiess. The subdivision 0f lioldings into Sriiall 
shares which are rio longer vialc rcsult iir land trlirsictionis 
by which the land sellers join the ranks of the lndless. Il 
iluch of' Africa peophI who own laind aic effectively Iaind-
le.s because the lard they own is ol such poor (flalily Ihat it 
does not generate cnougli food 1' incolne for ::ubsislericc. 

Women iake ip i significaint (and growing) proportin 
of, the land-poor. The rates of' .lililploylliielt for1. woilen ill 
Asia ire two to three tinics higher than those of niein (Siigh, 
198 i, 1982). This is I parliculair burden for agriculturaIl ka-
horer families, who rcly-hacvily on the worieur s wages for 
survival, and spells dia,,sitcr for those households headed 
by worin. 

It is irportait t recognize thati laindlessiess or "land-

t.)t-ccdiig inuLlit.,r hi.'ilL ih iiiinriiin;of whin-h nrt'uiil tacin 

ail r, i-L ai 	 min",oil and Ih t-SI/c c hhilli i tintlilci Il nill rc i i r t'in 

Fti Cmaniipk. il liitli ol ,nllil \SAil lildlf f IN , litu; i.,'i l li IS C011-
-. ki*,rCd iniittquin 

i. 	 Wood i1984i li-, dicritncd tic I,liitlc,, ;i'S L!Iii %ill) [10( ilitOnlrol 
O.Cr th IVii..;I (1 I)IiLdu1tiin ;1nI dtriliuil, laimllc%,. or nilfir lill lili-
cis, \ili itnimscl. llllm.' I it) iinltllcI'Ii rlu al lil laitick 
m'.orkii capital or raw inlleriak. iiiuilic, " ho tell 

Ii ii 	 il ;;iii'ais 

thcir iiianiial latour.-

poorness" is not necessarily associated with poverty. Lack 
of land becomes a serious problem only when no alternative 
employment opportunities exist and when people are forced 
to perform relatively unproductive and poorly remunerated 
labor to survive. For instance, landlessness occurs in agri
culturally dynamic regions as rural people move away from 
agricultural occupations toward at growing nolfarnl sector 
(Singh, 1981. 1982). 

The land-poor are usually also asset-poor. Among their 
major assets are livestock and tIe household plots they own. 
Becal,'usc Of the seasonal natutre of' the agricultural demand 
for labor, the land-poor must rely on several sources of in
come besides wages for agricultural labor. By engaging in 
several income- encrating activitios, they are able to maxi
mi ze income from available resources ind skills and mini
mize risk. 

In Asia, where the problen of landlessness is most se
vre, tile Iand -poor are curnlOycd nia inly its Cas al laborers; 
ill agriculturally' stagnating areas and in areas where agri
cultural growth is not kecping pace with population growth,
they face declining real wages and arc increasingly indebted 
(Singh, 1981, 1982: lriscoe, 981). In muany areas living 
standards have deteriorated because of t le deIp iction and
coiinlcrc iilization of forests anid Other natnrial Iresoru rces to 
which the land-ptor traditiiially had access. The break
down of traIditional institutions, which gavc sonic security 
in 	 times of stress. has in somic instances worsened their 
situation (Wood, 1984: (rltc rtlie, 1982). 

The nature of' the relationship between la.1dowrners and 
[lie land-poor can have ai inmportant bearing oil rural cil
ployment. In areas where tce rural comlunitv is relatively 
socially honmog iinCOls a nd whie gd ilcationships exist 
bet weenii cu Iti vato(rs and agr icuilttral labo rers, as in nuch of 
sonlicast Asia, therc is at tendency to hire ilaborers to nicet 
increased labor dcllianls (Ilayanli. 1981 ). The picture is 
often different i those areas where the relationship between 
tile twio gr'otlpS is c( iiilict-ri ddeii, as iin several Iidian states 
(I layanni, 1981 ). There, cultivators lnd agricultural laborers 
typically belong to differeint castes, and the relationshipikc 
twecen the two groups is ofen imipersonal, rnarkellike. aind 
su bj cct to castc prejudice . IJnridcr these circuinsaiices, and 
especially where costs of labor transactions ire high. ill
cr-cased labor demnands are iore likely to indlice rrchlaniza
lion, thilere i-byrelucinig ciiplonrient opportunrities. Thus, 
Similar intervcntiols il r'cgioris with differernt agrarian struc
tlires riaY haivc opI)ositC onteoncs. 

The ilraOductioi of iitCnsivC iagil i'.!al practices has 
in soic iilstallCCS ltICrCd traditional institutions governing 
labor-hiring sysIntes, often adversely affecting Ire employ-
Ilient and \%"iwgcs of tIre Iaid-oor. For- irnstlaie. conliii ul1la
lion (if custolliray' paiyricits in kiitd t cash has niade agri
cultural laborers iiore vuhlicrable, especially ininflairin alnd drouichit, f"or llC t )puperiodsae ofthey c\iC c 

ieiond to p u rch ase a 
greater ponrtioi of their tooL i l iilriClts flroii far'rlllcrs, 

iweakcning their bargainin, position in tire miarket (Clay, 
1978). Sirnlilirl'. iiicrclsed yields havsc sorlcliliies led to 
decline in the Ctslt lllrilry harvest sharc paid to agriCUlt.llu al 
laborers (Crilchifield, 1982: (oollrl-atle. 1982). ()Ve'rall, 
agricultural intensification has widened tIe gap betwecen 

,'7l 

i 



middle to upper peasants and hnd-poor laborers, principally 
because the increase in tilereturn to land has been greater

than the increase in the return to labor ( lyami, 198 1). 


Irrigation Systems 

To better understand the opportuniti es tor tileCNitiits that 

IbeL,"l. tileland-poor, it is iMportant to diktingUish betwCCi 

different kinds of irrigation tproects. AlthoLugh it is bCyOnd 

the scope of this chap.tr to prcsent a 11l IIaalysis of altcr-

native designs for irrigatlion systems, we hrielly discuss the 

principal characteristics of different projects il terls of' 

wto owis and administers utet (Ipublic. coittitIIal, or pri-

vte Ny'tlis), their scae fargce or small), a.nad their SOtLIrc 

of %,atersupply (grotindsater or surface vatl, 

Plblicly amitistercd p',rojects iitcludC large aMd sttall ir-

ricatiott svstetnis. An tttportattt StLisCt CottiprISCS large-

scale projccts illwhich water flowvs by cravity frott at reset-

voir or river diversion throti lt a ntetork of distributor, 

caials tha.t tav extend over vast .a:s. Iklrge- scale pLb Iiclv 

administered systems at orllt in
a dotinitait of irrigatiot 
tntaitV parts of the world. includittg Indi,. Pakistat, Sutdat.
 
,ittldgpt. Partly hcasce oftticir size and complexit the ir 

rlatmli.ge ticlit is ofteit poor. Typically they hava o\w levels of 

per Iirutlitlce, which lead to IowMcrop productiVity atnd il)Cq-
uitabhlu water distributiot, particularly to tailetnders (see. fot 
examttple. ('(lIAR. IH)82). Mattv critnts ito' pia\'-l ate 
inc ilicreasiti, attetntiot to i*pt,milIQ i.l.'2,-sc,,C higithm
inatllllent ol tie asstimptitio that this calt lead to suh-
stailltialfy Iicher levels of, productivity aid returns ttl inivest-
tnctt. I liuhcr protluctivity. illturn. cat getterate siollificant 
incrcascs in c[ttvtiit fithe Iad-popot. 

Privately mnted atil operattd s\,stCms ate iiostly 2o1uid-
wter lift ploicts, tLisalls CONistimilg of anllopi elloi 
tubcwvcll ttl whi.ich ,atcr is fiuiiptL biV rilCati, of eCctri'C. 
diesel. atiiiia, or hutan fuo.,er. attd are idCsprCad ill 
areaslOf nothcrit Ilidia. I'hatcladeCsh. anild Iakisai (II)S. 

o)xo). Where boil cilergy attd olouuiudwatrr rechagc arc 
plentifll privat crouuudxater irriatoll calt yield Iwo to 
three hii-produictivity crops a year\ inultarif hcatLC 
O\\ Lis of plivtC x,cl cain Coittrol tileallount of \watcr 
Sulpplied to crlps and bcC'ausC afuifr,s ipritnit the storauc of 
titosoo)tin Water for lC_illthe dry s asoll. Private rotllld 
water s 'stcit s have seeral illercnlt prohblciis. ho xcvcr. itl-
CludinIe I) inadCeftiitC suiflics of, electricity or diesel fuel: 
(2) the daigcI' of Urotuidwtilriiiting I (i.e.. xxlic extracion 

xceet, r,epleniiItcti I3) ilthe vidCsprid use. by ,iflhinirt 
farmiiers insotiie areas, of deep well, aid power)ltil fuipf, 
which fI\\C the rot'ui1dwattCr taUblC, inakini ineffective the 
shallower w\ells otf) which sitialler ftriiiirs often dependf: and 
(4) tlte lack of techntoloy ftOr liliiiic waiCI-lot vCi\ tall 
fatits It shotul be iteCd tlhat \Coeiiiii , cain arid do xcert 
cotilsilblC inliecoriver fiivllc irrigltioni dc hlopinii
bollh Itltigl policies contirolliic croulldatei r Cxliactionu 
Ind Ihiotih svsiis ollf altlsubsidies which callincettivtes 
iniduee or ct,ralin rtLItixd\,ltr dcvClopi,:It by differCit 
categories of rural pco flpe.. 

('otirtlllital ilricatitii sx ,tliiis ae 0t'o oncL d. Oetrated. 
aid ilaittailied by fllllllers their associatiotis.and local 
Th)ey ncdlmill for I significait proporlion oI tolal irrigated 
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areas in parts of*southeast Asia. including tilePhilippines
and Indonesia. Many communal systemIs, which usually 
consist of snall divCrsio!n Structures coLpled with earthen 
distributiont channels, have existed for considerable periods
of time. Extensive governmental programs are Under way ill 
parits of sItMhest Asia to eX tCn d aid en haice coinluntal 
irrigatin schteIS to ilnprovC water supply and distribi
ion. IecaisC IhesC prorLntils have often beC coIdicted 
withoLt close co[laboration with fattriers, they have met 
with mixed res'tlts. 

It suitt, as this briefcl'sCriptiott shows, "irrigathe tet'in 
tion" covers ia range (it projcts with widely varying levels 
of perf'orittitee.' PIojct pCftta1tnt., ill11l1n. has substalln
uiafl hearittg on eifploytle itt pt~neiti, and other factors 
which have illimptact ott the land-poor. Ilthe next two sec
tions %wcreview both the indirect ways, inclufding employ
tnclit, through which it'rigltiOt projects affecI the land-poor 
atd tie di!ct ways in which irrigation projects can be Lie
si.-,ii.(I. C ltrLCtCd, rid operated sO that IIthey faVC a posi
tivc inlpact ol lafnd-poor people. 

INI)IREC" APi'R(A)\ IIHES 
Irrigation affects the I'nd-poor in inutber of" indirect 

ways. shaping tilelives of more pcoplc thaln those within its 
cot tiniatl. jndobtcdfly the key ilndirect way inwhich land
poor licl aid woneill aln froim irrigatiot is through ei

phlovtteili intcreases ii the lUitbCr of'days CII hOycd ilal
t'ictulIlrc. itCereasS ill the vac,." rates fr ;glictltLl',tl liot'. 
and luvelilri oil illthe seasotiality of 'cticltural etttplo,
ment. As illustrated ill TableI Ihe laInd-poor also gatit 
throu1gh tntagr'icuIltRta.l Use of in'ica-titin water, which 
betici! both landed at1d landless people with access to the
 
water tlis ittclurdes uses of water thait improve health cotldi

itnstih'0urhilt sCConld.ry grolh ill iioltf'a.irlt cIIp)lynielit
 
throi I ,lower retutrn
food prices: atid thiorighi iicration. 

AIthuglh the emlphasis inlthis sectiot is ott la.d-poor 
Pains, it is itccessarV to rccoglliZe that soniMC giotLips. liad
less as wll as Ilaided. lose as a result of irrication. These 
inchLdC (scc [alC I)those whose hcallh is adversely af
fectcd bv irlriatiil-itliduced itlceascs illthe prevalence ar. I 
intorbiditv of, x..aterbrnC diseases. particuilarly lt lrerS such 
iaswate1 teuidcis iowork to cottrol watet flow and are 
IiUs direcdv exposed to diseasC. IidlCss tInants ald lnat
ginal faitiers affected by iiarket comtpetition with nexvly it
rigared farncrs, feliale agricultural wage workets f'ced 
with increased unpiaid wotrkloads, and ag-icillural workers 
alld firilC s whtos, livclihoods are affcted hlV teductiotns ilt 
afiillpioduictivitV as Iairesult ,firricatioii-irtduced salitlitv 

at \vatetltgLing (see Lelitoui, I 9-1. for furlher examtples). 
Siince ciuploitcni is i'ndoubtclv the key indirect way in 

which the lud-poor inay gaini froiii irricalion, inthis sec
tiott we explore this sublect furiher, revicwing the available 
iliforiali n oil the relationships alliong iriiigatiln., eniploy
tiCn,aild the lalid-p)r. At the end oflthis sectiotn wc also 

-1 Ioi c, iplc,ac i ig.p llicd p' it aidip +l ,,ec itl giood 
hiil. ,.apacity a ii t i t\ailr ,siiii ,ichlktt it Ihtrcc cii~i, a scar 

t Icias a,,a,,ici,it hilhi pt MUcli\., aledty poolr,ini;i ,at.dlprticcis 
mc otien llNiiuai}giiially bt.i tiltllIh;ui alca,.lailifcd 
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Table I. Indirect gains and losses to the land-poor. 

Type of Gain 

I. 	 Increase in employment in construction of irri-
gation projects 

2. Increase in number of days of emtployment. 
and leveling off of peaks in agricultural
 
employment
 

3. Increase in wage rates for agricultural labor 

4. Growth in nonfarm eniploy'ent 

5. Retutn migration 

6. 	 Lower food prices 

7. 	Nonagricnllural uses of water, incltUding uses 
that improve health 

Type of Loss 

1. Increase in land prices 

2. Market competition bet seen irrigated and 
rain fed farmers 

3. Displacement because of irrigat ion 
construction 

4. Increased unpaid workloatds for w\'onien 
5. increse in waterhorne diseases 

6. Labor displacement 

7. Warcrlogging and salinity 

Who Gains 

Male and female agricultural laborers 

Male and fenale agricultural laborers 

Male and female agricultural laborers 

Male and femrale agricultural laborers 

Niale and female agricultural laborcis 

All sections of nral society bit particularly 
the poor (whospend a disproportionate 

percentage of their income onl food) 
Those living close tiomajor canals and 

(list ribultaries 

Who Loses 

NMarginal farnicrs pushed off land. Landless 
tenants 

Marginal rain-fed farmers 

Th sc lo.:alcd ill a eiatsinarked for reservoir 
sites etc. 

Women 

Parlicularly agricultural workers 

Agriciltnral workers displaced by mechanical 
threshing, herbicides, etc. 

Siall farmers, sharecroppers displaced by in-
duced waterlogging and salinity 

Under What Conditions 

Labor-intensive construction nelhods 

Irrigation-induced agricultural intensitication 

Irrigation-induced agricultural intensification; 
no surplus labor to keep wages front rising 

Irrigation-induced agricultural intensification 

IrrigatiOtn-induced agricultural intensification 

Payment in cash rather than kind 

Year-round irrigation, with access by villagers 
to canals or groundwater 

Undt- What Conditions 

Actual or anticipited irrigation-induc.d agri
cultural intensification 

Irrigation-induced agricultural intensilicalion 

Inadequate comipensation stnictures 

Presence of endenic waterborne diseases; lack 
of preventive health ineasures 

Iflfect of irrigation-induced mechanization 
greater than that of' increased productivity 

Irrigation-induced waterlogging and sali, ily 

Note: Certain groups of petoplc may be thmibly omrtriply disaIValltaged. 

briefly analyze the information available oti nonagricultural 
uses of' water. 

Employment 
In analyzing the relationship between irrigation and employ-
ment it is important to distinguish between employment op-
portunities generated by the construction of new irrigation 
projects and those generated by irrigation-induced inten-
siication of agricultural operations. We will analyze the 
latter first. 

A substantial body of empirical evidence has emerged 
on the relationship between irrigation- and employment-
induced agricultural intensification. For example, a search 
undertaken by the authors revealed a total of 45 micro-
studies based on primary data on the subject. (Most of these 
were from Asia. A disproportionate share-25-was from 
India, the remainder being from Bangladesh, Indonesia, the 
Philippines, Pakistan, Thailand, and Nepal.) These studies 
will not be described in depth here, since many of the most 
significant studies and their findings have been summarized 
by Laure~o (1982) in a review of the literature on the eco-

nomic impact of irrigation. Nevertheless, it is important to 
note that, with few exceptions, the studies confirm the posi
tive relationship between irrigation and employment, while 
indicating that much of the potential of irrigation to in
crease yields and cropping intensities has not been realized. 
Most studies conclude that it is cropping intensity, which is 
largely a function of good irrigation- and water-control fa
cilities, that can have the greatest employment impact. 
Similarly, most studies conclude that the employment gains 
made possible by the introduction of new varieties of crops 
have been disappointing, though the evidence consistently 
shows that high-yield varieties (lIYVs) can increase labor 
absorption and productivity. 

To better understand the relationship between irrigation 
and employment generated by irrigation-induced agricul
tural intensification, the impact of irrigation on employ
tnent should be singled out 'rom the cluster of other associ
ated variables that lead to high agricultural growth but may 
have different effects on employment. It is also necessary to 
understand what other conditions, along with irrigation, are 
necessary to produce a positive relationship between irriga

/~
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Table 2. Larbor-intensive and labor-displacing practices and technologies associated with irrigation. 

Labor-intensive Comment 
Cropping intensity; multiple Great potential to further increase demands for labor; mostly a functioncropping of good irrigation and water-control facilities. Most employnetw 


gains from increased cropping intensity. 

Choice of labor-intesive crops 
 Choice of crop affects particular sections of the rural Ibtr f rce.(e.g.. rice), horticulture Women traditionally hired forcrops like tea, cotton, and silk. 
Adoption of modern varieties MoJern varieties positively associaled with labor because of increased 

weeding, fertilizer, and water-control and maintcnance activities. 
Hired lahor positively associated with percentage of area under 
IIYVs. 

Small farm size Small farnis use nmore labor-intensive netlhods than do large farims. 
C oice of lift-irrigation technology Intensity of labor use positively associated witi the use of hand 

tubewells, povered tube ells, and indigenous methods. 
Use of draft animals Quite ofte, because of incetitive stnictures favoring tractors, draft ani-

rals have riot been used.
 
Labor-displacing 
 Comment 

Mechanization Mechanization of operatiois (e.g.. tilling, threshing, and weeding) has 
reduced emrployment of laborers, 

Large farnis Farini size [itsarminverse relatioim.lip to both labor usteallIproductivity. 
On an individual basis farirs hire mrore agricultural labor. However, 
tire spread of IhYV, ard mechanizatoln assuumes a certain conple-
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rocntarity with aniincre;ase iii 
often leads to mechanizatio. 

tion and employment, since there have been instances where 
extensive irrigation and/or agricultural growth rates associ-
ated with irrigation have not shown correspondingly high
growth rate for the labor force (ARTEP, 198o; Naseem,
1980). 

It is useful to nmake a distinction between ltbor-intensifying and labor-displacing mechanization practices
(Singh, 1981, 1982). Land-intensifying mechanization in-
cludes such equipment as low-lift pumps and shallow tube-
wells, which lead to increased cropping intensities. Though 
they may displace task-specific labor, they increase the de-mand for labor in other tasks and thus, in the final analysis,
have a net positive effect on labor use. Labor-displacing
mechanization includes use of tractors and harvesting
equipment such as threshers, combines, cotton pickers, and
vegetable harvesters which have a negative net effect on em-
ployment. Likewise, the practices and technologies associ-
ated with irrigation can either generate or displtce labor, as 
can be seen in Table 2. 

In analyzing the available information, ii is important torecognize ihat the studies conducted to date fall far short of 
providing a complete and satisfactory understanding of the 
relationship between irrigation and employment. Some of 
the principal weaknesses of these studies are as follows: 

I.Most studies fail to specify the type of irrigation sys-
ten analyzed and its performance level. This is a severe 
limitation because the quality of irrigation determines crop-
ping intensity, type of crop grown, and yields, all of which 
sigtnificantly affect the labor used per unit of cultivated area. 

farm size. The income effect on fiarnas 

2. Most studies fail to extricate the impact of irrigation
from other variables that affect employment because they
fail to recognize explicitly the complementary nature of 
the relationship between irrigation and the use of modern 
technology and lIYVs. An important exception is Mehra 
(1976).' 

3. Many studies have overlooked irrigation as a neces
sary precondition for using modern seed varieties. As a 
result, undue emphasis has been placed on the contribu
tions of technology, fertilizer, or cropping to increases in 
employment. 

4. With notable ext eptions (Gooneratne, 1982; Agar
wal, i98i) most studies fail to establtsh which sections of 
the rural population, in terms of both class and gender, have
benefited from the increased employment opportunities.
The few studies that have disaggregated the effect of irriga
tion and the HYV package on labor use by gender indicate 
that there has been an increase in demand for female casual 
labor (see Agarwal, 1981). Most of the labor increases are 

5.This study set out to ascertain quantitatively tie increase in labor 
when ainunirrigated hectare isconverted to an irrigated hectare by study
ing the employment situation before and after the advent of the Green 
Revolution. The study, conducted iii Ferozepur, Punjab, compared overall 
labor input per cultivated hectare in the 1950s with the periods 1966-67and 1969-7o for irrigated and unirrigated areas. The study showed thattotal labor input iii crop prrduction measured in man-days per hectare of 
cultivated area as t5 percent greater for irrigated areas and that the con-
Iribution of I-IYVs toward increased labor input was ofa smaller order than 
that of irrigation. 
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operation-specific (weeding, transplanting, etc.). Thus the 
type of labor demanded varies according to cultural norms 
governing the sexual division of labor. Similarly, in some 
areas in-migration resulting from new irrigation-induced 
employment opportunities has caused women to lose their 
jobs to male agricultural laborers coming from elsewhere 
(Agarwal, 981). Few studies take into account the specific 
categories of workers that either benefit from increased em-
ployment opportunities or are displaced. 

5. Most studies do not identify those design and manage-
ment interventions that could lead to greater employment 
benefits to land-poor women and men. There is a lack of 
research and field experimentation on such issues as the re-
lationship between irrigation intensity and employment and 
the employment impacts of alternative interventions to iri-
prove the performance of irrigation systems such as those 
which involve modification in the cropping pattern (e.g., 
from paddy to nonpaddy crops. see Lcnton, 1985). 

6. Most studies do not address the economics of gencrat-
ing employment through irrigation development and man-
agement and do not evaluate this approach against other 
methods of generating employment. 

Although much of the literature on irrigation and employ-
ment has focused on employment generated by irrigation-
induced agricultural intensification, it is important to rec-
ognize the importance of employment created through 
the construction of large irrigation projects. According to 
rough Food and Agriculture Organization (FAO) estimates 
developed on the basis of the Indian experience, for every 
irrigated hectare some tour person-years of enployment can 
be generated during the constructioni phase, as compared to 
25 person-years for agricultu.ral activities during the life of 
the project (Sagardoy and Farago, 1976). 

As yet labor-based construction techniques have not been 
used extensively to increase employment opportunities, al-
though many large irrigation projects in India and China 
have successfully implemcnted labor-intensive practices 
(Biswas, 198o). Earthworking and spreading is often the 
most labor-extensive component in irrigation works, and 
masonry and concrete work are labor-based construction 
techniques. For example, to rebuild the carth-fillcd Kuo-
chuang Darn, on tile Sungi River in China, a labor input of 
I.05 million man-days was required (lenle, 1974; Biswas, 
198o). Labor-intensive methods employed in the construc-
tion of the Nagarjunasagar Dam, in India (tile highest una-
sonry dam in the world), rcsultcd in savings estimated at 
about $4 million as a consequence of reductions in ma-
chinery costs (Bliss and Reddy, 1974; Biswas, [98o). 

In closing, it is useful to note that rural people's percep-
tions provide evidence of the perceived impact of irrigation 
on employment. This is well illustrated by the Cavite Corn-
munity Irrigation Project in the Philippines (1)ozina et al., 
1978), where several agricultural laborers from the area 
particiipatcd in the rehabilitation of the irrigation system on 
a voluntary basis, in anticipation of increased employment 
opportunities in the dry season as a result of irrigation. 
Follow-up studies showed that the benefits in terms of sub-
stantial increases in income were widely distributed among 
the participants. Ilired laborers received the largest relative 

gains from the increased employment opportunities, and the 
estimated daily return to communal labor was io times the 
prevailing farm wage rate, 

National Policies on Irrigation-induced Employment 
Irrigation employment policies differ significantly from 
country to country. Three Asian countries--China, Taiwan, 
and Japan-are of particular interest in this context. 

In China the employment potential of irrigation, both for 
agricultural practices and for construction, appears to have 
been realized. It is estimated that agricultural employment 
in irrigated areas is as high as 1,ooo to 1,5oo man-days 
per hectare per year, half of which is involved in land
development practices. China h::s absorbed employment in 
the agricultural sector despite pushing for rapid mechaniza
tion. Labor is absorbed in planting and transplanting of rice 
seedlings. The use of traditional methods to hull and thresh 
grain, farm-management tasks, the building of small irriga
tion works, multiple cropping and intercropping, new crops 
adopted, and the development of animal-husbandry prac
tices are ali labor-intensive practices that China has imple
mented. Mass mobilization campaigns for irrigation control 
and maintenance, for construction and reconstruction, and 
for control of plant and animal pests are undertaken in the 
slack season. What is especially remarkable is that the 
steady increase in the size of the labor force has been 
achieved without a decline in productivity per unit of labor. 
China has also shifted the demand for labor upward, from 
less to more productive and remunerative tasks (Critchfield, 
1983; Kitching, 198:). 

In Japan and Taiwan considerable emphasis was placed 
on miinor irrigation and drainage works in the early stages 
of land development. These practices, coupled with the 
mixed use of farmyard manures with chemical fertilizers 
and wide use of traditional farm implements with continu
ous improvements, along with the adoption of modern 
equipment, have led to high levels of labor input in agricul
ture (Ishikawa, 198o). 

Nonagricultural Uses of Irrigation Water 
The most far-reaching indirect contribution that irrigation 
can make to tile land-poor is undoubtedly through employ
rnent generation. However, irrigation also indirectly bene
fits the land-poor by providing water for nonagricultural 
purposes. 

Nonagricultural uses of irrigation water include the 
following: 

Domestic uses: 
1. Drinking water, food washing and preparation, wash

ing of utensils. 
2. Washing and bathing. 
3. lomestead plots, both for consumption and for in

come generation (e.g., horticulture). 
4. Sewage disposal.
 
Animal uses:
 
i. Drinking water for anirnals. (Small ponds sometimes 

built to provide access to water without destroying chan
nels. Irrigation canals sometimes used by buffaloes for 
bathing; canals lined and steps built for easy access.) 



2. Fish and bird habitats. (Fish raised in irrigation reser-
voirs, tanks, channels, and rice paddies. Ducks, which use 
irrigation channels freely, are part of the farming system of 
many rural families.) 

Power: 
Water-powered grain milling etc. 
Transport: 
Transport of people and goods on irrigation channels. 
Nonagricultural uses of water iu irrigation systems have 

been extensively studied by Yoder (98 t), who has sumima
rized tie experience to (late and ottlined sonic measures 
which might be taken to facilitate nonagricultural uses of 
irrigation systems. These uses have also been discussed by
the Agricultural Development Council (ADC, 198o). A 
number of practical measures to meet rural community
needs have been suggested by these and others (see, for ex-
ample, Jones, 1981). It should be recognized, however, that 
local communities and organizations have often ingeniously
tapped irrigation systems to meet their particular require-
nents and conditions. For example, villagers have lined ca-
nals near villages and have constructed steps for easy access 
to canals for washing and bathing purposes. They have 
made provisions for animals to drink water. Ponds off the 
main watercourse have been constructed strictly for this 
purpose. In several parts of India and Pakistan canals near 
a village are diverted through a pond to reduce the velocity
of the water and to facilitate silt settlement, thus allowing
drinking water to be better drawn (Yoder, 1981).

Experience with government action to provide irrigation 
water for nonagricultural purposes has often not been satis-
factory. [or example, the Gal Oya Project in Sri Lanka,
which had a mandate to supply water for domestic pur-
poses, has not fulfilled this mandate despite considerable 
expenditure. Although there have been serious bottlenecks 
in water supply, the practice of supplying domestic water 
continues because settlers expect it and have no alternative 
water supply. These villagers have failed to make the same 
efforts other villagers have made to mcct their water needs, 
and thus are increasingly dependent on an irregular source 
(Yoder, 98! ). 

I)IRECT APPROACHES 
Irrigation projects can be designed, constructed, and op-

crated in a number of ways to have a direct impact on the 
livelihoods of those with little or no land. These include ( I)
employment-intensive irrigation construction, operation.
and maintenance practices (referred to in the previous scc-
tion ); (2) approaches that allow landless people to own 
irrigation projects and sell water for profit: (3) water-
distribution procedures that allocate water rights to landless 
people: and (4) planning, design, atid settlement practices
that allow for allocation of' land to tlie land-poor when irri-
gation is introduced. 

In the following pages we explore the experience with 
each of the, - three approaches insome detail. Two cautions 
are in order, however. The first is that the experience to date 
with these approaches is so limited that it is not possible to 
draw any conclusions of widespread significance. At best 
the experience is helpful in illuninating tie range of' possi-
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bilities available for exploration and in pointing the way to
ward needed research, field experimentation, a.nd action. 
Second, most of the approaches have been tried on only
small-scale systems by nongovernment organizations. Ex
perience with large, publicly administered irrigation sys
ters is lacking. Nevertheless, sonic of the experimental
approaches described below are attracting attention and 
are helping irrigation professionals consider how lessons 
learned might be transferred to larger government schemes. 

Water Allocation to the Land-Poor 
In most irrigation systems water is allocated to farmers on 
the basis of landholdings. Typically the ratio between water 
supplied to the farm and the size of landholding is constant 
and based on crop water requirements. Thus a 4-ha holding
requires, and is entitled to, twice as much water as a 2-ha 
holding." Oil this basis tlr landless are not entitled to water. 

Despite the almost universal acceptance of this physically
based approach to water allocation, a number of pioneering
pilot projects are under war in several countries that are cx
pcrimenting with alternative, nonland-based approaches to 
water allocation. These experiments do not allocate water 
o tile basis of landholding and thus hold promise for land
less and land-poor people. Two such projects are described 
below. 

Although both of these pilot programs involve small-scale 
systems and have been implemented by nongovernment or
ganizations, some experience is available for large-scale 
systems. For example, the West Banas Medium Irrigation
Project in Rajasthan. India, allocates water in proportion to 
holdings only for farms up to 2.03 ha. Larger farms are sup
plied with a fixed amount of water equal to that supplied to 
a 2.03-ha farm (Bottrall, 198o). And the 3hakra and West
ern Yamuna irrigation projects in northwest India allocate 
water to village tanks used by landless and landed people on 
tile basis of need rather than landholding size. 

The Sukhoniajri Project: Sukhornairi, a small village in 
Haryana. India, is situated in now-barren hills. Tradition
ally the villagers' livelihood was rain-fed agriculture and 
livestock grazing, but since 1979 about 12. 15 ha of village
land have been irrigated by a small dani installed at the foot 
of an extensively eroded ravine immediately above the vil
lage. The irrigation system is the result of a project initiated 
by the Central Soil and Water Conservation Research and 
Training Institute to check the silting of a lake some dis
lance away. Once the dan was built, it was realized that tile 
soil erosion caused by overgrazing could best be halted 
through an irrigation development program that would pro
vide villagers with an alternative grazing area for their 
cattle. The irrigation program enabled the village to tmeet 
its fodder requirements, check soil erosion, and increase in
come and on-farniemployment (Seckler, i98o: Seckler and 
Joshi, 1982: Franda, 1983; Government of India, 1984).

The allocation of wavter in the Sukhomajri Project is 
of spcilic interest because it embodies a "'water-to-the

6. t n pract ice there arc ttcn large variaiions in water received hy far ni. 
ers, pticularly between head- and tailenders, as arestill of po)r irrigation 
mmagement (see, tor example. Wade and Chambers, ioS o). 
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people" philosophy. Every bonafide family-that is, any 
group eating from a comnmon hearth-receives a water cou-
pon entitling it to a given quantity of water. The amount is 
the same for all families. With the approval of the Village 
Users Association, which manages the project, any family 
can give, sell, or trade its coupons. For example, a large 
farmer has two small farmers working his land. They pro-
vide the labor and water, lie provides the land, and the crop 
is divided equally. 

Irrigation not only has increased agricultural production 
and spawned some household and cottage industries but has 
helped increase the ,upply of fodder from crop residues. 
This in turn has reduced grazing pressures on nonagricul-
tural land, thereby arresting the process of deforestation 
that was occurring on an unprecedented scale. The reservoir 
is used as a supplemental source of drinking water. Because 
of the water-allocation system all villagers benefit from tile 
project in a relatively equitable manner. Since everyone has 
a vested interest in the system, animals are kept out of the 
watershed. 

The approach taken in this pilot project is now being used 
as a model for microwatershed management elsewhere in 
India and in Nepal. In Nepal, for cxample, the Adli; Khola 
Irrigation Project (Pradhan, 1985) is being developed on 
similar lines. Water will be provided to all the workers in tile 
command of the project, whether or not they hold land. 
Moreover, the management of water will be organized by 
members elected by the water shareholders. This project is 
thus dealing with the issue of landlcssncss at the inception 
of the project itself. 

The Pani Panchayat Program. The Pani Panchayat Pro-
gram (Chambers, i981; Morchousc, 1981 Parulker, 1982; 
Shenoy and Rao, 1983) is a small-scale irrigation develop-
rnent program run by a nongovernment organization, the 
Gram Gourav Pratisthan (GGP). The projects are situated 
near Pune, in the Indian state of Maharashtra, a poor area 
where traditionally low-yielding crops have been cultivated 
by rainfed agriculture. Until the advent of GGP only large 
Farmers had wells and piIp sets. Under the GGP's Pani 
Panchayat Program groups of small and marginal farmers 
come together, subscribe shares, and with the help of tie 
Panchayat, develop and manage a source of water using 
pumps. The size of each project varies, ard each group 
makes its own arrangements for distribution within the 
main framework of rules set by the Panchayat. Many of the 
groups are homogencous; for example, there are women's, 
shepherds', and liquor makers' groups. 

Though the Pani Panchayat Program does not yet work 
with dhe completely landless, but only with small and nlar-
gmal farmers, it is of interest here because of its innovative 
water-allocation system. The key feature of this system is 
that the amount of water allocated to each farm is related 
not to the size of' the landholding but to the number of per-
sons in the family. Specifically, tile amount of water allo-
cated to each family is equal to that required to irrigate ap-
proximately 0.2 ha per person in the family, adult or child. 
Water rights thus calculated, which are embodied in a 
stamped legal document, are attained after a member pays 

the subscription, which is proportional to the individual's 
water right. Member subscriptions cover 20 percent of the 
capital costs of the project, and the remainder is provided 
by the Gram Gourav Pratisthan and through government 
subsidies. 

At the present time thirty-four such projects are fully op
erational, seven more are complete and ready except for 
electric connections, and nineteen are in various stages of 
planning and preparation. Although no further projects in 
the area are currently being commissioned, the GGP has 
helped in the development of at least one project else
where-the Bhima Command Area Lift Irrigation Scelicre 
No. 3. The GGP has also started a training center through 
which training, visits, and dissemination of information to 
other interested parties are taking place (Chambers, 1985). 

Water O,,iership for the Land-Poor 
As described earlier, many irrigation systems tirecommu
nally or privately owned and managed. Virtually all comn
nmunal or private irrigation systems are owned and managed 
by farmers owning land irrigated by such ,),stems. How
ever, a number of experimental programs currently under 
way inl Bangladesh (and perhaps elsewhere) are indicating 
that it is feasible for landless people to own and manage 
small-scale irrigation projects that supply water that can be 
sold to farmers. One such program has been organized 
by Proshika, a Bangladeshi nongovermient organization 
(Ahmed, 1983; Wood, 1983, 1984; Bottrall, 1984). 

Proshika was established in 1976 to organize and assist 
land-poor laborers and other poor peasants in rural Bangla
dcsh. In 198o, Proshika initiated a pilot project to organize 
land-poor groups to purchase and manage irrigation pumps 
and to establish water rights. The objectives of Proshika 
were (I) to facilitate the acquisition and use of lift .pumps 
and shallow tubewells by land-poor groups and enable them 
to sell-water to owners or cultivators of land, (2) to develop 
a source of income and purchasing power for these groups; 
and (3) to ensure that the land-poor share in the benefits 
front multiple cropping and enhanced productivity of land, 
to which they would contribute if they provided the source 
of water. 

By 1984, Proshika had organized 104 groups of 15 to 25 
men each, in each instance negotiating a line of' credit with 
the Bangladesh Krishi Bank to underwrite loans for both 
equipment and operations (Bottrall, 1984). Irrigation water 
is provided by the landless for a f'ee, the basis of a preon 
arranged share of the total yield. Although Proshika has 
faced some difficultics, including inefficient pump manage
ment, inadequate identification of good pump sites, and un
satisfactory contracts with farmers, three-fourths ofl the 
groups have riade a profit, and the loan repayment rate is 75 
percent after operating costs and loan payments are de
ducted. Eventually, it is hoped, tile landless will provide 
farmers with a complete package of inputs and be respon
siblc for maintenance of facilities. 

The iand-poor, by asserting control over a newly emnerg
ing resource, have thus been able to obtain supplemietary 
income, increase the deliand for employment during the 



second crop, and gain secondary benefits thouLgh the whole
cycle of construction, operation and maintenance, and sup-
port services (e.g., pump repairs). Their involvcment in 
water delivery isexpected to enhance their bargaining posi-
tion in other transactions with landowners, especially those 
concerning agricultural labor wages, local moneylending 
rates, and sharecropping terms. The project has also helped
increase the access of the land-poor to government sub-
sidies. Land-poor )easants now have access to substantial 
government subsidies available for irrigat ion equipment
which previously was prlltchased only by those farmers who 
owned considerable land and hl:d investable surpluses.
I lowcver, the success of the scheme Will Ultimately depend 
on the ability of the land-poor to organize, negotiate, and 
reach agreements to extract timely payments froll funicrs. 

A number of such gro sLiarc now operatin igin Bagla-

dcsh, through organizations like the Bangladesh Rural Ad-

varicciient Cimmittee 
 (BRAC)and tile (}ranieen Bank 
(Wood, 1984). The BIaglaldesh Rural l)evelopment Board 
has also initiated a pilot program with format and objh 'ctives
similar to those of Proshiika (Bottrall. 1(84).The Proshika 
pro ejcts have IIlsO attrlcted substantial interest outside 
BangldeshIi. Ii IndiaI for ex ample, tile Tata Steel Corpora-
tion is considering a pilot project with similar claracteris-
tics (Levine, 1985). 

.and Allocation to the land-Poor 


The introduction of' irrigation iit ;11u'rca caii be seen as an 
opporttlity' for reallocation of aad to tile [ard-poor. This 
can occur in resettlement schienes suCh as the Mahaveli Irri-
gation Project in Sri Lankai or the Rajasthan Canal in India. 
Typically these schemes involve the allocation of' small 
plots of iand to both indless and LaniidcpCOpc brotLght in 
f'roii other parts of tihe country. li sollic sclicilles, such as
the Gczira and Others in the Sudan. land-tsc rigchts aic allo-
cated to settlers, whi thcu be lic long-term tenant f.uliniers 
(sce Scudder. 19 1,l'lrl extensive review o1 experience 
with settlement pro jcts ). 

Clambers (I84h) lnotes that a potentially f'eiible ap-
proach to providing land to the landless is simply f'or the 
state to buy laind on a willing-:ellcr basis and then parcel it 
(ilit 
oi f'ariners' willingness to sell at reuisonible price,:, it may
be easier to implement as part of an irrigation pr'ograi l,
taking advaitage of' existing lund-ceiling lcgislation ii 
countries like India, which specifies lower ceilings Ior irri-
gated as opposed to ruiint'ed To OLlr know.lcdgc, how-Iand. 
ever, there is no experience with this approui wli rhenCOirii-
billcd with irrigation, though Chlambers ( 19841b) notes that 
experience with the provision of land and its settleient by
landless f'aimilies Ihas been gained by tw) nongovernment
organizations in 'l'a mil Nadu and Karnataka, iii India. 

Land may also be allocated inl conjunclion with the u1l-
hcation of Wafer rights to the Iand-poor. Inthe Adhi Khola 
Irrigation Project inNepal referred to eaurlicr, f'rIeixample,
the landless and the land-poor will he given previously pro-
cured land in exchange for their woirk in tle consruioCti of' 
the project (Pradhan, 1985). 
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RESEARC , POLICY, AND ACTION N EI)S
 
AND OPPORTUNITIES
 

The Iforeging sections have demonstrated that a fairly
substantial body of research on indirect approaches to the 
land-poor through irrigation now exists and that a beginning
is being made in developing experience with direct ap
proaches to the land-poor based on water and land alloca
tion. Nevertheless, significant gaps in our understanding of 
the relationship between irrigation and the land-poor re
main, and there appears to be substantial room for gains for 
the land-poor through the f'ormulation of better policies and 
through action on several fronts. 
Inthis section we analyze Sonc of these research, policy,

aMid action 'iceis and o)[Porttinities. To f'acilitate tile discus
sion, we address these first intile context of employlment
gencrtion, noii1igricultural uses of' water, and other indi
rect, irrigation- based ap proac lies. In tlie hitter half of the
 
section we discuss these 
 needs ill the context of direct 
approalches. 

In what fklows, it is possible to differentiate between
 
needs and opportunlities that relate to existing irrigation sys
teis and those that relate to I'tturc systems. The first cate
gory- involves improvenets inthe management of existing
 

-systems and is of larticu ar importance in Asia, where over 
Ioo milli( ha of' land are served by existing caal andgroLlridwatcr irrigation systeis. and where tlie potential for 
exlpiision of irrigatio . thiougLIh larger inabsolute teriiis, is 
relatively constrained. The second category involves pri
mnarily clian ,es inpolicy and/or design procedures and is of 
greater significance%where curreiit irrigation is liiiited rela
live to (lie potential--as, for cxamplc, inmost countries of 
sub-Saiaran Africa. 

Indirect Approache
 
Four principal needs can be identified:
 

Information on overall indirect impacts. There appears 
to be a clear need for better infornittion oil actual costs and 
benefits to the land-poor of lnew or improved irrigation. De
tailed empirical research is needed to assess the various iii
pacts of'present irrigation systems oii tle land- poor and toto the landless. Sincec this approach depends very Inuich identily the likely key remedial actions. ii particular ac
tions at the policy level. 

Employment research. Aliough 1isubstaitial body of 
literature on the employment impacts of' irrigation is avail
able -- the cuiiiuluitive impact of which indisputably sug
gests thit irrigation has a positive effect on cimployment
there remain substantial gaps ill oUr inderstanding of' the re
lationship between irrigation aiid employment. To help in 
the f'oriiulat iolof' better decisions, varions types of irri
gilti sion hd be subjected to detailed empirical research 
which (i) extricates the implct of irrigation from other 
variables that affect eunploy'neiit; (2) diffentiatcs betwee I 
different sections of' the rural pop[ulation, in teris of' both 
class and genider. that hive benefited f'rom increased erii
ployment opportunities: (3) identifies design and manage

iment interventions that could Icad to greater employment
benefits to the landless: (4) addresses specific design and 
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management issues, such as the relationship between irriga-
tion intensity and employment and the employment impact 
of alternative management interventions; and (5) relates 
all these variables to the physical d,.sign and managerial 
characteristics of irrigation systems and their performance 
level. Better understanding of these issues may help in ad-
dressing whether and how employment criteria may be used 
in making planning and design decisions, such as the choice 
of groundwater versus surface-water development or inten-
sive versus extensive irrigation, 

Employment economies. A better understanding of the 
economics of employment generation through irrigation 
and improved irrigation management is needed. In particu-
lar, irrigation as a means of providing employment oppor-
tunities should be compared with alternative forms of in-
vestment to achieve the same end. 

'rade-offs between uses: Empirical research is needed 
on trade-offs between different uses of' water in irrigation 
systems and their impact oi the land-poor. In particular, 
better understanding of the costs of adding facilities for non-
agricultural uses of water is required, to permit the evalula
tion of trade-otfs between the costs and benefits to the hind-poor from these kinds of interventions, in ciniliarisoin with 

e 
the costs and benefits to the land-poor in extending or in-
proving the delivery of irrigation %vater for agticultural 
purposes. 

Direct Approaches 
Research, policy, and action should include tie following: 

Field experimentation and research. Far more experi-
ence is needed on direct approaches to assist ladless and 
near-landless people through tileallocation of' water and 
land. More approaches should be developed and tested 
under a broader range of conditions, with particular atten-
tion to detailed documentation of both processes and out-
conics. Inaddition, frther Studies Oil Ongoing pilot projects
should be ,ndertakcn. For example, for those strategies in-
volving ownership of irrigation asscts by tile landless, esti-
mates are needed of employment benefits, other secondary 
benefits, and administrative costs if iniplencnied on a 
wider scale, 

Policies. Irrigation policies relating to tile land-poor
should be formulated. These include policies fori( 

tions of irrigation facilities, so tfat areas characterized by
r yand smal Isutard/or

great poverty adunetployrent ahdholdings 
can be given priority; (2) construction methods for irriga-
tion projects so that laiLor-intensive lCtlods can be ac-
cepted as an integral part of overall sociocconomic and 
technical criteria by which alternative plans are .judged and 
selected; (3) technology development, so that irrigation 
technologies that are relatively IlbOr-using and/or readily 
accessible to tie poor can be given pririt y: (4) tle inceli-
yive so Ii:It greaterstructures for grotlndwater develo,)nie nI,

numbers of tile Iand-poor will have access to ground'water;and-poiori 

and (5) land distribution and settlement. so that the intro-
duction of irrigation can be used for targeting benefits for 
tile
landless. 

Action. Much can be done, even without imlprovements 
in our understanding of the relationship between irrigation 

and the landless and without changes in policy, to ensure 
that the landless gain more and lose less from irrigation. Al
though specific construction, design, and management in
terventions will vary from place to place, examples include 
(1) making lan .lessness a precondition for settlement in 
newly irrigated areas; (2) considering nonland-based crit.
ria for water distribution in the design of new irrigaticn 
projects; (3) designing particular interventions at the design 
and implementation stage of new irrigation projects to help 
make irrigation more useful to the land-poor by providing 
for nonagricultural uses of water; and (4) implementing 
available design procedures to help prevent the occurrence 
of water-related diseases. 

Extension to large systems. Lessons learned from small
scale experimental projects need to be extended to large
scale, publicly administered projects. For this to occur, 
attention must be given to training programs, visits, work
shops, and other forms of information dissemination. 
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27. IRRIGATION INSTITUTIONS: THE MYTH OF MANAGEMENT 

Daniel W. Bromley, Department of Agricultural Economics, University of Wisconsin, Madison, Wisconsin 

ABSIRACT 

Subsidized irrigation projcts in the poor CtOM-1 icS offthe trop-
ics continue to distort the social opporltioy cost of irrigation 
water and so to undernminc cfforts alilmproving the maunagecnit of 
irrigation systlins. The poor managelment of irrigat ion systcills
precludes the realization of attainable increases inlod ProdUct it 
in most of these countries. Colonialisn was the origin of many
existing irriation schcm... and the management of those systes 
was part of Ihc larger colonial administiration. Witll the elergence 
of independent Iation-states there has been a pcrsistenl interest in 
cocIti nuCd Colilut etion of' irrigation l IeC11iulfrastrtLCtrc, bltot 
me isorate interest iin ilistiltllional that will en-Ile arlrancelents 

sure pit e
l'r water mainagelenlt. The myth of iaillaeel neiin call be 
overcoliCe , ' Iv hy ;icoiceited effort to establish secure expecla-
ionsby far,wis witi respect tIo Ilog as newwater receipts. As 

irrigation project, are available to Collitics. tha mlanagemnll
efort is underntinld A ilttrattriu1 oi new irrigatitn projectls 
would prtperly concentrate the ctllective miind ill iliproved 
agcinlcnt of cxistiig systems. 

TIlE MYTIH OF MANAGENIENT 

There seems to be widespread agreen ent atnong scholarsof agricultural development that the general concpt of
management iscentral 0 a ty over-LIccesfLl program it) 

Cotce hunger in the tropics. Nowhere is this miorc evident 
than inthe recent lial0-t1le reg~irlding tileSeliOLu-and \vor-

sening-l'ood probiletns iii Sib-Saharan A frica (Delgado 
al. Mellor, 1984; ich, 1982; Lctc, 198t, it984: Maclon 
and Spencer. 1984; World Bank. 198 1. t )84). I lptirsue this 
matter of nmanagetncit here becaucise I believe it to be tile 
ciissing key ingredient illlie s.ticcessltot op-ralii ofl irri.ga-
lion Systceis in tie develin coiuntries . 

I suggest lhat irrigaion caniagement is a imy th Ini lst 
projects inthe tropics and that this ctondition persists be-
cause hosI couintries-and donor agencicis-havc not yet 
addressetd the real iarket valte of water. Part of the blacice
for this call be understood i the context clfI unapipretiated 

distinctionibetxvween techniuice and ilst itutions. Another part 
cai be attribtied to o rgaiizational Liv isi ocns of respl ibil-
ity. Ani aithird part ftc lovs frtin n inst itutionia vacltlnl 
thai has existed ill i11ac1y countriiis since the lemii.se of' 
coonialisnm. 

Techniique alnd Iistittutioins 

Irrigation dvelipicent inthe tropics is., fOr the iost part, a 
colnial legacy: coloimnial pttwiers were incerested inthe trop-
ics for tie raw iiaterials and plainttion crtps tlhat cotl Itlie 
exported. Irigation techniiues--that is, th1ii., ditchs, 
and coiintrol deviccs-- -- 'ere developed ftOr a pariculir eco-
nomiic and political prtipr se, and lie careftl administration 

of that infrastructure constituted an essential rationale for a 
continued colonial presence. With colonial administration 
there was little scope for-nor even a need Ior-the devel
opine nt of local-level institutional arrangements to manage 
water. It sioiILl Colle ISlittle surprise that an indigenous

tilt tii'eof manage ment failed to develop in an environ
llent in which obedience to iinlposeL Ilan'al.elmeit tileswas 

ex -)ected' 
'llis inil-)o of capital-ndition techniue--1)hysical 

water-Iianagement rules contributed to coitemnporary prob
felis of irrigation becISe 01mismanagemcent oi persistent
einphasis on yet more inifrastructure while tihe instit utionial 
ditlension reicains ignoted. Under colonial rule tilephysi
cal aspect was easy to see, wile tileimanagemcuent aspect 
was sipi-ly iimplicit iii tie larger colonial adiinistration 

tt ilic.ws taken f l.altdir 
This division persists even todav. Manv cotntries are ii 

ctan- ire 
terested inyet more irrigation piroJCts (tChnitlue) While
 
largely ignoring tile more critical need fOr enhanced man
agenient. Uiflortumately. this preffrence reiniforces the inter
ests of'the major developlmeiit-assistatice agencies who have 
a lot of moriey to spend oil physical capital and who wish toavoid tlie more controversial aspects i1' influencing local

level anagemet of water. For to manage properly isto 
coifroit existici water-allocatici practices, and it often 
lappens that l)iwerful local interests have tie most to lose 
should those practices be questioned. 
Divisions of Responsibility 

At the litme they gained indepecndence, inany new nation
states adopted aii ocganizationa.l strtitre for irrigation 
Siilhir to chat liund intlie United States; iniiiost instances 
tileministry of irrigation is separate fron miinistry oftile 
agriculture. The problenis of this distinction are Well under
stood, so I will stress here only the obvitius one that wvaterdelivcriis Lyle unrelated to times of critical watertliic 


stress f'or crops. EITorts to deveIlol agricultural extension 
ani reseprc h progralmis Ihat ire closely integrated xwili water 
mttan.iagcncent are seriously halmipered when three distinct 
governlcment agencticc es ace involved. 

This divisiton of responsibility is particularly serious 
when local iciaicngeent arrangeme nts have never existed 
and wheii the tradition of nianagient does not exist. 

histitutioill Vaiu ii 
The a box'e conditions have combined to create ai institu
tional vacitin at the projcI level with the result that there 
aimfe w rules g uiding the allocation of irrigation xvater and 
what rulles exist are often ignored witl iciiplUity. This Ia

http:lemii.se
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cuna of behavioral norms, conventions, and parameters 
means that each irrigator is free to appropriate water as a 
fugitive resource and that collective maintenance needs are 
not met (Bromley, 1982b). Each irrigator can free-ride on 
the system and take any liberty with the beneficial aspects 
that water may provide. Unfortunately for those near the 
end of a system, the ability to free-ride on water deliveries 
diminishes as a function of one's distance from the head of 
that system (Bromley et al., 198o). 

I use tile "institutional to describe thoseterm vacuum" 

situations in which there are no recognized-and adhered 

to-rules to guide the allocation of a valuable resource such 

as water. This aspect is elaborated on below, 


INSTITUTIONS AND ORGANIZATIONS 
Institutions are collectively derived rules that both con-

strain and liberate individual and group action. Institutions 
represent the essential structures of* social interaction; in-
stitutions determine the essence of human interaction, and 
they are in turn determined by that action. The central issue 
here is one of transactions amn11g individluals. Economlists 
ire ordinarily interested in transactions that cntail the cx-

chan:,e of agood or service in return for money. Ilcre wc are 
interested in a broader connotation of the term "transac-
tion" to include negotiated agreements among members of a 
group (society, village, irrigators) regamding accepted be-
haviors with respect to valuable coMn uitv assets, 

Some institutions are written down in the lawbooks or in 
village bylaws. Other institutions represent long-established 
norms and conventions regarding particular dimensiomis of 
group interaction. But the cSsencC of institutions is to pa-
ranieterize expectations aniong tmmbcrs tf a group with re-
spect to the behavior of others. By doing so, instituitios 
also dclinc tle bounds o1' accePted e 1t984).hcv ior (RUingc, 

Institutions represent the "structural" dimiension of hi-
man life in that they provide a constellation of rules. 'T'hele 
ire several types of rtles. bit the type of special interest toC 
us here is the one that defines the olrganizations relevant to 
irrigation adlministration. 'That is,organizations ..--- while 
usually regardedias "instituLtions" in popular Lisage- are in 
fact defined by institutiorIs (rules). It is the institutional ar-
rangenierts that deline the behavior of' a ministry of irriga-
tion both with respect to, say, the ministry of aigriculture 
and with respect to tilefartiners onian irrigation project. 
These institutio(ns, by establishing the nor iSf behaviorI'or 
individuals within the irrigation organizations, influence 
tie culture of management both within that organization 
and also aniong tlie fl'.riniers oila irrigation project. 
We say that iuistittltiOlis dcfinc opporttIlity (or choice) 

sets for individtMIs or groups. 13, that is mean t that the 
choice domnain of the iliividtnal is defitcid by institutions. If 
th, choice dolain of one farier o a iirrigation system is 
constrained, then by definition the choice doiain of an-
other is expandctl. It is essential to understand this dilual r1la-
tue 01' institutions Siiicc tle conenUtionalI wisdon is that in-
stitutions const ain only individuals. 

Consider tlie example of water allocation along a cinal. 
It' the individual att lie head If the systei is free to take us 
much water as lie likes-regardless of tie interests of the 

other farmers on the systemI-then that individual's choice 
set is unaffected by the actions of those downstream, and 
the only effective constraint is the physical availability of 
water. But consider the downstream farmers. Their choice 
domain is directly influenced by the actions of the individ
ual at the head of the system in that his excessive with
drawal of'water prevents the rest of them from having as 
much water as they like-and when they need it. 

An institutional arrangement that constrained the greed 
of the upstream farmer would, at the same rime, liberate the 
downstream farmers. All institutions possess this dual na
ture; in a world of scarcity, constraint for one is liberation 
for another. 

In the absence of parameterized expectations for all 
farmers on an irrigation system, the water becomcs in 
open-access resource subject to all the well-understood 
problems that inhere to such resources lBromley, 1982a). 
But when well-understood institutions are present, both 
with respect to the government agencies pertinent to irri
gation and with respect to the farmers oilan irrication sys
tem, then behavior with respect to the valuable resource is 
brought under the domain of tle collective good as opposed 
to individual prerogatives. 

Institutions delinie lililits onii idividualbehavior and at tile 
same time can be thought of as enhancing tilewelfare of the 
group. Many individuals confuse the concept of laissez
faire with the absence of paraimeters oii the behiavioro indi
viduals. In fact, market processes representing the very es
sence of choice and discretion are highly structured modes 

f human interaction. Commodities, property, contracts, 
and price are alldelined inmarkets, and infact markets 
could not exist in tileabsence of these aspects. Thus it is the 
range of individual choice that is delined by iristitUtional ar
rangements-rUles tiat hoth liberate aid constrain individ
nal behavior. 

THE. CONCEPT OF MIANAGEMINT 

By mialnagemelit I nean hoth the development o1" institu
tional arrangements to gu ide water allocatiol amiong farm
crs on a sys tei-as well as among systeiis--and also tile 
dimension of compliance with those evolved structural pa
ranictcrs. The goals of naligeniemnt ought to be several. 

First. the nation as a whole \Vill have ininterest in the 
prodtiictiye efficiciecy of the irrigation investments, by which 
I mean the overall productive efticiency. The cvidence is 
clear that systemns with better overall water allocation 
among ill irrigators are also the most productiv systems 
(lBronley. 1982b). Ilence, implicit in the concept of overall 
pr'odluctiv'e cfficiency is some conccpt of equity anong irri
gators on a systeto. Not only will irrigators have aii interest 
ill an equitable water allocation, but at tile levelnational 
eqiiity Will show tip in term s of' pi'ohtictivity. 'Tl'e second 
goal of ninalgcliCill is, thereftre, an equity goal. 

A third goal of' miangenient is order aiild predictability 
aiong irrigators over ttie. That is, wtile eflicicncy call be 
thought of in the short run, a niore compelling notion of 
eftliciency concerns the Iong-tcrll enterprise implications of 
secure water dcliverics. Biecause tilemodern highi-yield va
rieties tire more ileianding of prccisio,1 in the applicatioi 
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of water and fertilizers, overall production will be enhanced by a consideration of the marginal value of another unit of
to the extent that farmers can develop secure expectations irrigation water to each farner's situation. Equity is ensured
regarding the timely availability of water and p rchaszd fer-
 by a set of procedures and behaviors, not by water receipts.tilIzers. Established institutional arrangements that parame- We must be careftl to avoid confusing process criteria withterize expectations bring order to tie rural countryside and end-result criteria.
Ao help deternine a more predictable agricultural environ- The Measurement of order is a little more difficult for the
nient. Institutions help nininize the social costs of "1strate-
 economist. I would suggest, however, that order can be congic uncertainty," by which I mean the random intluence on sidered a function of tile nunber of disputes that arise from
one farmer by others, 
 tile operational system over a specific period of tinle; theAt tie same tline that a goal of management is to create fewer tie disputes, tie greater the order. This performanceorder in tie daily economic life of' irrigators, it is also iun- indicator assumes, of course, the existence of an instituperative that inst itutional rralgemeiits exist to facicilitate tional structure that meets tile efficiency and equity criterianecessary change. There is a critical distinction between an spelled out above. Given those conditions, an orderly sysinstitutioMal vacuuin---a situation in which no rules exist-- tent is characterized by few confrontations and disputes.aid one Of para tCrized ex pec tations (Order) yet witIIIiie tie The econonist considers transactionl costs to consist of, tieprovision 0forcolsidered change when new conditions war- costs of" gaining inforriatn. the costs ot reaching agreerant. JUst as there are rules (institutions) to guide daily be- ments, and tile costs of enforcing those agreements. Ali irrihaVior, there must he rules ftor changing rules. This aspect gation system with a high degree of order will have low ilof' institutiOMal change ImUSt 
 not he so easy that the situation forlniation costs, ery low bargaining costs, and--ideally
reselibes olle of "rio rules." Yet neither Call change be so ---zero enforcelent costs.difficut that rigidity preldIes wise dCiUstneits ieet Finally. the measurement of change can be thought of illM to 

liew conditions aiid imperatives. Ihence. the ability to pc  terms of the transaction costs described above. For issues ofinit clanlc iSthe fo1urth goal of lianceIgCienCit. institutional change the relevant coliponeiits of transaction\We thuIs ha\C cfticicc,, eqt, itv, Ordcl, and adalptattiol as costs are concerned with inforniation and bargaining. Irri-
Iour ipossible inai'uaecit ,coaIs 1'r irri gat ion systelirs. and gation systems iii 
 which inft'rmation is very costly---and illsuggested Incasires of1s'ccss in achicvini these four goals which negotiation is diflicult or iiipossible -will not befol1ow. syste is in which incremental a'justnienii t to ne\\ cioniditionslF'ficiCcy stmuld be nrcasurCd ill convCetiona1l clonmic and needs is likely to he fthconling.terms iii that the value of the Marginal unit of irrigation Management is. there ltre, the establishi merit of a strucwater is tie same across all irricators on a systei (anfd in- torC of' institutional arrangLmcnts that defiies the rights anddeed allllOllg systerlsl). As long as this margirial condition duties of tie farlners oil anilligation systenl . No group ofdioes not occur, water reallocation \\IIohld Ireieseilt a gain to individuals CaI tIrive and pnosper ill a setting of Chaos and
tire nation, 
 ailarchy. Access to water is io different fit inl access to aAs for equity. I repeat seCeral CodititonS hr n earlier nuMiber of other ilnportarnt economic inputs. The ecornomllistIlper on water-l.llaCnilenit institutions lrolilley et all., \would be inclined to suggest that what is needed is a pricing
198o). We there proposed, first. follo\ing Rawls" (197 1. schernie 
 for water so that it iiglt be allocated elficiently.that each pa rticipant in an irrigation system possess an But a priciIg scheme assuniles tile l)eriee off aI iristitoequal right to the Ill extensive libetrtv (rcardirig water re- tiOnall structure Of tlie sort discussed above. No market proceipts) Ccompatihlc Mhiti similar liherty for olhers. Second, cess caM I'unction witliout \'ell-estIrblished rules definingW 'earCued that tile f-VdilingsNslctir Must be aundiorral rights duties and in the absence of airncniforcerentfully urriderstod bv all participalts. lhird. we proporsed ricChariisII lhat eisures thait One gets .vliat one has paid fbi'.that there irIt be a shiired conlcept t lUrstice sir tha:.t aisitura- "i jtunip irurinediaely fi a reconrrendation f'o water priction ini which a fes6 irricattrs \'ere ctotillually favored iii ine is to ignore the Igicallv priolr condition it'" ll insti-Witter receipts would be widely vicescd as being 'nfair. ttiilal structure tht Will allow atonlistic decision Making
l:iiurth, We a1-INtcId 11at a s'stemi of forlh eifforcerent 

'' 


with respect to waler use whereby ea.ICh individual equatesiiurst exist in M\hich thcre is c rsistent ;"ILd iripartild admii- its price to his own perceived riarginal valte.
istratiO t' Ie pne'\ ailing institutirral a.rar erinclits cov
crruing water allocatiolns,urn.a irtcialicc, and otlCr activities RIEllIAu iIlATIN( IR!I(;ATI)N INSITUTIONSthat have joint benclits and costs. Finally. we suggested thatt With tile exception 0t a few places in sruitheasts Asia thethe prevailing institutiurrl irr.i'anllrnts sltuld be designed perifOrniarCe of irrigation systems in the tropics--per'orto reinftorce tire hasic self-interest tf the participants in tile irraUice here ref'erring to0 V icutural production per unit ofsystemn. While this gral iray [lot he ulivcrsally ;rtttiiable, it lrd or per unit ol waler on, per unit ofi' laor- - is very pooris pissihlc to seek opportunities to create hchavioral nirms (Btlinlley et .11.. i 0r0: litniley I t)82,). A reasomable livaid rules that rCirhhuI-cC certair natural instincts of tire pIrtliesis wOuld e that irrigition systeriCs experience highirrigators, pertlr.aice when natitrlrrl policyrnakers conclude that tileI wal to print Out that equily does rtrt iieall exactly the mrrarket valhe ift' water is high enough to justify taking ihe5iiinie quantity ol water pe hiCedare ptmrpr rier. 'l'hat iecessarry actir. The scarcity valte of, water in "l'aiwarr ands\truld he MI Outrtre IIrelSIeniCrtIhati \ould likely result .lap.lrn is such thart potr ir'igirtion peerfr'rnlirce calnnot be

hi important irefliciencies. Recall that efficiency is ensured tolerated. 

,I
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In the rest of the world -his realization is slow to come. 
My second hypothesis is that the continued availability of 
development assistance funds for yet more irrigation proj-
ects is a major part of the reason for this failure to under
stand the true scarcity Wlue of water. By continuing to sub-
sidize more irrigation projects-and so by reinforcing tie 
desire in many COutlriCs for the government to show a 
commanding physical and in ruralpolitical presence tile 
countryside-we simply put off the day of this recognition. 

Pareto-safe. The food-producing performance of most tropi
cal countries will suffer until this essential aspect of water 
management is understood. 
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28. MANAGING WATER MANAGERS: DETERRING 
EXPROPRIATION, OR, EQUITY AS A CONTROL MECHANISM 

Robert Wade, World Bank, Washington, D.C., and Institute of i)evelopinent Studies, University of Sussex, Sussex, England 

ABSTRACT 

The performance of canal irrigation systems depends, ill part, 
on trust by farniers in the ood faith and abilities of irrigation ofi-
cials. In India this trust is typically lacking; there is. instead, a,
"'syndrome of anarchy' tinder the canals: tarmers lack the coli-
dence that if thev refrain from tak inc water out of turn they will get 
water onitime, and oflicials lack contilidectiec that if' the, work con-
scicitious Iy to cet lie watlr il litlt' farities will refrain fmti ile 
break ino. Io break tile sy ndroie, chatgcs necd ti be ittade in the 
riationiship hecitlc uiperatiton alld llltlillt ic I( ) MI) aid ct1-
siruction, in tle sourcc of (lie 0)&.N1 budvet, and itn lile clo-
graphical scope of ile ()&M or, ni/aiiOn. [HIC l:Isi AsianiIrr-

gation Associaii6lis provide ait exatiple of the directittn ill which 

institutional Chllaites iihlit sensibly he 
 itade, C'hanges ill physical 

tesign can also help. particularly tihe putnctuationi of lhe tydraitlie" 

system at a point within the kellof fariiers. 


The expression "deterrin. expropriation' se mitsto invite tis tIo 

ctnsider how irricatioi lawbreaklers Cllei illore cffectively pun
ishtd. I is iitdcrtaitd abl that cia ii tila cc rs,, faced wiil irri-
atiters [Iho secal watr iraktliet riellIr utlurs., iu lit responid by 

lCIttandilt ittmore powc rful dlicrrlits. That icspi 01ise tails, low-
ever, beca tise ii iii es the deeper problemn of whichlie awbreak-
ing is a svtiploili atid because ill ally Case tli law as a itelhanical 
harrier can be effeclive only wltent a tiny minority of the popula-
titn is likely to hreak it. \ltst of the observance of rules has to be 
imtore ivlitiay. becaise lieLcSt 0f1Cllorcriinl Mci larve iiti-
hers of'the population comply involuitarily (Illirouth a calctulus ol 
evasiolln 1d punih ehat is likely e ilyh . lpplins ll o prohihil i t 
then, aretlhe coitndtis in s Itielt agriul t Iteiple will volutarilvsuhscribihtm a ile of restrained ce'erss is irricatitn water't: 

My context is sulace iniiatiolln systelii IIr which public tt-
licials tptrt thlelhiher levels of tei distrihutill letwork aid 
farniers take over bhlw a Certaint point. Ilcre tl t otieltli he-

toies. What are 
the co tlilions in \hich itt h v faritiers il tihe 
good faith and ahilities of irritalionlollicials Cill e stuslainied? 

T'i'1 NETID FORI TRUST IN AUTIIORITY 

Whenever water is scarce in relatioin to detnand, there is 
I rationing problcm. Even in thinme rare canal sy'steis ill 
which watcr is sold in a market (as in the Alicantie canals of 
southern Spain: Maatss and Anderson, 1978), and where 
price is thus tie principal iic an s of rationing, an orgaiiza-
lion to admininister and sanctio li t itoninig is nteded. Ill 

'lleie s e piesst lutre ei iii- ' it,1and iist not he tiiiihited to lie 
ti orgauitiatiois with which I ati aliiliatCd. AckitIMOCldginiCn: Ro1 tItre, 
Iterse t'iusquelltc'. Richard Reiigcer. (;ahricl 'ilir, ai R iald hig. 

:TIte sntC quctii itaube asked ai ini olier comtoiin property re-
soiurces, such as gia/inig land aitt trees. 

tile usual situation, in which water is not priced volumetrically, the "load" on the rationing organization is heavier, 

and it increases as water becomes scarcer in relation to de
mand. More and more larmers will want to take water they 
are not entitled to. 

'he situation fron tile vicwpoint 01' an individual irri
gator (or small group or irigators) can be likened to a Pris

o rrs 'i1 p 1 i a tosnd ill h li en t a pris
oiers I)iinnia catti. l:ach individual has a c lear pre 
crlci-ce ordering of01Options. The first pr erence is for 
ever otte else to abide nv a rule of testrained ;cce;ss While 
tile individuial enjoys uirestraine d access -- while lie "free
rides": the sconld prcf'crence is for everyone, inlCIuding 
F" Itself', to follow the Itlie tile third preference is for it) one 
It: follow thle for evelyonlle to grab what hic callland 
the worst ouLltcomC of all is forV evelryone else to grab while 
lie follows the rule. Given Ihat this is the order of prefer

etices, the stable outcoeie (in the abset of careful instiilution LCsielt) is likely to be the third alternative: Uinrestrained 

access. Fromti t lemt)re socially desiralc second ailternative 
(restrained access by all). each individual has ait inceniive 
to cheat anrid go for his own first preference (restrained by all 
except hiim), with ihe estilt that the aggregate situation de
leriorates to the oltcom1e of the third alternative. In other 
words inLtUa I-ile-b)OttunL restraint is not necessarily a 
stlable situation c'at,_ fl'om that position each individual 
Calt be inlllCdiatel V hcilcr Off hY ... hecheaiia g---pOVidCd 
thinks tihe others will not also iIneilately cheat. ittl tihe 
hird preference ia tlless watir is very abndan, 

tnav tairs will get little or unreliable water supply be

cause their own supply is a ftiCtion of the uinlesttaietcil ac
cess of those higher Ip the distrih itory systen. They will in 
trtit struggle to obtain better supplies by stealing water, 
breaking the gates, breaching the hanks, Iribing the ofli
cials, and even coimitting Inurdcr (Maass itd Andersoni, 
1978. 2), thtis conpoutnding the overall pIoblicln. 

Matny theorists of Prisoners' l)ileimma have concluded 
that the socially desirable outcome of restrained access by 
all can be sustained oily by the imnposition by ati external 
aulthority of powerful penalties aeaiilst rule violatiO,n. If 
so, the 0onilusion is a coutnsel.of despair, because in most 
Third World cotin tries ICgal Mcclhanismlis and the authority 
of' governtiienit are siinply not powerful tlioi gh Ito make a 
suflicienitly plauisible threat access iyriad nticrosituations. 

Bil the conclusion is Itoo stroulig. Prisoners' Dileinia is 
useful in drawinig attentioi to the point that just becalSe it 
set of inildividiaIs have a joint increst ill a ccrtain Ou tCOIIIe 
does not meian that the oiutcoie2 will be fortlhconiing. Be
yond this point, however, Prisoners' Dileimma is misleading 

http:coutnsel.of
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for the irrigation case. It makes good sense to suppose that 
in many situations individual irrigators will restrain their 
water rule breaking if they are confident that others will also 
refrain and if they are confident that they will still get as 
much water as they are fairly entitled to (even if not as much 
as they would like). They will more likely refrain from 
cheating if they are confident that by doing so they will not 
be the "suckers." Where people are motivated by an "I'll 
restrain if you restrain" calculation, then an institution 
(such as an irrigation department) that convinces them that 
these expectations are justified can promote voluntary com
pliance with the rules. °The reason is that the rational indi-
vidual will not free-ride regardless of what oihers do, as the 
Prisoners' l)ilenima game assuMes. le Will calculate the 
likelihood that his own free riding will encourage others to 
do so and how much their free riding wiil reduce the berie-
fits that lie gts from doing so. It must be remembered that 
the individual's first preference is to free-ride while others 
do not free-ride, so that lie continues to get the collective 
benefit which their restraint produces. If that collective 
benefit might not be forthcoming because his free riding ell-
courages others to do the same, it may be rational for him to 
comply with the rule. Free riding renains a possibility, but 
not an imperative (Runge, 1984; Kimber, 1981). 

This argument is hypothetical. But thire is a growing 
body of experimental evidence-admittcdly about contexts 
rather far from what we are discussing here-which sug-
gests that ideas about "fairness" are important factors in in-
dividuals' choices about whether to free-ride and that the 
strong version of the free-rider hypothesis (that individuals 
will voluntarily contribute very little of their resources to-
ward the provision of a public good) is very implausible 
(Runge, 1984; Marwel I and Ames, 198 1). 

Or consider the converse. I!art identities it "syndrome of 
anarchy" at work Under Indian canals, which is, lie sug-
gests, a major factor in their underperforutance (1978). The 
syndrome of anarchy grows out of and reinforces a basic 
lack of confidence, of trust ili good faith and on both sides 
of the irrigator- irrigation official line. The farmers lack tile 
confidence that if they refrain from taking water out of turn 
(refrain fron stealing it, breaking the structures, bribing the 
officials), they Wili nonetheless get water on time. The offi-
cials for their part lack the confidence that if they do work 
conscientiously to get the water delivered oti time, farmers 
will refrain froni rule breaking. It is i "syndrone'" in that 
tile behavior of each par!y to the relationship now tcnds to 
confirm tie negative expectations held by tlie other. Each is 
the other's headache. (The syndrome may operate within a 
given village between individual farniers who behave aniar-
chistically toward each other over water matters: or, given 
the capacity of some villages to organize canal-water distri
bution within the village IWade, 1985cl, it iiay operate 
only between village units, each village unit struggling to 
get niorc water than it is entitled to againlst other villiagcunits). atget 

unit ieiarks 
hreaking., this syniidroni has to. be ac hiieved pr iniari y 

from the government side by illea.llS of a sustai ned dcll-
onstration of tile ability to deliver reliable an expected 
amounts of water if tile farmers do iot inierfere. Outr lties-

tion then is, 1low can public officials assure farmers that if 
they restrain their taking of irrigation water they will get the 
expected amounts?' 

Part of the answer is to be found in the physical design of 
tile sy'stem, to make the dependence of farmers on irrigation 
officials less critical, to make it less necessary for farmers 
to trust their good faith day by day. I come back to some of 
these physical features later. Another part of the answer 
is to be found in the design of the irrigation management 
organization. 

ORGANIZATIONS AND TRUST 
Political theorists generally stress two elements as pre

conditions of authority. First, the person given decision
making power should have some competence which makes 
such a division of labor sensible. Second, he should evoke 
trust in his good intentions-his use of power should not be 
seen as being predatory and self-interested but concerned 
with the welfare of the larger whole of which both lie and 
his subordinates or clients are part. 

Compare against these preconditions the situation under 
Indian canals, as seen from tile farmers' perspective. The 
members of the immediate field staff-those who are re
sponsible for actually opening and shutting gates, doing 
minor maintenance, etc.-are recruited from among land
less laborers and carry little respect in rural society. 
The officers typically have little prior experience of canal 
O&M-the size of O&M divisions compared with other di
visions of the irrigation department is so small that any one 
person normally spends most of his career on things other 
than canal O&M, in particular on cons t ruction (if O&M 
p:;ts account for only, say, a tenth of the total number of 
professional posts, and if there is no career specialization, 
any individual can expect to spend only about a tenth of his 
carcer on O&M work). No training is available for prospec
tive O&M managers." Their competence in O&M will thus 
frequently be more striking by its absence than by its pres
ence. In practice. of course, farmers will typically not be in 
a good position to assess competence directly; and as the 
judgment of competence becomes more difficult, so the 
trust element becoies tiore important. Typically, the offi
ces have no identification with the area or the farniers they 
are responsible for, and they typically are rotated in and out 
of any one posting every fiftteen to twenty months or less 
(Waide 1982c, 1985b). Other than at the bottom icld-staff 
level, there is no stable core of people who are associated 
with a particular canal. Transport facilities are loor and the 
distances large, so officers are rarely seen on the canals 
( 1art, A-126). conditions ,re almniost1978. Such guaran
teed to create a situation in which the legitimacy of the pub

'Irrigatiotn engieers in India, ta kint ahout howk they try to manage 
%aterallocatiomi. t tlttoii ly stres,, the to ciate trust: "Yo have to,tneed 

1hild up aleCliolh" CxplalinCd one. Another remttarked that ,watermanageis 25 percent water 75 percet N0 ttg.. The ltjlia sjde of myit1d 1t 
in this chapter is hased on detailed lielt,,ork canied out between 

It176 and 1c)8 . h,hich included long p,.riods ol residetcte in one canal 
contittand area, as well as trips to several othlcs. 

'Only in the i9so(s has Ihis surprising state ol alltfairs begun it)chatnge. 
anti then because or pressure Frotm tlre igil.aid thitlers (Stindar. iH)9.1, 22). 
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lic officials who allocate water is always close to being So the staff members of each IA do not have their incentivesquestioned, whether by their own subordinates within the constantly tipped toward construction, nor is their behaviorirrigation agency or by the farmers, constantly shaped by the control mode appropriate to con-The conditions that keep competence and trust at low lev- struction tasks. They are O&M professionals. What isels are themselves the results of three basic ,tructural fea- more, they have their own independent revenue base: the IAtures of the organization. The first is that canal O&M is car- itself collects water fees from farmers (so much per irriried out by an organization whose primary functioi, has gated hectare), and this revenue meets (most of) its operatbeen construction. That is why few of the professionif staff ing costs for staff salaries, routine maintenance, etc.' So themembers on a particular canal will have had much prior cx- staff has a direct sense of dependence on the prosperity ofperience of O&M. It is also why they arc not especially in- farmers in the aggregate. In addition, South Korea's
terested in O&M, because the O&M budget will be 

lAs 
a tiny provide some agricultural extension and land development;part of the overall irrigation department budget, and its al- indeed, the same people who operate the canals provide thelocation will be given little attention. Also, because profes- extension (though most of them do not much like having tosional reputations will be anchored firmly in construction, do both). The ordinary extension service, organized in proofficers will then tend to behave while doing O&M work in vincially based parastatals (one per province, which isthe top-down hierarchical control mode that is appropriate much smaller than an Indian state), also provides extensionfor construction but inappropriate for O&M. The second in irrigated areas. In Taiwan the lAs do not provide extenimportant structural feature is the lack of connection be- sion-that is done by separate farmers' associations. Thetween the budget of the irrigation department and -:Ie col- jurisdictions of the lAs and farmers' associations are notlection of water rates. Water rates aire normally collected by congruent. but the key point is that atstable set of' officials a separate department. and in those few states where rates is engaged in the same small area, some of the officialsare collected by staff attached to the irrigation department, providing O&M, others P ",vidingextension, and informalthe department's budget is still entirely unrelated to what it coordination develops between them. InSouth Korea's lAscollects. Lacking a reveuc base of its own, it must depend the coordination between the vater-supply function and the on the government budget. The !rird f'eature is the almost extension function is built into the organization. In none of
complete absencc of contact with. let alone coordination be- the three countries are the IAs involved in input supply or
tween, the irrigation staff and the staff of other agencies that 
 marketing or in other than Minor construction.


provide important inputs into irrigiltion agliCUltUrc (f'or ex- A higher level (provincial and/or national) agency moniample. irrigatim water might be released into the canal at tors the performance of' each agency against various kindsthe start of the season il coimplete ignorance of" wheltler of financial and physical targets and lays down general regufarmers are ready to use it: if there have been delays in the lations about, for example, salary scales, staffin- densities,disbursements of credit, farliers may not have been able to and ratios of administrative to operational expenses. The
buy the inputs needed pril0lipt of tile
to make use water). cast Asian frn of irrigation association is thus quite diff'er-
The lines of' authority run parallel, f'ronm the top f each de- cnt froni the Indian pattern of ia centralized irrigation departIicnt in the state capital right down to tile lowest rank of' partilent (at state level), with a chief enginecr general at the
field staff. At each level the stafl'of each department goes its top of of'
the pyramid in the state capital and a hierarchy
owI way. regional and project of'ices stretching out beneath him, tile

Compare now the irrigatioin ass ciations (IAs) of Japan, same department attending to construction, investigation,Taiwal, and South Korea (in South Korea they are called design, and O&M across the entire jurisdiction of the statefarmhIa1d improvement associations).' All tilree conutries (whichi may have a population of 4o million oi- more).
use a basically simi ir f rmi of organization, which is at Organizational structure is only one determinant of' how

watershed-based parastatal. 
 In Sot, i Korea anid 'l'aiwai tlie organizations perforin: tile saiMe structure be activatedcan 
term "association" is misleadi|ny in that it suggests (Icnmo- in different ways. But one can see. just front the structure,cratic cointrol by farmers' repri senltatives, whereas iii fact how trust between farmniers and irrigation staff and within
there is iio such Incchanlis! (ui*,,ccountability. (In 'l'aiwaln the the irrigation hierarchy itself is easier to maintain in t!'e east
irrigators' Council of each associatiol-which in ,,ny case Asian type of organization."
had fairly circumscribed pllwersw---as abiil .;hed between Several other features of the cast Asian type also help.

I1975 and 1982.) liwever. each parastatal has consiIcrable The stalfl' members are locals: they tend to 
 be recruitedautonomy within its geographic jlrisdictihi locally and spend most of' their career within the same IA.
The priinary f'unction of' each parastatal is canal (&M, There is limited movement by irrigation s aff' from one IAnot construction.('Constructioin is carried out by ,iseparate to anmother. This helps promote an identification of' interests

|lltiofial-level orgalnization that undertakes lie design lnd between the staff and tlie farmers. With respect to Southconstruction (SUp-ervision (If 'consiructin carried otti by Korea's lAs (Wade. igi.a), tie "patroller," who bicycles 
private contractors) of all sizablc strIctuies in the CuIlrltry. 

"The South Korea 1A that I ,nietlkid iI tll'i .cl about tenteivrct o per o'ty Idit'ilInii, oniiSouth Kot lart' llthreeri itd ionihs oi lied re- itsrecllrrell costst, with water cliarges (Wale. 1()82a, .12).
sLarclh .li/tiioil iing titnoilal onl ill 197) (Wide. I9S2;l) l'r "ka . oi.l 'Iin th1 entheinltresis (ihrevit f hIIgco il 1 dsliloli¢n heict trustinshiillviisits ill 1)79 ;iljd I orNhd198 * nt oioore 1)S 1.The cas, Asi-,i relationslorim is betweein Iarners aindi te age'ncV ind Irust helt'con hierarchical
similar lo Idial I itl 1979).ustd ill ll
level'sthe ilztlicy. 
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around a ioo-to-io-ha jurisdiction twice a day opening 
and shutting gates, is nominated each year by the headmen 
of the villages within his jurisdiction. lie must be a farmer 
himself, with land to irrigate, so that he experiences the 
problems firsthand. If the headmen are unsatisfied with his 
performance, they nominate someone else. At the top level 
the senior employces are mostly promotees (in South Korea 
and Taiwan the most senior official of each IA is appointed 
by the government). Virtually all the senior employees will 
have spent years on the project scheme before they make it 
to the senior positions. Moreover, the IA is not a launching 
pad for a career in the central government. In all these ways 
the eyes of the officials are kept firmly on the locality, and 
an identification between their own welfare and that of the 
farmers is further encouraged. 

This identification is strengthened in still other ways. The 
contractual nature of the employment relation between the 
IA and individual staff members is obscured, or replaced by, 
a sense of common membership in a corporate entity which 
has objectives that can be shared by all members. Various 
methods are used to build up this corporate sense within the 
association itself; these include comipetitions between the 
field stations (in quality of canal maintenance, collection of 
water charges, volleybali, even having the staff process 
farmyard manure to spur farmers to do the same); oncc-a-
week joint exercise sessions for all the staff; or weekly plan-
ning meetings for all field-station chiefs. Most important, 
all the staff (other than the patrollers) are paid on rising se-
niority scales, so that pay is not closely tied to tile job they 
do; all the staff expect to have lifetime employment; and the 
lower ranks in each 1A identify more closely with their IA 
than with lower ranks in other lAs, which helps avoid the 
ingrained conflictualism found between lower and higher 
staff in Indian irrigation departments and which erodes any 
sense of common purpose and pride in work. 

Staff involvement with farmers is promoted by such de-
vices as a monthly newsletter and, more important, by the 
constant presence of irrigation staff along the canals. This 
last is a function of a particular mrethod of supervising the 
patrollers, whose responsibilities have already been noted, 
Every staff member, even the clerks (males only), has the 
responsibility of supervising one patroller in addition to his 
other duties. At least once every two or three days he must 
go to his patroller's beat and make sure that he is on theljob. 
ie is provided with a small motorcycle for the purpose. file 
supervisors are expected to, and in any case are inclined to, 
stop and chat with farmers whom they pass along tie ca-
nals. file intensity of this sort of' local, dyadic contact helps 
make up for the paucity of more formal channels of con-
munication between farmers and staff, which is in turn 
an expression of the authoritarian character of the South 
Korean political regime (Wade, 1983). 

Thus, the IA structure encourages a local identification. 
Local identification is important because it gives both sides 
a set of shared experiences. This directly assists a sense of 
mutual obligation between them and also provides a basis 
for a shared set of beliefs according to which the existing 
order is fair and just and every betrayal is perverse and un-
just-including betrayal of' the irrigation agency's rules, 

This is a much more cost-effective method of avoiding free
rider problems than relying on a calculus of ptunishment. 

At the same time, pressures and incentivcs bear down on 
individual staffers, and on the IA in general, to perform. 
For individual staffers, promotion is decided by means of a 
complex formula. The fo,'mula includes, very importantly, 
seniority (length of service) but also includes a weighting 
for performance in the regular training sessions organized 
by a national training agency, and for superiors' judgments 
on such things as diligence, willingness to take responsibil
ity, and loyalty (Wade, 1982a, 112). The performance is 
monitored from above, within the Ministry of Agriculture, 
by means of various criteria, such as staffing density, reve
nue collection, and ratio of expenditure on, administration 
and expenditure of' maintenance. In addition, each IA can 
expect to have a team arrive from the ministry at least once 
a year to make an inspection that may last several days and 
includes not only the finaicial accounts but also the state of 
the physical structures. Prizes are awarded to lAs for good 
performance. 

I would not wish to be seen as starry-eyed about the IA 
form as it works in South Korea. Indeed I have elsewhere 
argued that canal operation in South Korea is not very profi
cient for the simple reason that land being normally more 
limited than water, good supplies can be delivered to the 
crop (which is rice) without any degree of finetuning of sup
ply to demand (Wade, 1982a, 26, 58). 1 think it is clear, 
however, that the IA structure does offer big advantages 
over the irrigation department structure in terms of its ca
pacify to include O&M officials to do their jobs conscien
tiously and to evoke in farmers a countertrust in authority. 

PHYSICAL STRUCTURES AND TRUST 
The need for trust, and the likelihood that it will be forth

coming, is also related to the physical structure. 'i he larger 
the system, the more difficult it is for individual farmers to 
understand how it operates and the constraints under which 
the conal staff' work. The more difficult it is for the farmers 
to understand, the more crucial is the trust element (as op
posed to the element of understanding) in the acceptance of 
authority. And the more than active act of faith is needed, so 
the more those given authority must be seen to be using 
their power in a benevolent, not a predatory, way, in 
good faith for the common good. not merely for personal 
aggrandizement. 

Compare now the typical Indian canal (Wade, 19 82b, 
i985a). It has a command area of 50,000 to 100,000 hIa or 
more. It has a single source of water and no intermediate 
storage. File water may take a week or mnor to travel un
impeded from head to tail. From the viewpoint of the 
farmer the rest of the system outside his immediate locality 
is a mystery. lie simply has to take the word of the irriga
tion staff about the overall water-supply situation. le and 
his village neighbors have no st cok of water that they can 
call their own. Their "own" water begins at the outlet, but 
significantly more water may be available in the distributary 
on the other side of the outlet. They can go at night with a 
spade, take water against the rules, and leave little trace of 
their action behind. 



Moroever, the design of the typical Indian system itself 
makes it necessary that irrigators have a high degree of trust 
in the irrigation officials if they are to refrain from grab-
bing. The typical Indian system is not the kind found in the 
northwest (Punjab ind Haryana), with its ungated outlets 
and rotational delivery rule in the main system (Malhotra,
1982; Reidinger, 1974). The typical design uses (more or 
less) continuous flow in the main system and gated outlets,
with few cross regulators. Here, water levels in the main 
system vary greatly, and to maintain constant discharges
through the outlets, it is essential that an irrigation official 
run around raising and lowering his gates: but the raising or 
lowering of one gate typically sets up changes in upstream
levels, requiring further gates changes there. In theory,
then, the system contains a high level of water-control ca-
pacity, despite the lack of cross regulators. In practice, of' 
course, the irrigation staff rarely shows the required devo-
tion to duty and technical skills needed to carry out the 
required routines, and the unadjusted gates discharge fluc-
tuating aniounts."But farmers usually want c6nstant, not 
fluctuating, discharges and take whatever defensive action 
is needed to smooth out the flhctUations-perhaps by ad-
justing the gates themselves in line with their local interest, 
The failures of the irrigation staff force the farmers to corn-
pensate, but in ways that make the situation Nvorse overall 
(Wade, 1982c). 

Compare the east Asian canals. They are typically much 
smaller (few canal systems in South Korea command over 
io,ooo ha, while Taiwan has a few of more than 50,000 ha 
but fewer than ioo,ooo ha). The larger ones are generally
linked agglomerations of smaller subsystems, each with its 
own water supply but capable of feeding into one or more of 
the other networks. Thus it is less likely that the whole area 
will run short of water at any one time, and lags in the ad-
j-jstment of supply to demand are shorter than in areis 
where water can be brought from only one source. The 
South Korean canals, like the typical Indian canals, also re-
quire frequent adjustment of gates to maintain a constant
discharge (I am not sure how the Japanese and ''aiwanese 
compare on this score). But because the systems are smaller, 
the lags in the adjustment for supply to demand atre shorter, 
and because the wider political structure makes for a more 
disciplined administration at field level, this particular de-
sign requirement does not have the trust-eroding conse-
quences that it has in India. 

So the design of' the Indian canals requires that the farm
ers have more trust ill public officials than is needed in east 
Asia, while in Indian conditions that trust is more difficult 
to create and sustain. 

IMPIICATlIONS 

Largc'scaIe systems are a given in Indian conditions. FBut 
within that constraint performance might be improved by 
changes in both the organi zationaI and the physical design.
The guiding principal of these changes Should be both to re-du.e the need r nr tt t the t d 1 iscarce,for m to trust estaf 
tie li kelihood that the needed trust will be forthcoming. 
Changes that icet this criterion have I chance of breaking
the damaging "syndronle of anarchy.' 

tilenf ers t n to increase 
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The basic way to reduce the need for trust is to reduce the 
farmers' dependence on the allocation decisions of offi
cials. For this, two conditions are necessary: first, an "in
ventory" of water, so as to buffer fluctuations in water 
supply and water demand; second, a clear hand-over point
where the officials' jurisdiction ends and the farmers' jur
isdiction begins. One design feature that seems promising
from this point of view is the breakpoint reservoir. The 
breakpoint reservoir does not have to be between the outlet 
and the fi..'mers' fields; it can be at a higher level of the sys
tem, serving more than one outlet or village. Tile important
point is that it be at a low enough level, first, to permit 
water to reach all the fields within a few hours; second, to 
allow flarmers to seo the stock of water that is "theirs"; and, 
third, to ensure that they have a large (legitimate) hand in 
how it is allocated. The breakpoint reservoir also has major
drawbacks, however; water losses are often very high (effi
ciency very low); land acquisition commonly is difficult and 
costly; siltation may be high; there are health hazards; and 
the storage capacity-and so the ability to buffer--is typi
cally small. It is interesting that in Taiwan tile same Japa
nese engineers who put breakpoint reservoirs into the Tao
yuan system during the colonial period did not put them into 
most of the other systems on the island, partly because the 
flatter slopes of most of the other systems made breakpoint
reservoirs much more expensive. In practice, more use of 
within-canal storage can substitute for a breakpoint reser
voir in terms of the "'inventory" condition, though within
canal storage does not provide for such a clear hand-over 
point between officials' and farmers' jurisdictions. 

Thus, there are trade-offs. One wants to aim at a physical
design that will help create an organizational distinction be
tween the task of' water conveyance, which is properly tile 
concern of experts in hydraulics, ind that of irrigation,
which should be the concern primarily of' agricultural ex
perts. The design should permit the water-supply agency 
to deliver plugs of water according to simple, transparent 
rules. 

Simple operating procedures help make tile system more 
transparent; the more transparent the system and its operat
ing principles, the more easily farmers can j Age the corn
petence of the irrigation staff and so, by hypothesis, the less 
needed is trust in their good faith for the legitimacy of their 
allocation decisions to be respected.' 

Also, the simpl,;r and more transparent the operating pro

'The argument for simplicity of operating procedures means that the 
demand to which s,.ater supply is to be adjusted must be considered at a 
relatively high level of aggregation. rather than ai the level of the individ
ual needs of each person or microlocation served by the system. One rea
son is the limited infornalion-processing capability of iost bureaucracies 
(and tilte unreliability of computer technology in most rural 'Third World 
conditionS). This applies even without tile scond reason, which greatly 
reinforces the point. Where high margins of discretionary control over 
water allocation are available to irrigation ollicials and where water is 

corruption is likely and may reach tie point where irrigation oflicials have an incentive to act so as Io reduce farmers' conlidence in ihe 
reliability of water supply because this enhances tle protection money tte 
oflicials are able to extract from particutlar groups o: farmers in return for 
increasing their confidence about Itheir own supplies (Wade, 1982C). 
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cedures, the easier it is for the officials to be competent at 
performing them, and the more farmers will acknowledge 
their legitimacy. This competence-legitimacy causation can 
then be reinforced by the more powerful trust-legitimacy 
causation if the irrigation agency is structured in the IA 
rather than irrigation department form, for where the water-
supply agency is structured along IA lines, it is more likely 
that the behavior of staff members will be trustworthy, be-
cause of their (t)O&M orientation, (2) sense of depen-
dence on farmers' prosperity, (3) local identification, sup-
plemented by (4) the sorts of promotion incentives, and (5) 
monitoring pressures described earlier. 

Of course, it is easier to introduce more inventory capac-
ity and simpler operating procedures than it is to switch 
from a centralized irrigation department to i IA form. To a 
degree the breakpoint reservoir could be a substitute for that 
more difficult organizational change. since the centralized 
irrigation department could continue to run the main sys-
tern, as now, but down only as far as the breakpoint. If the 
breakpoint came relatively high in the system, one could 
imagine an IA, covering the whole command area or major 
portions of it, taking over respomibility for water allocation 
from the breakpoint reservoirs down to small outlets: or, if 
the breakpoint came lower, farmers might do it themselves 
in less organized ways. 

But even without going as far itsthe widespread use of 
breakpoint reservoirs Land an IA forn, valuable but less far-
reaching changes in tilesame direction could be made and, 
in a few places in India, are being made. In the state of Ma-
harashtra, for example, responsibility for the operation and 
maintenance of tertiary distributaries has been taken from 
the irrigation department and given to new project-specific 
comniand-arca developmnent agencies, which combine a 
staff of' irrigation engineers with agricultural specialists. 
But the command-area development agency is still vul-
nerable to one of the main problems, which is rapid trans-
fer of officials in and out of posts, with trust-eroding 
consequences. 


Another experiment, in Gujarat, India, which is promis-
ing in terms of the argument made here, involves tilesale of 
bulk anounts of' water to i tertiary distributary-to all the 
farners under that distributary itsitunit. The farmers them-
selves then organize the distribution of water and the collec-
tion of the fee. This experience deserves particular study, 
because it seems to provide itmethod of gaining many of' tile 
benefits of the breakpoint reservoir without the costs (in 
land removed fron production, for example). It must be 
noted, however, that the area of the tertiary is only about 
162 ha and the crop is sugarcat,, a high-valic, low-risk 
crop. Extension of the idea to larger units and other crops 
may be more difficult. 

Similarly, the type of canal design used in France and 
Morocco- wh ich co iniies hydron lichanical automatic 
gates plus constant-discharge mod tiles- looks proinising 
froin ittrust perspective, pritmarily because it greatly re-

due s the dopendence of' f'armers on the irrigation staff' and 
greatly simpl !ies what tihe irrigation staff has to dto. But 
there are problenis with this technology, especially its cost, 

dependence on reliable supply at the head, rigorous design
 
and construction standards, etc.' Again, there are trade
offs. 

CONCLUSIONS
 
Ihave taken the question of how to deter expropriation

how to stop faimers from stealing or bribing for more water
 
than they are entitled to under some general rule of water
 
delivery-back to the question of how to enhance the legiti
macy of rile authority of irrigation staff. Given that factors
 
like the degree of water scarcity are constant, legitimacy de
pends on farmers' judgment of how competent the staff is
 
and how much they trust its good intentions. Given that
 
competence is often difficult to judge (especially when the
 
system is large and the farmers' knowledge of it is confined 
to the locality), trust becomes the crucial factor. If the "syn
drome of anarchy" under the canals is to be reduced, farm
ers must be confident that if they restrain their own indi
vidual (or snall-group) access to water they will still get 
enough water, or at least that if they do not get enough water 
there arc good reasons beyond the control of the staff, and 
the shortage is being shared "fairly." I have then suggested 
first, that the am1ount of trust or confidence needed can be 
reduced by features of the physical design, such as punc
tuating the hydraulic system at some point within the ken of 
farmers, and, second, that features of the organizational 
structure can make it more likely that trust-evoking behav
ior by the irrigation staff will be forthcoming. I have ema
phasized the importance of separating the O&M organi
zation from the construction organization; providing the 
O&M organization with itrevenue base to ensure some link 
betweep what is collected in water rates and what the orga
nization can spend; and shaping the O&M organization into 
itgeographically circumscribed parastatal. 

What I have not talked about are management tech
niques-specific techniques for monitoring and controlling 
the performance of irrigation staff. Management tech
niques. I suggest, are an important but auxiliary issue that 
can too easily occlude the more basic issues addressed here. 
Or, in tile noted Indian irrigation specialist:words of it 

Management is based on the premise that things can be (lone 
better, which in turn means that one wants better performance. 
liitsocio-political situ ation where what is legitimate is what 
oine can get away with, can there be any concern about public 
system perfor|itance? And ifinhere is no desire to manage. wha[ 
c:art m|anagcnent techniques do? "In.he land of nudists, what 
can a washeran do'!'" ISlndar. 1984, 221 
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ABSTRACT 


Increasing food and fiber production has been a major objective 
of many nations since (he beginning of time, but the key Compo-
nents which contribute to reaching this objective have varied. 
Most often the solution consists of'employing appropriate teclol-
ogies. What is frequently overlooked is thc institutional frame-
work-the roVtof water policy, law, and organizat ions and the pro
cess of implementation. The lack or inadequacy of the elemetnts 
within this framework often constrains or prevents development, 
Three key legal qticstiotis emerge: Who owns the water? How is it 
allocated and distributed? aInd What neans are available to avoid 
or resolve conflicts'? Relevant policies., laws, and regulations 
address these central qunestions. Ill addition, tile process of iio-
plemcntation within ifthe ramework often lacks the capability of 
monitoring and evalnating the process and results and, through ap-
propriatc feedback, either continuing or adjusting the process ,ad 
its components to achieve the desired objectives. The value of thisrceied as.. misin lik"lobl reogntio intilelas deade"missintg Ilk'' has rceived global recogniiit ion ill the last dccadec 
but needs io be carcftu lly analyzed and properly employed. 

All lass i,,response to social needs, and because of the esseti-a' 
tial similarity of those needs in ht man sciety. tihe various legal 
systems; provide comparable solutions to similar problems. 

--Badr. 1985 

TIlE INSTITUTIO)NAl. IRAN'?FWORK 
Fifteen years ago, suggesting that Part of tie solution to 

managing water and increasing food prtoduction innian y 
countries lhy ill the institutional arena was like proposing a 
cure for all unknown disease. Few nations rea llv gave more 
than casual recognition to tilerole of' laws in tiledevelop-
mewlt and itilization of naturl resources. Policy and law 
were considered a political or legal dra fting exercise even 
though tile resuIts often constrained tie operation of imple-
llenting agelcies. This is not to say that significant changes 
inwater and other resource laws did not take place be fore or 
during that time . In fact. it appear, that historically, legal 
intlrvention: for water development and control have been 
cyclical. Many' water codes and speci:, I laws were adopted 
during the i86os, ill the tgoos, and from 195) thrtugh tile 
196os. Generally these changes were brought a ho itts a re-
suit of crises or when legal and organizational ilpedicments 
were obvious. 

In tie last tell years, however, we have rcalized that tile 
Old geotllry rtle -that the Still1is Ctlial tI (l Ittal tnf its 
parts--applies universally to water nmanagement and tile
achicvenltellts f national goals a1d objcctiVCs. he reat 

cLiCStion or issue is, When and how iowecexamine all of' 
tile "parts"'? This chapter addresses tile is.... of' devising 

legal approaches to facilitate achievement of tie national 
goal of increasing food production, irrigated agriculture, 
or, rhetorically, Is water law the missing link in the chain of 
food production? 

At the outset it is important to have a basic understanding 
of a fev key terms. Throughout this chapter tlh,t rm "in
stitutional framework" refers to policies, laws, rules and 

regulations, government and nongovernment organizations, 
and the interactive process of ilplementation that results ill 
the allocation, distribution, utilization, management, and 
control of'water resources. "Water rel'crs to tilelaw" poli
cies, rules, and regulations pertaining to tile development, 
use, conservation, and tlanagementl of water. 

The evolution 0f the itstitutional ill any counoaramework 

try is a product of. many factors o, cotlponents. The first
 
factor is tile general legal systent of the country. Fig. Iiden
ti
lilies tell legal systerns with distinct historical, national, or 

political roots. David and Brieley ( 1968, 14-20) have con
denscd tis classilication into fotr general families of law. 
They point out that each political society has its own law 
and that in fact several systeIs may coexist within the sael 
state. Because of this grotuping tiley prefer to use tile terl 
"legal Ifamilies" instead of' "legal systems.' The four fami
lies are ( i ) tile Ronlno-Ger- tanic falily, (2) tile comnllol
law family, (3) the family of socialist ls and (4) tle phil
osophical, religious, and traditional laws. 

()ie eICmenilt of' law unil e to other disciplines is that of' 
".jrisdiction," or venite, of the subject matter. A law is lil
ited to the territorial or administrative bouinditary and its en
acting body. Thus, water laws generally do iot foiltow hy
drologic tidaries. Primary jirisdictit n over water may 
he a national or sonl1ational (state or provincial) issue, 
creating problels of actiinistration betweei regions or po
litical subdivisiots where lack of uniformity ill tie law or 
rate of developneint exists. 

Focusing directly upon water laws, a factor that signii
cantly influences the type of' system of any particular cout
try or segmient thereof is the geoclitiatic conditions. Ilunid 
areas tend to produce laws that provide greater emphasis on 
control of' drainage, Iloods and water ciquality. Arid areas 
tend to cliiphasize allocation (list ribution anti lla nage [ielit 
of' water put to many and often conflicting uses. IEveii in 
areas of' what might be ctsidered excessive raiif'all, recent 
trends indicate that legal interventions are necessary when 
Overall denIiandi s Or ctnfliCts betweeI tises occiur, partiCLi
larly tirig iiy seasts 

ihe third component is tie state of national dcveipnient. 
The techni ial, StciOConlic. and instit)tiOna I statis f a 

,j
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Fig. I.nithe major legal systenms ot the world there has been considerable blending of legal tradition. This bl,iding is partly because
European powers eslablished overseas empires. (In part, after Johni I-. Wigmore, "A Map of the World's Law," Geographical Reviewl', 19 
(1929): 114-20). 

country. or region widl in a country, tends to regress, remain 
static, or progress depending on the level of national devel
opment. Influencing this state of development is the histori-
cal role of irrigated agriculture in the country, as well as the 
potential for reclamation of new lands and improvement of 
existing systems. 
The demand fOr water, even in humid environments vis

ai-vis the spatial and temporal availability of the source and 
supply, is another major component affecting the type and 
form of water law system. Conflicts and complementarity 
may exist or be created as a result of demands. Some de
mands are natural: maintenance of aquatic icstuarian and en
vironmental conditions and intrusion and coastal zone man
agement. Other demands are man-made: for domestic and 
municipal supply, irrigated agriculture, industry, power,
transportation, fisheries, and recreation. These too may ex-
acerbate problems in the natural environment by requiring 
steps to prevent saline intrusion and to establish progranms of 
coastal zone management. 

In 1975 the International Conference )nGlobal Water 
Law Systems was field in Valencia, Spain. I was; the prin-
cipal investigator and coorganizer of the confcrenc:f, which 
had as its major objective the identification of major water 
law systems, their atiibutes, and the role they play in devel-
oping a nation's vater resources. A number of maJor legal 
systems, as well as their paths of influence in various parts 
of the world, were identilied. These systems and their influ-

.0 .A o.
 

" a 

- . 

J 

Fig. .A descriptive n.p of ajor legal syscs and their paths of 
inluence intie maorld.(Ajer Radosevich, 1976).
 

cnce are illustrated in Fig. 2. The major systems include 
those of the Soviets, two Chinese, Romans, Islam, the Brit
ish, the Spanish, and the United States. A number of other 
unique systems were also identified, such as the system of 
water control in Israel and the IHindu-Bali sy,'%ms in Bali, 
Indonesia. These legal sytems can be classified as custom
ary, traditional, or modern (Radosevich, 1976). In any 
given country the water laws may consist of a general law or 
code and/or specific laws addressing a particular hydrologic 
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characteristic, such as groundwater or surface water or ~7
 
some aspect of naiiagement and regulation. l
 

All national water laws can be classificd into one of two L [,-'j
 

categories: national or federated. Under a national system
 
the central government exercises primary jurisdiction, gen
erally through a basic national water law such as exists in
 
Spain, Mexico, and Egypt. Under a federated system jur
isdiction over water is primarily a provincial or state nmat-
 ..... 
ter, the central government retaining authority over such
 
matters as interprovincial or interstate allocation, corn- ' I
 
merce or navigational uses of water, and water quality con- 1
 

trol, as found in the United States, Argentina, and India.
 
Under the water law system written laws or the customary .
 
bodies of law are often referred to as the "substantive provi
sions,'- and the water and related organizations of both gov
ernment and nongovernment types are referred to as tile Fig. 3. Water law as a constraint to or facilitator of development.

"'structural components." The structural components gener-
 (After Radosevich, 1983). 
ally consist of a lead government agency with responsibility 
over water, or particularly irrigation uses; examples are the 
Royal Irrigation Department of Thailand and the Irrigation tile Punjab Canal and l)rainage Act of 1863 prohibits the 
Department in the Punjab Province of Pakistan. A hierarchy transfer of water among farmers. Most of the canal officers 
of offices exists from the central or provincial level to the knew the rule but not its oriin and do not question its valid
local level. Quasi-government agencies such as river basin ity. In field interviews it was found that farmers also knew 
authorities, may also exist. the rule but quite frequently traded water turns to their ad-

Many countries also have various types of nongovern- vantage and hoped that their actions would not be detected. 
ment water-user associations (Radosevich, 1977). They Implementation constraints also often occur as a result of 
range from informal to formal entities with simple to con- the difference between "responsibility" and -authority." In 
plex organizational structures. Their primary purposes are some situations canal officers are authorized but not re
tile distribution of water within the command area beyond quired to perform certain tasks. In others they are respon
the government outlet and the operation and maintenance of sible for certain tasks but lack the authority to carry them 
this distribution network. They often serve as the communi- out fully. Such institutional inadequacy leads to mediocre 
cation link between government and water users and are conduct by government officers and personnel at all levels 
sometimes instrumental in resolving disputes and increasing and a disrespect or mistrust of the system by the water 
water use efficiency. users. 

Another organizational constraint that occurs over time isEVOLUTION OF A PROBIEM : INSTITUTIONAl, tile "functional" versus, "ob,'jective" focus and orientation of 
INADEQUACY the responsible agency. Im,most countries the agency mainly 

In theory, if not in fact, laws should not remain static, responsible for providing water to irrigated agriculture
Laws need to be dynamic and progressive and to strive to- exists to perform the functions of construction, operation,
ward flexibility in meeting societies' needs and desires. Un- and maintenance of the storage, delivery, and distribution 
fortunately, this is not always the case, particularly with system. Often greater emphasis is placed on constructing
water law. Technology, population increases and shifts, and projects than on operation and niintenance. Further, op
the range of demands are changing too rapidly to remain eration and maintenance is us ily a mech:iical process of 
constrained by concepts and interventions that were ade- tasks to be performed without a clear explanation or appli
quate when adopted but are limiting to the contemporary cation of the relationship .etween efficiency in carrying out 
scene. Whether tile lhv serves as a constraint or a facili- these tasks and increased crop production. Fxamination of 
tator, particularly in increasing food production fron irri- operation and maintenance activities in several countries 
gated agriculture, depends on whether the action resulting clearly indicates tiat field personnel do nt . consider their 
from implementing the codes and regulations is repressive role as significant in meetirg national or water user objec
or responsive to needs of the water users, as illustrated in tives. Consequently, it can be readily understood why farm-
Fig. 3. It has been observed in many situations that the law ers are recalcitrant in paying water charges in those irri
tends to overregulate or otherwise repress the creativity of gation systems that fail to function properly by delivering 
water users to improve their use of the resource and hence timely and adequate quantities of water. 
their production. This condition creates a serious problem, A related institutional inadequacy is the historical bias 
which unfortunately may not be immediately detected as an against water users found in many irrigation departments.
institutional constraint. And where the law is a recognized Farmers are often viewed as ignorant and dependent on the 
limitation, the agency charged with carrying it out may feel government to provide water and other solutions to their 
that it is easier to deal with che situation at the local level problems. One can observe in many countries, however,
than to try to get the law changed. Fer example, in Pakistan that farmers' problems may begin when the government in
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tervenes. Many examples exist in which farmers have dem-
onstrated their ingenuity znd independence in developing 
and operating fairly eflicient irrigation systems, such as 
those in Bali: northeast Thailand; and Valencia, Spain. In 
most instances the irrigators have organized into some form 
of water user association. Study of these systems clearly in-
dicates that farmers are in fact very competent and recep-
tive to introducing new technologies where their benefits are 
increased and risks minimized. Researrh also demonstrates 
that a successful form of water organization in one part of a 
country or in a Country cannot be directly transplanted else-
where with the same results. 

IMPROVING THE INSTITUTIONAL, 

FRAMEWORK: DESIGNING LEGAL SYSTEMS 


On several occasions I have been asked by a country or 
donor agency to send copies of water laws, policy state-
ments, organizational diagrams, or rules on some particular 
aspect to be used as a solution to some problem or goal. On 
each occasion it became apparent after a brief inquiry that 
the answer could not be found in the requested materials. 
Recently I was asked to send a set of water quality standards 
to I Latin-American country. In this instance the water 
quality concern was not what is typically found in the Clean 
Water Act or the stream and drainage standards set out in 
reguIations btLt was related to watershed management and 
erosion control. A legal solution in 1e C ount ry cai not be 
replicated as a solution in another. 

Nor is the formulation of policies., laws, ad implleiienta-
tion of rules the exclusi ve jurisdiction of lawyers, anly more 
than is the designing of irrigation svstems the jurisdiction of 
the engineer to the exclusion of local landowners and water 
users. III every situation sioe basic laws aind procedures 
must be taken into accoutl. even if they are customary and 
of only local signilicancc. Forintlating policies, laws, 
rules, and organlizational structures is an interdiscipliiary 
activity requiring a Ihigh degree of' cooperation atld coordi-
nation aiong officials in various departmellts and special-
ists in various fields. It is important to have i1l Understand-
ing of the hydrologic situation ill the country, that is, the 
water supply and its sources, aniid Icr01 al alid s ltptia Ivail-
ability; the current use and systems of allocatioln and listri-
butions; organizations and their areas of responsihili y: aiid 
nationaI and subationl goals and ob.jcctives. In tile pro-
cess of evaluating the institutional setting, the viewpoints of 
both water administ i,tors and water users should be exalii-
ined and taken into account. It is important to assess tie di-
rection, the objectives of the govcrinient, and the motives 
aind capabilities of the i iaj or water agencies, particularly 
the agency responsible for irrigation devlopment. Car-
ruthers aind Stoncr (I 982) 0notc Iiat when a legal framework 
for water iallnageniwt i, being dcv, !opcd, nIo matter how 
well intentioned the legal hitcrvention for public collol 
may be, the framiie rs shOtild not overlook the inceflicicicy 
and cost of imposing morre cs )ollsibiili y oil aniircady 
overburdened hureacratic adlminsltraltivc process. Too orloft 
the panacea is thought to be simply delegating the re.,ponisi-
bility to the irrigation departmnt without considering its 
capacity for carrying out the additional assignment. Very 

often the organization's constraint comes not from within 
but from the budget and personnel department's approval of 
needed resources. 

For a water law specialist three basic and initial questions 
m~ist be answered: (1) Who owns the water'? (2) How is it to 
be allocated, distributed, and managed? (3) Ilow does the 
law avoid or resolve disputes'? To answer these questions, a 
thorough analysis must be made of existing water laws; re
lated legislation, decrees, ind orders; development plans 
and policy statements adopted by the government; and poli
cies, rules, and regulations adopted by the water, agricul
tural, and other relevant agencies. Recommendations may 

include new or anended policies, laws, or codes and/or or
iizational additions or changes, as well as a blueprint for 

implementation outlining alternate courses of accion, strat-. 
egy, and schedule. 

As a general rule, proposals for legal and organizational 
changes must take cognizance of the natural system. In its 
study on institutional constraints on alternative water for 
energy, the John Muir Institute (198o) described the inter
face between the natural and legal systems. Fig. 4 Illustrates 
this relationship and notes that the legal system ranges from 
a segmented to an integrated treatment. The integrated 
treat incit should also include an umbrella act, which may 
be described as a general water resources policy and man
agement act, that sets out guidelines for communication, 
cooperation , and coordination by all government agencies 
charged with administrative aspects-responsibility for or 
authority over water resources. This act usually serves as 
the organic act for a national water resources council and 
provides the purposes, functions, aiid structural base for its 
implementation. 

All analytical approach to formulating water laws is sug
gested. one that allows the draftsman to identify what exists 
compared with what may be necessary or desirable in the 
areas of ( I ) basic policy, (2) substantive provision, and 
(3) orgaiizatiioaIl structures. Fig. 5 illistrates this ap
proach.In the figure tlie boldface inner squares represent tile 
nonistrcttLiUral conponents, and the outer Squi ares represent 
the structural coiipoinents. A missing link or potential prob
lem area can be identilied in a comparison of what exists 
with the rcsulls that are expected, needed, or desired. For 
example, one iiight find a lack of well-delined goals and 
olbJecti es to which established policies might relate. or the 
failure to relate the policies, laws, anti rules to the objec
lives. To assist those working in this area, I have prepared ain 
extensive hibliography of legal material oii drafting water 
laws, water law in general, and laws in select countries 
tRadosevich, 1985). It includes references to laws for stir
face water ind groundwater allocation, distribution, ad
ministration, aiidl enforceieit, as well as provisions for 
conjunctivetLse of" surface and gioundwater, waler quality 
legislation; integration of water quantity ind quality coll
trol; special water control problems; river basin mahge
micnit: alld ilterstate and incrnat inial allocations. traisfers, 
and sharing agreeinctils. 

The real focus of this chapter, however, is the key ingre
dint to a successful national program of developing and 
managing water resources for increascd food production 

http:proach.In
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Fig. 4. An illustration of possible interfaceL between natural 'rod legal systems related to watcr. 

.......... peatdly in postproject reviws (sometis cynically r

.... I f'erred to as "postmortem evalua'tions"), the basic questionis, Why did the project or program fail to reach its objec
...... .. A host of excuses can be identiied, but in the "casw;,tcr~~ d..vi...1 8 ~~.Ah.w ......
 ...
 ke case' these reasons are not particularly satisfying. A 

° ' ° " ,'o which Ito measure progress, guidelines which should have ... ben established, at last in skeletal form, as policies.
.Three common problems related to water policies have .......
 

. .. .. . . . . . . . . . . . . . . . . . . been identiid. Te irst is whn there arc o policies at all. 
, , .. / - . ... .'.....he .ner.l s is when .. . . . .. . . . . . . devlofment and

S ................................ s d exist they are not transmitted down the hi

erarchy to the loc,,l level. The third is that existing water 
policies are not implenientable because they are vague or 

Hu. 5 '[maeionlo w act on laced with in terage ncy co nstrain ts. For an unde rstan dingof nfo and ill the for 1) h~t(~ 1 01arelaw.. ATer dovihraio 8n cini heIruaim of the role of policy and its implementation a number of' key
waterluestions must be asked: What is a water policy? Who 

makes water policy? Where is water policy located? What
f'rom irrigated agriculture. That ingredient is the body of' is the purpose of this policy? 
water resources policy at the national arid/or provincial Simply stated, water policy sets the framework f'or ad
state and basin levels. Tlhis is considered thle key ingredient ministration of the resource. Itn most countries if is readily
because what flows to anod from policy is what should be understood that policies serve as guidelines for the nation 
accomplished in the process of managing the resource. Re- (people), and particularly are the implementing agencies. 
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SOCIAL VALUES/GOALS agriculture, improving inland waterways to provide a trans
portation network for produce from rural to urban areas, orOBJECTIVES conjunctively developing and utilizing surface and ground

'I A i H;.11 water. These policies serve as guidelines not only for tile 
l ', I,., ... ,o,,E co,,icI implclenting agencies but also for those affected by the 

programs and processes of government, such as tie water 
POLICIES user associations and( cooperatives, and( other elements of' 

the private sector, such as local nantlIactring enterprises.
L______________ 51,.I,i<It 
 is important that this coniponent be written with clar- . .ity and conmitment by the government. Implementation 

- -ST-ATEGIES/TACTICS strategies and tactics based on these policies and the ap
"_ .. ,,..... 
 proaches and priorities to be employed need to be developed

at the highest administrative level. Very often the aforemen
PRO~RAMStionedI 
 elelCntm are diflicult to identify. Morst countries be-W PROGRAMS
 

,,- gin tileprocess of water management with laws, regula
-; 1 tions, and organizations. It may simplify the process, but it
 

H ' 7 ""is not particularly advantageous to the nations, government"I T agencies, or water users. In the United States, for example,
-J

iquestions have recently been raised about tile
ACTION ------ adequacy ofor need for a national w:rter policy. Cordova (1982) wrote a 
series of articles on analyzing state water policy as it may 

A.... .  affect the use and ftittire deveIlopment of water intlie west-S 'ern 
 United States. 
RESULT .s.. Inplementation through the operatitm of tile law and tile 

activities of tlie governnelt causesFig. 6. Nalional water r sourccs potlicy form uation: a dylnamlnic users a nidorganiztins 
aniaction on tie water

podu ing res ts that ho ld relate
i]ipte1mentalion process based on nlanaeRadtosevich 1nd Vl+,¢h0S, 198,5). ICiil hy results. (After back to the objectives and policies. Oi occasion the actionaind/or the results illay bellieStioned thlouLgh judicial or ad

ininiistrative interpretation .One njor distinction exists betweeni policies and laws. The It was previously stated that the institutional franieworkfornier are elteni made by the political process and found ill Should be a dynamic process. TO ensure that the process issuch documents as five-year plans and as preaibles to leg- dynamic and responsive to chaginig conditions, the action
isiat ion or coIes. Policies may change periodically vitli 
 anud results should be iionitored and evaluated, and, deadnliistrations, or ie%\w(Iirections may be adopted by the pending on the results, a deterniniiat ii should be imiadegovernient, whereas laws often reiaini the written and ref- whether the various components of the iinpleniiltation proerenced authority for actions, interveltions, or sanclions. css should be continued or riodified. This is the dynaiicThe "emphasis of iiplenentation of the laws shif with process of IIBR described by Seckler and Nobe (1983) as itthe adoption of new guidelines. applies generally to developing econoiiics aind by FairchildThe thrust of tie argtilment for tlie role ofIpolicies intin- ia specific Wtter 

pIlnlenlin aI .ti1 


and Nobe ( I985) ill naiiigelenit project iii 
rid aid successful \water devch plnelt and Pakistan. Fig. 6 is (li iei acroappliication of' both le role ofnianagelent prog ramn is best the process of mlilage eielt by policy and MBIR ilnat ionlal vater manaeniel.results (N/131Z), not nianagenie ri t by ohjectives. This places A final eICleeit that is needed to achieve tle desiredthe tracking syst 'i on what is done, liot what is planied. results is acctirate data upon which to base decisions. AFig. 6 identities the key instituLion alelenments and processes dat a-bank ard in formation-Iiandiing systenm is critical to. reand serves as ibenchlark for evaltiting operational sys- sponsible agenlciy actions. Iri addition to conventinal datateiis to identify problemn areas and viable alternatives in he gatlherinig tecliiiqutCs, tilelse of'"re iiote sensinlig anrid satellitecontext of a particular nat ion. These elemients consist ot de- iiagery bothI for transmiiiitting data through data-collectionscribing nat iorial arid regional iobjectives inboth general platforns (I)CP), su cl as lie yslein used by the U.S. Geoand specific categories based on social vaties and goals. logical S trvey aind tle Stale of Colorado, and for verifyinglhe general ob jectives reflect societal goals in iconipre- arid validating data enhances the decision-nilking capabilitylienisive ftishion, usually flllowed by specific objectives in of governnient oflicials. Satellite infoiniation has beenvital areas of concern, such as agriculltural piroducttioi, instruienlrural 
 in cop iilgWith droughlt probleiis in A frica power, lavigatiion, indui.trial developient, and environ- (hIdlin, 1985). 

mental c(iicern.
Policies aire writiien declarations of inltentto carry otit the (N(IUSI(NSgoals and objectives and inosl oflt'n move frori the general Expeiince gai ned in iany coLunlries and over manyto the specific. For example, igeneral policy miig lt be to yars of water resotirces research has shown that a good inincrease national food prOtlictiori. A specific water policy stittional arrangeiileit for water resources policy and thewould be directed toward increas ingig or irior(ving irrigaled basis for impleien tation is one tiat (I ) Liltilately facili
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ABSTRAC f 

There are no substitutes for waler for human and animal Con-
sumption and for plant life. Water must be more effectively man-
aged to meet health and food requirements. V ttcr-management 
requirements differ from place It)place. making necessary a vari-
tv of skills and capabilities. Some water-development and man-

agement requirements can be met most elfectively by the pttblIt 
sector. Other needs are best hartidled by private entits. 

In most developing countries both the prisate and the Ipublic 
sectors' practices in water dCvChlpnrreCn need strcIgIhCniog. lxpe-
rience indicates tiat water developmnt is most effective when the 
puiblic sector perfornrs only essential activities that the private sc 
tor cannot or swill not pertorr. 

NIost successful valCr-dCVeehC nir t prn cct s r:i\ e si!,rous and 
contiruinin ivolvcmnt of the private sector, lach sctdor usually 
has some strorg capabilities to contribuite t water developreirt
arid iMianagcrimcnt endeavor". 

h'e public sectorr iu ally Iust carry otl certain participant ac
tivitics that are inmlrl related to linancile and rcvulatirre. The 
public sectrir also hras tire2resprrsibil its' of hlrpirrg expedite edtca-
tional ani other activitics. Ihie priv'ate sector is retist eflctivse :as : 

participa nt and is a local regulator. 
In effect ive ,wvater projects broth sectorrs work in harinor with at 

miiinimuin of conflicts. 

THE IMPORTANCE OF W 

Watter, a linlited and idispensable resouce in all aspects 
of liiimaiiI life and eideavor, is bothi a lliiC ;aidt prisate 
concern. Oti this pMiCit wC Irc sutrrountded by 326 million 
cubic miles (113.6 billion kil if s'irter. I loweer. 97.2 per-
cent is saltwater of the oceains rid scls. arid 2.15 percent is 
frozen in the prilar caps ;lld glaciers. Almost all (96.41 per-
cent) of the remainin o.65 percent is groniird watCr. lIeaving 
only 49,4ou cubic tiles (2o,o0.00 kil ) of' \\.tcr for all 
lakes, rivers, soil. anid atmosphere and the Iroistnrc c01n-
tained ill ltit and ariiial tissuesI (Millbrook, t98i : Nance. 
1182). Frequently the water is where people are not, and tile 
water quality is not good even when it is available ill ade-
lUate amounts. The United Nations ()rgariization (UJN) has 

dh'clared the i98oos to be the International l)rinking Water 
Sapply and Sanitation Decade. Ob()iouisly w"tcr"s iilpor'-
taiCC to our future on earth is recognized, but wse must do 
more than realize tie worth f' water: we must take mi ljir 
steps to make sure that there is vaelr to iCet ill tliuirlln 
needs (IIhliiltri, r984). 

"'Weare headed for a disaster iutich like the oil cri.,sis of a 

threatening one," said Dr. Peter G. Bourne (i 981), presi
dent of Global Water, Washington, D.C., an organization 
striving to educate people on water issues. Bourne also said 
he believes that "if people become aware of the problems 
they will begin working on them, aid there are solutions, 
but we haven't got luch longer to find thel." Once found, 
the solutions must be implemented. 

water is 
lion. During the past two decades increases ill food pro
duction in the Third World have slightly surpassed the popu
iation grow'tIi. ets'een 197 and1 982 tile growth of ma1,jor 
food crops in developing conrtries ave raged 2.5 percent 
(FA), 19821. This was just a little higher than the average 
population growthI rate of abtlt 2 perce nt for all developing
cotries. In the iird World tlile iost rapid increase in 

f', id ilrodlctioi illlOne tsenty-five developing countries was in L.atin Atiicrica. wherc food production oItpaced 

popiltioti gtrows'tli by 0. 5 to i percent (USI)A, 1982). The 
region with the slowest growth rate iii food production was 
Suib-Sahara n Africa, wliere production of' Inajor food crops 
lagged behind popultion increase b\ about 1.4 perenit dtir
ing tile satle year'sI (I lo. 1984). 

On atglobal basis food production is not critically short. 

Iloweser, tile U'N estirtiates that as ii'y as 40 ruillion 
pCole in twenty-eight nati',ns ill Africa are in dan..:cr 'f 
starvation, and massive food aid to avert starvation ss'ill be 
needed in nine African nations. This grimt assessment Iirli t 
be considered an aberration: unfortunately, it is not. Al
tlrIugh there is somle evidence that frequcLIcy and dutation 
lay be increasing. drought is a natural plieniolieion ini 

Africa. The rapid growtl ill pOilahtioti is forcing large 
ri inbers of pele.tIc to try to liVC ill drolight-prone areas 
historically .hInilCd by i'armers. Generally speaking, 
"'hedrouIght has not ioved: (lie people have moved to tie 
drought" (Stessart. 1984). The water problemi has two basic 
aspects: quantity and quality. When either aspect becoties 
severely negative. the effects are deadly. In terins of(luality, 
potable water is essential for life. and water that is :,ssen
tially free of contailiniants is CtltuLlly essential for i'ood 
production. 

IrtadCUatC water flacilitics can leave Millions witlout 
meadily accessilIc \\'Zle'. eve i in areas With enoIlgh water. 
Despite tile hardship this can create. developnrt of water
delivery fIacilities has lagged throughout tile developing 
world. The UN estiriiates that only 2 percent of Africa s 

decade ago. The main diIf'ecrice is that this crisis is a li fe water resources base been developed, anti Lratin America 
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fully utilizes only about 3 percent of its water resources, 
Even in many develped countries water use must be lima-
ited in specific locations from time to time. 

Installing water-delivery systems is not all that is re-
quired. Operation and maintenance require natural and hu-
man resources. In the late 197os the World Health Orga-
nization found that 8o percent of the village pumps were 
inoperative in three Asian countries, yet we are still not 
training nearly enough people in water management (Mc-
Junkin, 1982). UNICEF estimates that ioo,ooo people 
must be trained every year to meet the demand for potable-
water delivery systems; to meet irrigation needs will require 
many more. 

Having enough water and a reliable delivery system is not 
enough; the quality of the water supply must also be as-
sured. In many countries water supplies may require re-
moval of unwanted or harmful chemicals. For example. the 
government of India has identified 57,000 problem vill,ges 
in which water from wells contains excess salt, iron, fluo-
ride, and other chemicals. Unticated wtcr often contains 
disease-bearing organisms and parasites. Unclean water 
often causes diarrhea, which may claim as many as 6 iril-
lion lives a year. Other waterborne diseases .re schistoso-
miasis, cholera, typhoid, onchocerciasis, guinea worm, and 
hepatitis. All these and other diseases are common in many 
developing countries in which water resource development 
is lagging. It is possible to cite example after example 
where progress is being mde in providing safe and ade-
quate water supplies for people in developing countries, but 
the pace is slow, and much renmins to be done. 

Every year throughout the world floods cause extensive 
human suffering and property lo..s. Sediment deposited by 
these floods can be either a blessing or a detriment. It'high-
quality sediment is deposited on fields where there are no 
standing crops, it can enhance potential agricultural produc-
tivity. But low-quality seliment deposited in homes, on city 
streets, or over a standing crop is a istinct detriment, 

Structures such as dams are frequently constructed to re-
duce the chance of flooding. According to the International 
Commission of Large )ams, each year more than 350 dams 
higher than 15.25 in are built, joining a current inventory of 
more than 12.000 such di1ams. These lrge dams and thou-
sands of smaller ones list) provide essential energy as well 
as regulating flows to reduce the incidence of flooding. The 
continuing controversies over the relative merits of dams 
and drainageways produce no absolute conclusions. It is 
likely that water resource development will continue to in-
elude dams and drainageways for production of energy, 
flood control, and sedimentation reduction, 

Because people now more than ever must live in drought-
prone areas and because most food consunied must le pro-
duced where the people reside, development of indigenous 
water resources of Third World countries is essential. This 
development inclu ":s irrigation, which Must expand and 
become more efficient. Irrigation not only is vital to the 
physical and financial sur.'i'"al of millions of subsistence 
farmers around the worl bilt also is essential to meeting 
broader food requirements throughout the Third World. Irri-
gation is a technology available to the small farmer that can 

substantially increase the per-hectare output of a fixed 
quantity of land. Also it increases rather than decreases the 
demand for farm labor. Worldwide, irrigation is practiced 
on more than 200 million ha and accounts for more than 67 
percent of all food production. This percentage must grow 
if food ne'ds are to be met. Opportunities for irrigation 
abound throughout much of the Third World, where the 
bulk of the world's existing irrigated hectarage is situated 
and where most of the estimated 250 million to 300 million 
ha of potentially irrigable land can also be found. 

Third World leaders often depend on their agricultural 
sectors to produce unique exportable products that can earn 
the needed foreign exchange. Irrigation is necessary to 
produce the needed quantity and quality of such potential 
exports. 

Irrigation development is therefore important in most 
Third World countries for production of locally consumed 
food supplies and as a generator of foreign exchange. A for
midable challenge faces efforts to meet these needs. Simply 
ptit, irrigation facilities must be expanded; existing and new 
facilities must he managed more effectively. Irrigation see
tors in most (eveloping countries perform at levels well be
low their potential. Their performance is also considerably 
lowei than that needed to meet growing requirements and 
to justify additional investments. The causes of these sub
standard levels of productivity are varied, but, in general, 
they can be traced to poor system performance and poor 
management. 

DEFINITION OF SECTORS 
Experience has shown that water resource development is 

most effective where both the public and the private sectors 
participate in planning and execution. The public sector, 
consisting of government agencies with responsibility for 
resource development, must be involved in overall planning 
and financing. Private interests, consisting of water users' 
groups, individual water users, equipment supplies, techni
cians, and others who serve the water enterprise for profit, 
are essential and bring to tie enterprise eliciency and sta
bility that cannot be provided by the public sector alone. 
Not surprisingly, societies around the world in developed 
and dcveloping countries alike have responded to the need 
for water development with a spectrum of public measures 
for conserving, developing, and managing water. 

Given tie range of mankind's needs for water and the 
range of conditions Under which this valuable resource is 
found throughout tile world, one might conclude that there 
is almost no role that the public sector could not have or has 
not had in water development. 13ut because the public sector 
has been the predominant factor in water development, we 
should not assume that the private sector has no significant 
role to play in water concerns. On the contrary, some of the 
traditional public-sector roles might lie more effectively and 
efliciently carried Out by the private sector. 

It is not an easy task to establish a set of criteria that ap
plies to the respective roles of the public and private sec
tors. Observations have shown that public-sector involve
nlent, particula:rly in the management of water projects. 
usually results in very high costs. This may be because the 



public sector usually lacks administrative ability and other 
more specific skills required for successful development and 
operation of water projects. On the other hand, the private 
sector frequently brings skilled management and efficient 
operating procedures to such endeavors. Private-sector en-
tities involved in water projects are almost always closer to 
the users and, therefore, are more responsive to the needs 
and desires of water users. 

It bears repeating: Successful planning and implementa-
tion of water development projects in Third World countries 
require the involvement of both the public arid the private 
sectors. 

APPROPRIATE ROLES 
Thle U.S. Agency for International Development's (,AiD) 

years of experievr:-e in econonmic development have en-ybea ofe eer rinciplesor ent e e-e develop 
idcntinied: 

i. The public sector should per'Orm only, esseti'!l ,ctiv-
ities thai the 1)rivate sector canntot or will not handle. thosethings in which the publi- sector must become involved usu-
thinclude large water (levelopmentprojects having major
ally i l a d velo p . " 

social as well as individual impacts, 


2. Public and piivate sector acions should be conple-
enta. devlong 'ountii' hoth sectors nel to I 
3. I most /l i .. 

Ientifyng anprlocalId entify in g and ass ignin g sp )Ci -liePub lic  and private-adsector roles in the dlevelopuient ar.,e i'plementation of ir-
sectr rlesin hocvelpmet aL!1nplenenttio ofir-

rigation systems require early critical decisions. l)ecisions 
must be made about who will be responsible for the invest-
men; and the dlesign. Coward ( 984) Points out that the 
single miost critical and ambiguous issC is theCOptimum 
mix of state and locAl responsibilities in creating and sus
taining small-scale irriation facilities. Other critical dcci-

sions include identiication of' governmn t agencies 
 and 
local entities that will participa!c nd the nature of their in-volvement, especiailly in such aictivities as programl plan-

ning, monitoring, 
 evalu ation, a llocation of local re-

sources. The most effective water projects result when the 

respective sector roles are clearly defined and carried out in 


an atmosphere of mutual respect and with adherence to ter-

ritorial prerogatives. 


THiE PUBLIC SECTOR 
As a Participant 

Although there are essential participant-type activities that 
tile public sector must fulfill (mostly related to financing and 
regulating), it usually functions least well as a direct partici-
pant. The roles of central and local government agencies 
and private organizations vary somewhat depending on the 
kinds of irrigation system:; involved. Peterson (1984) de-
scribes irrigation systems iii these dimensions: organiza-
tional structure, hydrologic, and technical. Ilie identifies 
five possible organizational structures that are related to tile 
size of tile system: individual farmers. small partnerships or 
cooperative systems, village-owned and operated systems, 
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small-scale publicly operated systems, and medium- and 
large-scale publicly operated system s. 

For large-s.-ale national or regional systems requiring ex
ter sive capital investments and major cnglneering works, fi
nancing, planning, and maintenance are almost always in 
the hands of a government agency authorized to make and 
carry out major decisions. Economic considerationr, s ch 
as the high cost of construction, maintenance, and opera
tion and the slow rate of return from most major water 
projects, usually make government underwriting manda
tory. For example, a $ioo million irrigation project fi
nanced over forty years would require paying of interest and 
principal payment of about $8 million annually, assuming 
an annual interest rate of only 7.5 percent. It is no easy task 
for water projects to generate such revenues, especially inteeryyas 
teeryyas

The public-sector organizations have the responsibility of 
protecting society's interest relative to externalities. For ex

ample, only a government is in a position to ensure that the 
costs of capital and equipment are fair and that a water sup
ply of high quality will remain available to the project area.

A basic choice to be made early in the planning process isbetween a direct and an indirect investment strategy. Direct 
investment is the dominant mode today. Government agen
cies use their own financial resources and staffs to design, 
construct, and operate irrigation systems. Through indirect 
investment the government makes resources available to the 

sector for its use. Each of these strategies has potentialnt g s nd i a v n a e .advantages and disadvantages.
Inl a major study entitled "Improving Policies and Pro-
In aor tudy ent o v olii n Pro

grams for the Development of Small Local Irrigation Sys
tens," Coward (1984) concluded that indirect investmentusually results in stronger local control and better manage
ment of resources. In addition, indirect investment usually 

produces systems that more closely fit local needs and con
nditions and precludes government assumption of a recurrentc s ud n 
cost burden.However, the public sector is of necessity responsible for 
participating in decisions that result in water allocation to 
public, private, and industrial users. Without public partici
pation inequities can easily be built into a water project andcan cause the system to fail when those who have beensigted take steps to gain their fair share. 

Large-scale irrigation systems with their enormous bud

gets, complex engineering works, and visible bureaucracies 
tend to dominate water-management concerns. However, in 
many countries small-scale irrigation systems are signifi
cant in terms of total area served and persistence. The need 
For a government agency in direct involvement in small
scale projects is Much less. 

Small-scale systems can be defined in a number of ways 
(Coward, 1984; Wade. 1982: Underhill, 1983). However, 
"small-scale" usually identifies smaller systems in which a 
government agency has some responsibility contrast to tra
ditional or indigenous systems, which are quite small and 
are independent of tie state. Most often both types of sys
teins are managed by a local entity that may take any of sev
eral forms. Government agencies will usually provide assis
lance to both small-scale and local systems. I-however, the 

V
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local systems frequently must request help, while it may be 
automatically provided for small-scale systems. 

As a Regulator 
The public sector functions better as a regulator. Mulliple 
private demands on water resources make necessary some 
type of neutral public arbitrator to protect public interests 
and ensure that the natural resource is not abused. There are 
many examples throughout the world in which failure to 
recognize potential problems and lack of regulation to pro-
tect long-term public interests have permitted individual 
and sometimes small groups to sellishly abuse and some-
times destroy a valuable resource. Public intervention is 
also essential to protect weak private-interest groups from 
more powerful ones to ensure equity of access to water 
resources, 
As a Facilitator or Promoter 

The public sector functions well as a facilitator or promoter. 
By adopting sound policies so that constructive economic 
signals and incentives are transmitted to private partici-
pants, the public sector can orchestrate private-sector water 
development and good management with minimal public in-
vestment and regulation. 

Agenda f'or Public Programs in Water I)cvelopment 
Several measures that make up a constructive agenda for 
public programs are discussed in the following paragraphs. 

Policies. Government policies that guide water develop-
ment must be rooted in sound development principles that 
facilitate rather than hinder water development involving 
both public and private entities. This can usually be accon
plished best by incorporation of incentives for effective ind 
efficient use of water. Public organizations also have the re-
sponsibility of interpreting or establishing water codes and 
for designing and strengthening machinery for enforcement. 

Water-resource inventorying. Water resources must be 
identified and inventoried, and technical features must be 
specified so that potential investors can accura.ely estimate 
development costs. Such accurate information is frequently 
unavailable in developing countries, and this deficiency has 
led to some serious failures stemming from such causes as 
improper dan construction, insufficient water, and exces-
sive sediment. Shortcuts should not be taken in the inven-
tory and planning phase. 

Water-resource pricing. The public sector can also as-
sist the marketplace by helping establi,h (but not indepen-
dently fix) the price at which water will be supplied to 
users. Such assistance will increase investors' confidence 
that they will obtain adequate compensation for the finan-
cial and management investment and for the risks they are 
willing to take. 

Water-development finance. Where major investments 
are required for economic exploitation of' water resources, 
public sources of credit a1nd investment guarantees can en-
able private investors-often grouped together as coopcra-
tives of suppliers or u.,ers-to undertake water development 
schemes. Indirect firancing such as subsidies, low-interest 
loans, grants, and tax abatement may be used effectively to 

accomplish overall economic or social policy objectives. 
For example, subsidies to selected users for the construction 
and maintenance of drainage works may give an entire 
water development project , longer and more viable life. 

Private-sector procurement. Where the economically 
efficient scale of operation exceeds the existing private
sector capacity to undertake a water project, public-sector 
efforts can still tap private-sector talent and skills by sub
contracting construction and jointly managing operations. 
Overseas I common pattern followed by AID-supported 
water pro jel , is to team together officials and farmer-users 
to develop and distribute irrigation water. 

Project design. Government agencies usually take the 
lead in designing projects. Most donors, including AID, in
sist that a responsible agency be accountable for the design 
work. However. tle most successful projects are planned 
,Ind designed with heavy local input. Local information is
Assential to ensure that the system meets the users' needs. 
Securing the right mix of agency and local input is usually 
difficult, but it is extremely important to strive for it. 

Complementary services. The public sector should 
make sure that the required complementary services are 
provided. Without support in such areas as education, 
credit, extension, research, and marketing, irrigation proj
ects are usually doomed to failure. Extension may be criti
cal to introducing new soil-water relationships to farmers. It 
may also be critical in teachingfarmers about long-term 
maintenance of the overall system and their individual farm
unit systeni. 

THE PRIVATE SECTOR 

As a Participant 
According to Peterson (1984), "Irrigation system devel
opment is dynamic, passing through several phases: plan
ning and design, construction, development, operation and 
maintenance, repair, and rehabilitation." Virtually without 
exception, planning for irrigation-system developmint as
sLoCs ultimate operation by the private sector. 

Morris and Norman (1983) concluded that there are at 
least twenty-five essential functions that farmers in conmmu
nity organizations can effectively carry out in irrigation 
systems. These essential functions include decision making, 
implementation, benefits, and evaluation. 

Plans are often quite specific about the type of participa
tion expected. Frequently local interests are not consulted 
until after the plans are completed, although local interests 
will have the major responsibility for construction and 
maintenan:.c, including clearing canals, making small re
pairs, and developing and maintaining facilities for convey
ing water from main-system canals to farmers' fields. This 
planning approach is usually a mistake because when ulti
mate water users are not involved in preconstruction deci
sions about investments, design, physical layout, and man
agement plans. constructed facilities will frequently be 
wrong. Turnouts may be incorrectly situated, volumes of 
water may be insufficient, and management procedures that 
do not fit local capabilities may be required. Early participa
tion of local interests will minimize postconstruction con

/ 



flicts and result in irr;gation systems that have a much better 
chance of success, 

It is generally accepted that private-interest groups should 
be formed and strengthened to facilitate good irrigation 
management. Since such organizations do not normally
exist before initial planning, the planning activity itself can 
be used as a vehicle for organizing farmers (Coward, 1984). 
Private voluntary organizations (PVOs) have been instru-
mental in helping organize irrigation user groups. Once or-
ganilzed, these local water-user organizations should partic-
ipate inevery phase of planning. 

Often overlooked in planning water-management schemes 
is the willingness of potential water users to change their 
farming practices. Irrigated agriculture and rain-fed agri-
culture place entirely different demands on the farms aid 
farmers. Many well-designed irrigation systems have failed 
because important sociological and cultural factors were 
overlooked. Well-founded judglnents must be made about 
ihe genuine willingness and ability of farmers to work lo-
gether and to make the collective and individual changes re-
quired for a successful irrigation project.

The desired relationship between the irrigation agency
and local groups differs from situation to situation. One 
principle is clear, however: local groups should not be re-
garded as mere appndagcs of the agency. They function 
best when they nave a high degree of' autonomy and voluni-
tarily cooperate with the agency. According to Coward
(1984). most successful local groups have two important
features: ( i ) they are accountab)e to the local people, are 
flexible, and can mobilize resources; and (2) they tinder-
stand and carl handle the distribution of rights in the locali-
ties of the project. 

Involveincmt of the private sector as contractors or as 
managers usually results in more efficient operation than is 
possible when the agency operates directly. The private see-
tor can usually secure more highly skilled technicians, 
Agency personnel, although most often sincere aind dedi-

cated, are usually generalists. 


Another advantage of local groups' participatiOil ill water 

projects is that successful involvement viii btu ild conli-
dence. Such groups are accotintabk to their neighbors 
rather than to an external qugency. Tiis local accountability
increases the likelihood that performance will be acceptable
loutally. Too. such gr'otips are usually more flexible than a 
large agency. They are able to act more qiickly in allocating 
resources and impleniiting management decisions. The 
flexibility and accountability of local organization en-
hances the odds for success. 
As a Regulator 

Four of the activities identified by Morris and Norman 
(1983) are regulatOry in nature. Local organizations usually 
function more quickly and efficiently in resolving disputes 
aniong water users. 'hiey also effectively police membcrs'
obl~gations. Through peer pressure and penalties, whei 
necessary, they cal secure perforniance froiii users that 
meet the agreed-to guidelines, not tie least of which are 
those related to conservation and protection of the natural 
resources. Local groups are also most likely to decide on 
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effective and enforceable rules-rules that dictate access to 
water, amount and time of'water use, and circumstances 
under which water rights are transferred from one farmer to 
another. 

As a Promoter and Facilitator 
No irrigation system is likely to be too percent responsive 
to demand, but managers should strive for maximum sys
tern responsiveness at all times. Efficiency will depend 
on many factors, such as water supply, water qtuality, sy
stem design, system maintenance, and cooperation of all 
participants. 

Local people and organizations can and should perform
vital functions as promoters and facilitators. Local organi
zations can communicate with users more efficiently than 
can a remote government agency. Chambers ( 1984) makes 
the case that there are great opportunities fbr improving
performance of irrigation systems and that most of these 
opportunities require communications that can best be car
ned out by the private sector. Opportunities identified by 
Chambers include scheduling and distribution of Water;
monitoring of information and actions; allocation of water 
within the system: water-saving measures: responses to 
rainfall. including rainfall proba bility; bettcr information to 
users about water supplies; and better information and con
munications for managers about ;Vsten operamors anLd 
performance. 

Peterson (1984) points out that local organizations can 
best promote understandiji- of the system 'Fcapabilities. Ile 
further states that they are ahI:o effective in "searching for 
cropping patterns and production sequences that more op
timally match the real water delivery systei." 

Sometimes minor infrastructure improvements can pro
duce inaor itnf weme in water systeis. If farmers eai 
be persuaded to ccntribtitc labor and ,'quipment, ftinancial 
resources cali be saved and system performance improved.
Only local organizations call effectively orchestrate such
 
Cooperation.
 
Inmany p1acL s PVOs are active participants inirrigation
 

programs, especially in the local sector (Coward 1984).

While PVOs are often viewed as technically weak, they are
 
strong in stimulating local group involvemen t and participa
tion. PVOs. indeed, have signiticant advantages. They cal 
tailor their activities to local conditions, ind they can afford 
to be flexible. 

Where local private organizations dio not exist. PVOs can 
be effective in catalyzing local interest and orgalizing rep
resentative bodies to participate inplanning, design, and 
eventual operation of' a ,'wtcr-developmenit project. Na
tional water agencies and donor organizations Would be
vell advised to consider involvement of' PVOs in water

development projects where local participation is reqlired 
for effective itrplenentation. 

COMPLEMENTARrlY 0F PUBLIC AND PRIVATE
 
ROIES
 

Early planning decisions must identify which agencies
and organizations will be involved, state essential func
tions, and determine which activities call best be carried out 
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by government agencies and which activities can most 
effectively be accomplished by private-sector organiza-
tions. Such an analysis, if complete, will reveal that there 
are many complementary ,activities in which both public 
and private entities should participate. 

Since early planning of most water-development projects
s.in early gof mst

is a responsibility of government agencies, it is incumbent 
on those planning agencies to identify and secure early in-

volvement of the private sector. Where adequate private-
sector organizations do not exist, provisions must be made 
for their creation. As previously stated, this is a role PVO 
often play. 

Once essential functions are identified and agencies or 
organizations have been established to carry out these func-
tions, the planning, design, construction, and operation of 
water projects largely depend on the care exercised by each 
organization to properly execute thle functions in its area 
of responsibility. Where this occurs, water projects usually 
succeed. Where such collaberation (foes not occur in a co-
operative atmosphere, water prTjects seldomi attain their 
potential. 

We have learned a great deal in recent years about what 
it takes to have a su.c-cessful water-development project.Through projects such as AID's Water Managet-rint Synthe-

is 11, and others throughout the world, we continue to re-
fine the elements that are essential for success. As this new 
knowledge is put to work and we utsc thle 'comparative ad-
vantages" of tie public and private sectors, future efforts 
will result in f'ewer disappointments and mny more suc-
cesses. The result will be greatly improved use ol water re-
sources throughout the world for meeting mankind's needs. 
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ABSTRACT 

The African foo, crisis, aggravated by recent droughts, has se-

verely affected tonty-one countries of the Sahelian and Sub-
Sahelian zones of the continent. Most of these countries will not 
be in a position to feed their increasing populations from their own 
resources if agricultural production remains at its present low-
input level. The need to increase agricultural production by higher 
input use (fertilizers, improved seeds, pesticides, and better soilmanagement) has also increased interest in expanding irrigation.
which so far has played only a relatiely minor role in Sahelian and 
Sub-Sahelian Africa. Differctt concepts for irrigation develop-
ment have ,:merged: 
i.Harnessing of the resources of major river basins,
2. Small-scale development that takes account of the physical,

climatological, and demographic conditions in areas of water 
shortage. ' 

3. Productiont-oriented projects. 
.4. Rural development--oriented projects.
These corcepts lake into account the need for surplus produc

tion of supplies to delicit areas. on the one side, and the broader
objective of improving traditional agriculture in the context of ima-
provement of rural life and society, on tlie other. 

While these concepts are not mutually exclusive, they raise dis-
tinctive policy issues for government intervention and require dif-
frent institutional support.

The inadequacy of institutional support to the rural and small-
farmer sector is at present the retarding influence for more rapid 
expansion of small-scale irrigation development, thus (lie need for 
appropriate government and external support. 

INTRODUCTION 

The principles and general aspects of the involvement 
of' public and private sectors and their application to the 
broader fields of water development are presented in the 
chapter by Anson R. Bertrand. Complementary to this, the 
present chapter is intended to demonstrate. on the specific 
subject of irrigation and drainage development in Africa. 
how the tasks assigned to the two sectors are determined by
the concepts of agricultural development in general and irri-
gation development in particular. 

The example of Africa--with particular fIcus on Sahel-
ian and Sub-Sahelian Africa-was chosen in view of the 
present food crisis in this area, which has affected twenty-one
African countries and has been caused by severe droughts
and their effect in the low-rainfall belts. This has renewed 
interest in and discussion of the prospects and trends of irri-
gation development in Africa. 

In the Sahelian and Sub-Sahelian zones irrigation so far 
has been of only marginal importance for food production. 
Its expansion, including reclamation of land for agriculture,
requires the development of concepts appropriate to the 
given physiography, agricultural infrastructure, and social 
and economic development. The definition of the respective
roles of the public and private sectors in irrigation develop
ment and land reclamation fr food production and their 

complementarity are then a function of the chosen concepts
and become a part of the water-development policies to be 
formulated at national levels,

This chapter is largely hsed on a policy paper that was 
discussed and endorsed by the Thirteenth --ood and Agricul
ture Organization Regional Conference for Africa and is re
flected in the "Harare Declaration on the Food Crisis in 
Africa by the African Miaisters of Agriculture" adopted at 
that conference on July 25, 1984. 

IRRIGATION IN AFRICA 
For climatic and demographic reasons irrigation develop

ment in Africa has been concentrated in the north and 
northeast of the continent, and six countries in this zone ac
count for 70 percent of all irrigation in Africa. Water con

trol has been ie basis of agricultural development in these 
countries, for some of which the entire econony depends 
on irrigation. 

In Sahelian and Sub-Sahelian Africa, by contrast. water 
control has played a relatively minor part in agricultL .1 development. It has been limited historically to traditional 

small-scale irrigation in drought-prone areas and the recla
mation of small swamplands. In recent decades, however, 
there has been a move to develop '"rger schemes, usually
for the commercial production of crops such as sugarcane, 
cotton, and rice. 

THE FOOD SITUATION IN AFRICA 
The food and agricultural situation in Af;', -, gives cause 

for grave concern. Per car.irafood production has dropped 
by more than to percent in the past Len years, and the aver
age dietary energy supplies have barely been maintained at 
6 to 7 percent below nutritional requirements. Food imports
have more than doubled in volume and have risen in cost 
live times. Africa is the only region of the world that is fail
ing to keep food production ahead of population growth.

The recent droughts have aggravated the situation, and 
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Table 1. Projected growth of irrigation in two zones inAfrica by
the year 20(X) 

Zone 

Millio~n ha 
1980 2000 

Percentage 

of Growth 

North and northasti Africa 
Sahel and Sub-Sahcl 

SOURCE: FAO, 1991. 

5.9 
2.6 

8.3 
5.) 

,11 

twenty-one countries in Africa have been declared "most 
affected," requiring substantive food aid. In the critical 
zones of Africa land resources canrot provide food for the 
population by the year 2000 under the present low-input 
level of the traditional production system (FAO, 194). 
'[hus the main efforts to itmprove the present situation of 
food productioin and food security mnust be directed toward 
raising the input level of production (soil mainagement, i.il-
proved seeds, and use of fertilizer and pesticides) on land 
with suticient rainfall, irrigated land, and land brought 
under irrigation. 

PROSPECTS OF IRRI(;mTION 


In Agriculture:Toward 2oo (FAO, 1981) the growth of 
irrigation from (98o to 2000 was projected for two zones in 
Africa. These projections are shown in Table i. Another ill-
portant distinction between tiletwo zones is that of cropping 
intensity. While tileaverage for north and northeast Africa 
is currently about 130 percent, it is only about i to percent 
in the other areas. This impies a need to intensify the use of 
irrigated land in the latter zone in addition to accelerating 
the rate of increase in area. 

The history of irrigation inAfrica, the available re-
sources, and tie predicted expansion of irrigated agricul-
ture show that future development can be expected to take 
different directions in tie two zones. Innorth and northeast 
Africa the Mtural-resources potential is known to be lim-
ited. This tiie'ms that expansion must take place mostly 
within (le existing itfrastructure, as, for example, the Nile 
valley. The number of possible new developments will be 
restricted and can be expected to depend on approaches 
such as increased exploitation of groundwter, more in-
tensive production through ilprovcd water manageenlnt, 
water-saving technologies, and hiLlier yields from better 
drainage. [ie present state of irrigation development in this 
area and tileknowledge and skills already accunmlatcd pro-
vide a sound base for future expansion and intensification. 

In Sahelian and Suh-Sahelian Africa there is still a vast 
potential for wate.' development for agriculture in (lie large 
river basins. On the margins of these basins and beyond are 
possibilitier for many small developments that can ensure 
and stabilize production inareas affected by drought and ir-
regular rainfall. In this part ofthe continent, water develop-
meit is extremely important for future food production, but 
it also pose,: a variety of problems. There are, therefore, 
two trends in present irrigation dcvelopnient in (ileSahel 
and Sub-Sahel: (I) harnessing the resources of'major river 
basins and (2) undertaking small-scale development in areas 
of water shortage. 

TRENDS AND NEEDS FOR IRRIGATION 
DEVELOPMENT IN SAHELIANSAHELIAN AFRICA AND SUB-

Harnessing the Resources of the Large River Basins 
In considering the developennt of the larger African river 
basins, it is important to recognize the variety of physical 
and climatological characteristics in the individual catch
nments, which tend to dictate both the possibilities and the 
limitations of major irrigation schemes. In sonic basins the 
highest rainfall areas are in the uppermost watersheds (Sene
gal River, South Chad Basin), and the drier zones could be 
supplied from reservoirs, using the rivers as conveyance 
channels for downstream projects. It other basins, however, 
the upstream parts are in tle dry areas where irrigation is 
needed aad abundant water is aailable only downstrean, 
where rainfall is high (lower Niger basin, Zambezi). In 
many rivers low flows are only a few cubic meters per see
ond, while flood flows may be IO,OOO times greater, and the 
total annual flow in a wet year may be Iotimes that of a dry 
year. For relatively small projects low flows may be ade
quate and reliable, but evetually, as already in the Senegal 
and Gambia rivers, base-flow extractions may cause intru
sion of seawater into the delta and lower reaches, thus cut
ting off previously existing freshwater supplies. 

It is uncommon to find inexpensive sites for large reser
voirs on the major rivers, and the consttuction of numbers 
of smaller reservoirs on the tributaries will no doubt be 
more feasible. Large tracts of lnd suitable for irrigation 
near the main rivers require drainage and flood control,' and 
costly water-conveyance systems are needed to supply ex
tensive irrigation areas at a distance front the river. In the 
wetter parts (if tie large basins some swamps may ',ven
tually be controlled to increase agricultural production 
through major engineering works. In these wetter areas, 
however, health problems are often a najor constraint. 

TFhe large-scale approach is usually intended to achieve a 
significant contribution to the national production of food 
and conmercial crops, often combined with (lie earning or 
savnig of foreign exchange. Inthe Sahelian zone modern it
rig-tin farming now provides less th;at 5 percent of the 
total cereal production, but recent droughts have increased 
interest in hydroagricultural schemes to provide a high de
gree of water control and reliability. 

Some African states envisage extensive agricultural de
veloptent of tilelarge river basins through an expansion of 
irrigation made possible by the building of huge infrastruc
tural works. Such works are inevitably expensive, and, in 
addition to (ileneed for thorough planing of tie construe
tion activities, they detiand the establishimenit of institu
tional arrangements to ensure that the rate of developtment 
atl the outputs front the scheme are compatible wi!h tie 
high investments. 

Complex development programs of this type hiwe a gen
erally poor record of adhering to planned schedu!es itnd tar
gets. Common causes are shortage of hittian, technical, and 
financial resources: probletis of schenie management. orga
nization of farmer groups, input suppli and services; and 



the need to revise and adjust original planning concepts to 
match national objectives. 

Success in major irrigation schemes therefore depends on 
tle removal of a number of institutional constraints that 
have too often been underestimated. It implies the need for 
complementary programs and services I'M tile training, mo-
'ilization, and participatioln of peasant farmers; the crea-
tion of a skilled technical cadre; the application of an inte-
gral agricultural policy on prices, markets, and credit; tile 
necessary infrastructure and storage and processing facili-
tics; and supportive agricultural research into crop varieties 
and cultural practices. 

In recent years there hav btmcn many reviews and analy-
ses of irrigation costs in Africa and comparisons with costs 
elsewhere ill tile world. Tli itnavoidable conclusion is that 
some of tie highest costs, and conisequently the poorest re-
turns, are a!,sociatcd with maJor schemes in S:lhclian and 
Sub-Sahelian Africa. This, however, tends to ,olieeall tie 
wide range of unit costs ani ng schemes and i t disregard
tile content and complexity of these schemcn,. many of 
which incorpora tt massive inilras tLructUral cots that are tin-
necessary in oth,r, more developed regions bc,:auitse the ill-
frastrticture is already there. Roads, bridges, power supply,
and settlements do not then appear as project costs, 
Small-Scale I)evelolment 

Small-scale irrigation in a variety of forims has long been 
practiccd in Africa 'here niatural conditions provide easily
obtainable water close to suitable Iail. Perennial streams 
are utilized through simple diversions ill uplIand areas such 
as tie slopes of Mount Kilimanjaro. in valley botto is tle 
use of simple structures and earth buiids giv'es a fIorm of 
water coIitrol to extend the season of"flood-recession culti-
vation, and in inaiy instances shallow groundwater, acces-
sible through siall wells aInd pLiiiipS,oilers profitable op-
pOrtunities for vegetable crop produti tO , e5PT~iZally on
Urban fringes or close to markets. 

Recent droughts aind an attempt to stahili- c ind ii prove
productivity in rural areas of low ra inlfall have led to all in 
creasing interest in this type of irrigation developnient. It 
can be expected, however, that arcas suitable for smlall-scale 
irrigation dCvt' lopili t will usuallyIitend to be scattered 
Within particular z'imes aind Will i t 'oidca basis Itr iii-
proved self-suft icicicy of iCcotc rtiral coiiuIIiiilities rather 
than making a suhstautial coiit riItioni to nat ional goals for 
food production, 

The developuelnt of sinall- scale irrigation has ai atlva-
tage in that it does not reqIiire heavy investmenis in in
frasrucLurc aind water coitrol of lie large basins. Foreign-
funding retirements for ctpital inveslncfts are thereftore 
low, and gestation period . At is, tile ttie nccdcd until fill 
benefits caii be drawn from the investments, are short. 
Farm-level iinvcstlincfits are also below tle reqtiieleiClts of 
large-scale, form al schemes if appropriate technologies are 
used, allowing a liiajtir share Of the work to be done iider 
farmers' self-schenies. 

Great care should be taken iil selecting tie sites for small-
scale development aind the irrigation technologies toi be 
used. SInall, informal schemes must be founded oi all abil-
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ity to apply self-help measures to overcome problems and 
constraints imposed by water availability, land characteris
tics, and structural needs. By their very nature these schemes 
arc not suited to massive injection: of' capital and imported
technology in the form of' sophisticated machinery and 
costly materials, because these, and the resulting works, 
cannot be sustained from within tile project.

SonC initial support will clearly be needed in the form of 
surveys, design, advice, and supervision of construction. 
This support could have a high cost per unit area if it is to 
be charged to individual, isola-ted schenes, but a phased
approach to provide such support services to a group of 
schemes in a selected district can reduce the costs. Simi
larly, a program for financial support to a series of schemes 
will give continuity andi m ntuil to deveopineiit and will 
avoid the need for repeated budgetary allocations or loan 
negotiations that will retard progress, especiall) where 
there are foreign-loan ., qloiie nts.
 

The concept of coi un y initiative aind
lit involvement is 
basic to the success of small-scale, informal irrigation.
There have beenimnany iistances of f'aitire 's a result of 
scheme plnning, design. and construction troni outside the 
comniuni ty with little or no prior .IOIiltatiOfi With the 
affected farnmrs regarding their own needs, abilities, aind
custoiis. The unacceptability of this approach to tile fiari
ers is evidetit ifi scheins that are undeitutilized and badly

i Ietrioriated in tie absence of regular maintenance. Occa
sionally this provokes a takeover by the responsible au
thOrity and subseqtieiCt opcratiOn lndeir a formial adiiiin
istration; this in turn pcrpetuates tile separation between
scheiie and co iIity. SUppress i nghIrier initiatives aind 
at tifles even competing with tile population it was intended 
to serve. 

;t is essential, thercfore, to avoid excessive direction aind 
investment fron outside and to acquhire instead an tinder-
Stanrdig ol'tlC coIhesiveniess and intric acy of existing farm
ing systeiis in such matters as tile seasonal labor pattern
and dilffcrentatiain of tasks between ien aind woilefn. As
sislance fiom designated authorities will be more eflective 
if it is uIIiobtruisive and encourages farmer and coiiility 
initiatives. 

hi a regitn %,hiere irrigation forms only i part of a ilore 
complex farmi.ig system, aid to snall-scale irrigation may
be incorporated within a broader framework of' rural devel
tipmnt. II general, rural de cvciopiemit prograis are best 
suited for establishing contact Withi fariiiing communities, 
and this approach is Often used to aldvintage by local organi
zatiOns and nongovernmen organizations (NGOs). On tile 
other band, such organizations arc frequently uiinable to pro
vide sound technical atlvice aInd urgently call for govern
nient lielp when ia ill-iplannd project is tIhrcatened with 
disaster. 

"1ti rTopromtte tie extension tf small-scale irt igation, these 
lifiiteth technical and financial stipfiort retnIlireiiients must 
be rt'ecognizcd through the provision of' a service that oper
ates with local rtlral-developient progranis in scheme de
sign and implenientation. The staffing of this service will 
rall for professional and technical personnel of a high caliber 
capable of working With tile rural community. Their selec
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tion and training will be a matter of priority. The experience 
and knowledge they gain in their work will become an inval-
uable asset to future development programs. 

Summary of' Trends 
Traditional irrigation based on simple technology has long 
been practiced in suitable locations, and in general, because 
oopulation pressure on arable land is not as great in Africa 
as in other continents, peasant communities have been 
based on self-sufficient farming systems adapted to tilelocal 
environments. Survival has therefore been more important 
than profit, and risk minimization has taken precedence 
over surplus production. Oil the other hand, the objctive of 
recent la'ge-scale formal irrigation in Africa has been the 
production of commercial crops by means of modern tech-
nology, supported by efficient management with adequate 
physical and social infrastructures, regular supplies of in-
puts, experienced farmers, and efficient marketing. The two 
types of irrigated agriculture have had ver" little in con-
mon. With a few exceptions the conditions required for suc-
cessful commercial irrigation were absent from traditional 
irrigation. These conditions could be artificially created and 
imposed by a central authority, colonial or commercial, 
with a greater or lesser degree of success, but they did not 
grow out of tileknowledge, experience, and skills of tie 
traditional peasant 'arming system. 

Given the appropriate conditions, both types of irrigation 
are valid. Inded, they can and do exist successfully side by 
side in peasant COmmunities and in commercial estates. The 
nikake has been in thinking that subsistenc& peasant irriga-
tion could bc rapidly transformed into competitive coi-
mercial farming by the massive injection of modern tech-
nology and capital. The transformation of subsistence into 
commercial irrigated farming is possible but can be achieved 
only by a process of growth from below, not by the imposi-' 
tion of an alien system from above. 

The realization of the defects of the imposed top-down 
approach, tilefact of the spontaneous growth of peasant it-
rigation, and the awareness of the potential of accelerated 
growth from below with judicious support from above indi-
cate that irrigation development in Africa is at a turning 
point, with hopeful prospects if the opportunity can be 
grasped. 

POiICY ISSUES 
The concentration of effort and investment on large-scale 

irrigation projects in Africa, often modeled on similar 
schemes in other continents, has frequently failed to achieve 
the predicted goals of production or econonic returns, 
A critical reappraisal of approaches is called for to find so-
lutions that are better adapted to African needs. But any 
practical improvement will require the reorientation of poli
cies for national dev.'lopmcnt, investment, and technical 
assistance. 

Among the many countries of the region is a diversity of 
type and degree in aspects and problems of irrigation devel-
opment, reflecting tie varieties of national political, social, 
and economic circumstances. At the same time it is possible 
to define and Summarize some of the policy lines that can be 

expected to lead most countries toward more effective and 
more productive irrigation: 

i. In planning for future irrigation development, clear 
distinctions must be drawn between projects whose primary 
objectives are production-oriented and those intended to 
serve a broader role in the improvement of rural life and so
ciety. The objectives may not be mutually exclusive, but 
once the primary aim has been delined, the conceptual, 
ph -sical, and institutional design must be entirely suitable 
to fulfill that purpose. 

2. Proposed production-oricnted projects must pass the 
test of technical and economic feasibility, and there must be 
a guarantee that the necessary management skills and mate
rial inputs will be provided. To ensure these initially, con
sideration may be given to external channels or local private 
enterprise in addition to government sources, but there 
shouid be an underlying, longer-term national policy for 
scheme management within general policies for manpower 
development and use. 

3. Where existing schemes have performed badly, their 
rehabilitation should be a priority concern to derive maxi
iium benefit fron the sunken investment and fron experi
enced human resources. Procedures for the evaluation of 
performance and subsequent redesign should extend beyond 
structural and technical changes to include the design of 
management systems with appropriate decentralization and 
delegation of authority and responsibility, ultinli'Ay reach
ing the farmers themselves. 

4. lrrigvaion projects intended to form a component of' 
more general programs for rural development and improve
sent should satisfy broader criteria than tiletypical eco
nomic analyses. They should offer scope for informal, 
sinall-scheme development through farmers' groups and 
water users' associations, place emphasis on self-help and 
self-sustainability, impose a minimum of external regula
tions, and offer attractive financial incentives through com
modity pricing structures. 

5. The human needs of' rural development must always 
be kept in view, alid this calls for the inclusion of policies to 
reduce the poverty gap and raise the quality of life in these 
communities through increased attention to disadvantaged 
groups, recognition of the particular role of women in agri
culture, and incorporation of health measures through the 
provision of safe water supplies and protection against 
water-associated diseases, 

INSTIUIONAl NEEDS 
The conversion of these policy lines into action calls for 

different institutions to be assigned responsibilities to the 
lowest possible level where such responsibility can be effec
tively carried out. 

l)evehpment of te Infrastructure in Large River 
Basins 
All mnir basins in Africa have more than one riparian 
state, and their development :hould be based on interstate 
agreements. For the most important basins interstate coin
missions have been established to plan tiledevelopment and 
management of their resources, in most instances with as



sistance from the United Nations Development Program and 
the 	specialized agencies of the United Nations system (tile
Kagera, Niger, Gambia, and Senegal rivers and the Lake 
Chad Basin). Investments for major structures that are part
of the basin development scheme, however, come under 
national jurisdiction (with the few exceptions of cross-
boundary structures); they normally require substantive ex-
ternal financing through multinational or bilateral funding
institutions and development funds, 

Development at Scheme Level 

While tie allocation of' land and water resources is the di-
rect responsibility of the government, as is tile allocation of 
irnvestient funding, tile responsibility for the schemes as 
such follows some different desi.gns whIich can be classified 
according to the size of the schemes: 

i. Very large schemes (over Io,ooo hal)with full water 
control ate entirely inder government management. [Ex-
amples are tie grax ity schemes froi large river basins in 
Sudan (Gezira), Egypt, and Mali (Ofice (Il Niger) and 
pumped from large rivers in Sencgal (SAFI)). 

2. Large schemes (typically i oo to Io,ooo ha) with full 
water control are generally under goxernment or corirnier
cial Iian, genmont, the latter being usually I'Muld beloxv tlie 
50(o-ha liiiit. Examples are Ke nya ([Mura M x'ea), Tanzarnia 
(Mbarali), Zimbabwe, Cameroon, and 	SomalIia (SlicbeIIi).

3. Medium scheriies (typically roo to i.ooo Ira) with 
full or pirtiala water control are goxeVnruill-iallaiaged ol 
govern rue ll- assis tod cooperatives or conm1mi1ercial estates. 
Examples are Niger ONAI IA) Senegal (SAK Tanzania, 
a.. 

,. Small schemes (typically i to io hl) are single own-
ers' (cominmleciala) or firmers g roups oI-"single smallIt fariiil-
ers. Examiples are Kenya, Zimbabwe, lanza lia, and Mada-x 
gascar fkr gravity systems frorii rivers; Nigeria (Fada ia) for 
shallow groundwatcr; a rid Kenyia aidTl'a inzania fI'r p)umptiinrg 
fr"oiii lakes. 

Suppoi't Services 

The supp~ort services to irrigted agriCutuIllMust pro-vide--besides tlie usual services Ir extension, marketing, 
ind credit--technical assislalrce to tlie schenes for con -

Siltioll, operation, t.iu lenaice, ind even".laIliy lecha-
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nization. For large schemes tile provision of such services is 
normally tile responsibility of tie scheme management. For 
medium and small irrigation schemes these services must 
be organized or provided by the appropriate government
agencies, such as the agricultural extension service. They 
must operate at the district or local level to reach the farm
ing communities and small farmers. While agricultural ex
tension s.ervices are normally organized for the district and 
local level, the government services for technical support of 
irrigation development and management for medium andsmall schemes-if they exist at all- tend to be centralized 
in tlie ministry responsible for irrigation, whiclh oftcn is not 
even the ministry of' agriculture. 

It is now realized that the weakest point of institutional 
SLpport to irrigation dcclopment and nmanagement is tile 
provision of' technical services to mediu nd small 
schemes, in particullr those designed in the context of rural 
dcvelopment. Action prograns are called Ifor--Ixvith exter
nal assistance as required-to help African goxernilen s es
tablish and improve these irrigation serviccs. 
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32. MARKET VERSUS NONMARKET MANAGEMENT OF 
IRRIGATION WATER: A REVIEW OF THE ISSUES 

Robert A. Young, Colorado State University, Fort Collins, Colorado 

ABSTRACT 


This chapter sets out soIe concepis and evilence relevant to the 

choice of market versus nonmarket inStitutionS for IiIainagngl iri-

gation water. Attributes of' water aind watCr-reSOurce s ,stenls (of 

interest froin economic, political, and social perspectivcs are iden-

tiffed.
Virtues and vices of market and noninarket resource alloca-

tion sstems are outlined. Incremental chanLes in both market and
 
effectiveness ar 
 huIsted. 

The purpose of this chapter is to bring together a number 
of ideas and concepts which relate to the choice of market 
versus nonmarket management of water for irrigation. l'he 
chapter title reflects trw belief that it is tote fruitfttl to focusatptetilo esfo watr allocation than nmow te rsi p of
the system's rulesors. The assignment isa dificult one, as * 
tvide need by cnitt rCes of idmleo logical debates oitile a splr-priate social, political, and ecOtoiltic fornis for the organii-
zation of p chulan affairs itndbliomi 977) Inhthe brief 

space allotted here, one can only touch on the high points of 
tIis debate as it applies to irrigation water supply. The foI-
lowing remarks are aimed primtarily at dvLIoping CoUII-
tries, bitt that is not to) say that the discussion is irrzlevant tothe United States antd othier leveloped nations. 

PREIIMINARIES 
Prefatory to the policy analysis that follows, itisuSefI to 

identify society's uoals with respect to water management, 
specify SOIiC ass uin ption s about the lehavior of tle ecle-
ments of an irrigation system, and indicatC tile rangeth 0f 
available managetnent alternatives. 

Goals for Design oftWater-Management Sv,:lems 
Establishment of a watcr-management :stem involves coin-
promises atnong several often conflicting goals. It is not 
surprising, then, that different cultures have choseni differ-
ent institutional 'ortis for managing water, choice re--ie 

flecting the relative importance placCd by that culture onithe 
various objcct:ves. 

The foundations of social organization are seen in the 
transcending values embodied inexisting laws and institti-
tions. Most of us would subscribe to such basic valucs as 
respect for the dignity of the individual, frcedotn, openness.
and the rule oifreason. At an operational level we find more 
tangible objectives. Economists emphasize economic cfli-
ciency, defined here as the tiaxinizing (if net vahie produc-
tivity for the resource base and level of teclnol6gy. Also 

important is the effect oftnanagenent systems on the distribution of income, since high on the list of objectives of 
most nations are Cquitable purchasing power anong their 
citizens and balanced regional growth. Management rules 
should Ibe lair, in the sense that eq uals are treated illequal 
I'ashion. Maas.s and Anderson (1979) note that desire for 
popular participation andlocal control also often plays an 

iinportant role in shaping manaecnient institutions. They
also emphasize the need for orderly processes of conflict 
resolution. 
Institutional Arrangements 

The huttan par! of an irrigation systen consists of, the indi
viduals who use the water and those who supply it. \Ve can
think of these people's activities as being coordinated by
'institutional arrangements.'' As Used by Fox ( 1976), this 

te rt)refers to an interrelated set of organi:alionts and rides
that serve to clordinale activities to achiuvc social goals.
Organizations to represent the interests of irrigators, estab
lish and etforce the rules, andhtiaintait the ditches are i
pottait at tle local level, while large. Iierarciical systems
usually control the capture, storage, conveyance, and distri
bution of surfface water. 

Many' fortiis 0if rules to allocate water amotngobserved. users areThese range from simple, infortial systems,
through the iIarahundi allocation (equal titie of flow per 
unit land area) found n India and Pakistan to the elaborate 
volumetric pricing procedures fIound in Israel, 

It is appropriate to point out here that the apparently clear 
distinction between market and nonnmarket allocations in 
my chapter title begins to blur onicloser exa'nination. Whilemany organizational forms have hecn formulated to deliver
irrigation water, it is not always obvious how they should be 
classifi,:d. In Colorado alone, flOr example, Radosevich 
et al.(1976) identify a number of types. Primarily local or
ganizations inctlude unincorporated or incorporated volun
tary associations, private or Public nIUttliI irrigation conil
panics, and water users' associations. Organizations with 
broader jurisdictions include water conservation districts, 
water conservancy districts, irrigation districts, and ground
water augmentation ';Gganiizations. 

'le Importance of Incentives 
Policymakers would be well advised to better understand 
the characteristics and motivations of the human compo
nents (if the irrigation system. These components include 
those people who provide the links between the source of' 
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the water supply and tile growing crop and those who influ-
ence the incentives and constraints facing such people. The 
perlormance of tile system depends on the incentives and 
disincentives for effective and timely execution of tasks. 
Policymakers can assume that both cultivators and public 
employees are self-interested; they will be motivated by in-
come, work satislaction, social and professional status, and 
peer approval. The well-functioning system will recognize 
these traits and capitalize on them, rather than ignoring 
them or trying to manage as though hunan nature were 
other than it really is. 

THE SOCIOIPOI''ICAl,-ICONOMIC NATURE OF
WATI"R SUPPLY AND USE 

TFhe -water is different" concept refers to the special 
characteristics which distinguish water from most other re-
sources or commodities (Kelso, 1967) and which are impor-
tant in selecting mnanagement institutions (Bower, 1963; 
Young and Ilavetnan, 1985). Tl'hese uniiq uc attributes-
supply, dmlland, and sociopolitical attitudes--are consid-
ered below. 

Supply Characteristics 

Mobility. Water, usually a liqunid, tends to flow, seep, 
evaporate, and transpire. Its mobility presents problems in 
i(entilying :old measuring the resource. The exclusive prop-
erty rights which are the basis of an exchange cconomy a;-e 
relatively difficult to establish Mrll enforce. 

Economies of' large size. Surface %,atcrin pIrticuar cx-
hibits economics of iargc size il storagc, convey.ance, and 
listribution, and the precolditions for a classic ntLural 1o1-

nopoly are presenmt. (Gromdwater seems to present aIdiffer-
ent story, since most size ecoinomies are achicved at rela-
tively siall outputs. Morecower. such size econo ics as airc 
observed may be offlset by conveyance costs and third-party 
spillover costs.) 

Uncertainty in supply. Water supply is typically highly 
variable in tiie, space, 0,d quality. At the extremes of tie 
probability distributions Of 'SUpply (floods anrd drtoghts) are 
the condit ions that create problems for hti~nankind. The SO-
lutioiis to such diflicul ties typically involve benelits which 
are nonrival in comisLin Ptioil ani! threfocre have a public oi-
collective good character. 

D~emnand Characterisii:s 
Relatively low economic value. A paradox arises in 

dealing with tie value of irrigation water. The political and 
media rhetoric asserts its enormous econoiiiic importance. 
The conventional view, however, contrasts with tie reality 
that tie resource exhibits a relatively low econonlic value 
at tile margin. Coiicept ually correct empirical estimates of. 
tie direct Marginal vatile procIi tivit y of' irrigation water IOr 
the most part fall in the raui|ec otf $25 to $75 per acre-folti 
(Young, 1984; 1Iltssain and "11Omig.T 1985; lowen and 'imoing. 
1985). I-or most crops throughot the world the estimates 
are in the lower part of this range. 

Put in other terms, resources devoted to i,'rigation water 
development, conservation, or management can justify a 
cost of' only 1.5 to 3 cents a ton. While a sub.t antial total 

economic value may yet be implied for large water-supply 
projects, my point is that the marginal value of irriga
tion water to the user group is often insuftlicicnt to jus
tity major water-saving technologies, or, more important, 
labor-intensive administrative and management procedures. 
(Compare irrigation water, for example, with other liquids 
importarit in modern economies. Gw;olinc retails in tile 
United States at about $4oo,ooo per acre-loot, implying 
that users are willing to pay 10,000 to 20,000 times per unit 
volume what they will pay for irrigation water.) Extensive 
water-conserving institutional arrangements (property 
rights and pricing policies) as well as technologies (closedconduits and metering) are currently found only wherewater is very scarce and valuable. This trend is only begin

ning to occur in economically developed arid regions ,:=ch 
as tile southwestern United States or Israel. 

Many of the problems of management and technical cfli
ciency discussed in this chapter would, I hypothesize, read
ily resolve themselves it the marginal valuu productivity 
were just two or three times higher. In such an event the in
centiyes would be strong for capital or administrative effort 
to be substituted to save water.

Variability in demanl. )emand for irrigation water 
tends also to be highly variable, depending on temperature 
and raintall. This creates a peak-load problem, . and i istitu 
tions and storage aid (onveyance systems must be prepared 
to satisfy large demands in brief*Summer periods. 

Pervasive interdependency among users. The physical 
nature of water mentioned above, combined with supply 
variability, causes a unique but unpredictable legree of in
terrclationship among water users. Water uses generally re
suit in return flows to an aqtuifer or a stream. Downstream 
users are greatly affected (for good or ill) by the quantity, 
quality, and timig of' releases or return flows by upstream 
users. This point is well illustrated by the effect on ground
waiter systems of conveyance and field seepage, which often 
result in rising water tables and waterlogging for downslope 
cultivators. 

Social Attitndev toward Water 
Conflicting social values. Goals other than economic 

elliciency play an uiiusually large role in tie selection of' 
water-mamiageient institutions. Boulding (t98o) has ob
served that "tile sacredness of water as a symbol of ritual 
purity exempts it somewh-it froni the dirty rationality of the 
market.' Some cultures or religions (e.g., I'lam) proscribe 
water allocation by market forces. 

Unrealistic expectations about the regional growth
indutlcing role of water. A proninent article of faith, par
ticularly in arid areas, is that water-resource developilimits 
yield large regional growth impacts. The direct evidence on 
this point, however, indicates that income aniid employnient 
effects of' irrigation in tie Llited States are in fact iodilest 
(YOune, 19'4). While little evidence exists for other areas of 
the worl1, 1 would be surprised if public expectations are 
realized elsewhere. 

Technical bias. Water managemient is typically viewed as 
a technical or engineering problem, even though a strong 
case cali be inade that tlie human components of' tile soupply 



system should receive equal consideration. Most managers 
are engineers by training and experience and find more re-
ward in solving the technical problenis than the human 
ones. (My point here is nicely ilh,.itrated by the organiza-
tion of this conference. Only one of the six technical themes 
deals directly withe IInanI pirt of tile systein, ald o the 
princi pal speakers invited ftOr that one theme, barely hallf 
obtained advanced degrees in one of tie humlan-oriented 
disciplines. ) 

()THER ,ACT)RS IMPO'ITANT IN TIlE I)ESI(N 
OF IRRIGATION MANA;EMENT INSTITUTIONS 

A iiuiber ofotlir conside ratitons. in addition t the socio-
econic at tribltes of wa.ter. ,ire bielly touched inihere. 

Transactions Costs versus tfie Relative Scarcity Water 
The teri "-transactits costs" refers to the re souirces te 
quired to establish, operate, and eiifore at lIanagement or 
regulatory system. 'Traiisactions costs inclde costs (if oh-
taiting inlurmation (such as kntowfedge about the needs atnd 
attitudes of (tiher participants. Cmtriu -int,' (resoLiices ie 
quired to reach agreements). aid ili('inlt, (lrcit ic inc Riles) 
(l)afhlian, 1979). 

Given tile st pplV-anI-Li-de inaid characteriistis of' water 
noted earlier, transactittns costs for water niallgelleitland 
allocation tend to he relatively high. \Where water is plen
iiflul relative to demand, water laws lend to be simple and 
only casually enlOced. Where water is seaice, more elabo-
rate Inagllltg1cilent s stems have l eierged. In 'atty regions 
water supplies are tolyv110 it bcctinig sc.r'L, enough to 
reqfutire fIormal intaiagemcnt systems. Increased resource 
scarcity and teclilogical alVances which reduce the trails-
actions cost ttl monitoring and enforcigI regulations ell-
courage imovatitts ill allocative institutions to ecttonti/e 
Oil the scarce rsiOttirce (RuttaiL I 978,). 

B3romley ( 198) has ptointed out that tie complexity of lie 
ilist itLutiolal arrainelellts neccessarv to operate a water dis-
tribution sysciti eflici,.tl) and cqLitably is not generally 
recognized, ceen aiiong :i-aial scientists. (Recallingile cvi-
deicc lotw\'-VahieICp l ucIi ,ityvcited aiiVCe. I believe that 
the problemi is to lind istituts itt with hlo tIansations 
cost, as \%ell as ecttionmicai tec,..hll i ics. )1 o elaborate oil 
this pt int. fur diflieet sitices If thi,, cotplex itv caii lie 
identilied. 

Large-numbers prtblliem. A typical irrigation system 
coniprises tiany inidividuals. Bccause of varying physical 
prtductiii conditions (soils. iritcrueiliiate, etc.), market 
sitLiation, capital CitdowtiWciits. and personal preferences, 
these individuals w\ill select sitiiew+liMit differiig croTpping 
patterns and pritliictiiin practices and sho\\ \,iryiot water 
n)eis thiough the crtp scastn. 

Systen losses. Most s,+a;cr dcliwvry ,y.stcis are Litl ined 
and 'hence subject t0 v+aryilg dcgrCes of seepage loss. When 
deliveries are not directly iIasured but are allocated tin the 
basis ofl'cqul time per hectare. differing \ aicr supplies 11M' 
be available to alternative locations unless this factir is rcc-
ogni cd . Such ystcis lend tit)treat tail cntlcrs inequitably. 
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Upstrearn-downstream interdenendence. Water sup
plies for downstream or dtownwatercourse users depend on 
the actions of upstream users. This physical interdepen
dence results in dilfering degrees of concern for tile system 
as a whole. Those close to the outlet have little interest in 
systenm maintenance and efficiency, while these are vital 
concerns to those separated froin the water source by many 
people and much distance. These varying levels of concern 
compound tie proble nluf achieyin- collective organization 
to operate and maintain an irrigation systeii.Communication and information iproblems. Particularly in the larger-scale sVsteis illdeveloping countries, 

ditfficulties arise in accurately c(imonriCaling water de
ninds and availabilities all ong the vairious actors in tle sys

tem. Farmers with specific water entitlements tiay be net
deianders at one time and net suppliers soon afterward. 
The spatial distribution of pl'td ucers lnd tile abe ClCe of di 
FeetcOlmmtunication links (such a.s telephones) between 
individual farmers or fariters and sstem managers will 
hamper beneficial exchanges when excess water occurs at 
one place while unsatisfied needs exist elsewhere. Also, 
wleii several da's niay be required to move v+ater fron stor
age reservoirs to fields, uniexpected weather changes can 
caLise significant Overshoot or Liidersl ioot I'l'tin act iial crop 
needs. 

Flexibility versus Securify 
Ciri acy-\Vantrup (1967) pointed Out tile coii licts between 
secure and 'lexible" inanleinent systems. A secure set of 
water rights affords protecti,.,n agaiinst legal, physical, and 
tenure uncertaiinties. Only wihen expectations are secule 
will irrigato; find it prolitable to Undertake the Ilig-ter 
inivestments in land-leveling, conveyance, and applicati n 
systems necessary to inaxiniizL water productivity. Flexi
bility refers io the ability to change at Iow cost (lie allocation 
of ,;water between users, uses, alidlregions. Frot society'sperspective flexibility is of great importance. Changes in 

1dCIIIanidLcan be acco01modatled, water being reallocated to 
110+'.tev,+aluable uses Is they arise. 

Attention is now turned to the attribut es ,1market versus 
nonniarket mechanisms for iest Liice allocation. The advan
tages and disadvantages of each appriach are bricliy sun)
mariZed With illI,;tratitns drawnt,from irrigation. 

EVAILUATING( TIlE MARKET APPROACH 
,Aiiy ecitnoirtic s,'stCinl 111LIt answer the LIUestions: (I 

What goods aniill serv+Wiccs areito be produced. (2) What re
souices aliI tcelologies arc iisd ill prod Lcing theiii? and 
(3) Who is to cnety the use of the ItdllciS'? The adoptionl 
of the market systemn to answer these questions is based Onl 
the premises that the iersoinal wants of iidividlualis should 
determine the eiplovInient of resources in productiton,
distribution, and exclhanige and thai the individuals thcm
selves arc tile best .itLdIes tf their o\Il wants (consullel 
stiverecifty) 

Private-Sector "Virites' 
An idealized cimipclitive market system (te that has many 
produtce'rs nld COISLiICrs who are 'well inl ftiled. motivated 
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by individual self-interest, and who individually own and 
control resources) can be shown to have certain desirable 
properties. One such desirable attribute is that tile system 
will produce the maximum-valued bundles of goods and 
services, given the endowment of resources, the available 
technology, the preferences of consumers, and the distri-
bution of purchasing power. Individual producers and con-
sumers, acting in their own self-interest, will, in accordance 
with Adam Smith's "invisible hands," arrive at an allocation 
of resources which cannot be improved upon. Firms, en-
couraged by prospective profit, buy inputs as cheaply as 
possible, combine them in the most eflicient form, and 
produce those things which have the highest value relative 
to cost. Consumers' tastes and preferences influence their 
expenditure patterns, thereby encouraging firms to produce 
the commodities people want. Prices are bid up for tle corn
mnodities most desired, and the producers allocate resources 
in the direction of greatest profits. The firms most successful 
ill the process, producing desired goods most efficiently, are 
rewarded by profit, and the unsuccessful are eliminated; 
thus production occurs at least cost. 

A further desirable property of the market syst+i is its 
ability to accommodate change in conditions o'f production 
and patterns of COnlSUmpti on. New knowledge and tech 
nology are raidly reflected in the prices whiich produicers 
are willing to acceplt for their products. (.: :le consuncr 
side, changes ill incomne and preferences are sk .it reflected 
in expenditure patterns. I lence a market system yields maxi-
ilum satis faction in not onlV a static but also a dynanmic 
context. 

The actual market system may not always meet file pre-
cise preconditions of the idealized construct. Mixed capi-
talist systems arc based on the assumption that for most 
goods and services the allocation resulting from the market 
processes sufficiently approximates tie idealized system. 
Where this is not the case. regulatory processes or public 
production is provided to allocate resources. 
Privafe-Sector "Vices" 

The shortcomings of markets are encoipas.cd in the theory 
of 'market failure" (see, e.g., Ilaveman, 1976). Market 
failure is said to arise when the incentivyes facing illividuoals 
and groups in tile cconomly encourage behii avior that does 
not ieet the appropriate efficiency Or equity criteria Sey-
eral classilicilions of' conditions which lead to market fail-
ire are 1mu nd. They iusually include ext e rn alilies, piublic 
goods, increasing rcturns,1, market imperfections, and distri-
butional inequity (Randall, 1983. sets out an intriguirlg al-
tentative foriulation). 

Externalities. Externalities, also called spilhover effects, 
are uncompensated side effects of individual activities. Il 
such instances the full costs of economic activity are not 
recognized, and market outcomes will be inefficient. In irri-
gation systems an example is found in saline return flows 
detrimental to downstream water users, a cost unrcllccted ill 
upstream water Users' alhlcation decisions, 

"Public" or collective goods. These goods are nonrival 
in consumption in tile sense that one p)erson's consumption 
does not preclude use by others. It is difficult to exclude 

nonpayers and thus for the private producer to appropriate 
all the benefits provided. Water-storage projects often pro
vide flood-control benefits that are a public good. 

"Increasing returns." This term refers to the situation 
in which marginal costs are falling throughout the range of 
market demand. A firm that experiences continuousl) de
creasing costs will take over the entire market and becoine a 
monopoly. The lowest-cost mode isby a single producer. An 
ineflicient production situation will result, since monopolists 
will restrain prodiction and have little incentive to inno
vate. Canal irrigation represents an example ol such "natu
ral monopolies," since more than one (competitive) sup
plier would present much higher distribution costs. 

EVALUATING, PUIILIC-SECTOR PERFORMANCE 

Friedman (1962, chap. 2)envisions the role of the public 
sector as follows: 

A government which :'; iniaincd law and ordcr, delincd 
property rights, served as a means whereby we could modify 
property rights and other rules of* the clonlic garllc, adjudi
catid disputes about the i.iterpretation of the rules. enfforced 
contracts. promoted competition, provided a monetary franie
work, engaged ill activities to coutMr technical monopolies and 
to overcome ieh horhood clehts widely regarded as sufflicieitly important to itsitv gwernnt intervention, and which 
supplemnented private charity and [ie privale family inprotect
ing the irresponsible. wiehtehr madman or child, sLchii a govern
iint would clearly have important fun cins to pcrform. 

Public-Sector Virtues 
The advantages of nonmarket allocation activities, as com
pared with those of tie private market, for irrigation water 
include tile following: 

Reflect broader social goals. While the private market is 
seen as an efficient engiine for producing the maximium
valued bundle of goods and services, public action may in
corporate broader social goals of society. Primary anlong 
these might be tile amelioration 0f ineq Iralities ill income 
and wealth amlong imcnlbers of' tile society an d perhaps 
among political subdivisions or regions. 

Regulate externalities. Collective action to protect third 
parties from IIIdesired third-party effects is a necessary role 
of tlie public sector. Il irrigation protection against water 
logging or salinization Ifrorn uslopc farms is an example. 

Regulate or supplant natural monopoly. The supplier 
of irrigati on water has, as a natural ionopol y, literal power 
to impose economic ruin on those served. Public regula
tion, or, more often, public supply, can ill principle avoid 
tile Jpossible Undesirable effects of a private. prolit-orientced 
nIollopoly. 

Public-Sector Vices: "The Theory of 
Nonmarket Failure" 
Noilnmrket responses it market ilperfections may also 
lead to nonnoptinlal OtcoMnes. Wolf (1979a, b) has fornmi
lkted a model of' noniarket failure which focu:;es oil those 
performance incentives ill public agencies that result in di
vergence froimi socially preferable outcomes in terms of tie 
criteria of allocative efficicncy aid distributional equity. 



A general lesson here is that nonmarket solutions may not 
necessarily be superior to suboptimal market approaches.

Among the problems listed by Wolf are the following:
"Products" ,iard to define. The outputs of nonmarket 

activities are often difficult to define in practice and hard to 
measure independently of the inputs that produced them. 

Evidence of quality elusive. Because consumer prefer-
ences transmitted by market prices are missing, it is diffi-
cult to know whether public performance is improving or 
deteriorating.

No single performance measure. Because there is no 
single "bottom line" for evaluating performance, the public
cannot effectively determine the value o! public action. 
Hence there is seldom a reliable mechanism for terminating
unsuccessful programs. 

The above points cvn be illustrated in public irrigation
projects. The annual reports of the U.S. Bureau of' Recla-
mation, .s well as those of other irrigation ministries, docu-
ment the number of hectares irrigated, the quantity of water 
stored or delivered, and the number of farms served or gross 
crop revenues. None of the,:e directly answers the cssentiai 
question about the actual economic return on the public in-
vestment. The most appropriate measure, the realized net 
social return on public investment, is So .omplex, requiring
large annual sample surveys of farner profitability (and not 
really desired by the agency), that it is attempted by only an 
occasional di;sident academic. Even then theic is disagree-
ment on how to measure important elements of the formula,
such as interest rates, prices for crops, ,-nd opportunity 
costs of labor and otber inputs ("Young and Gray. 1972; 
Young, 1979). 

Private goals of public agents. Wolf refers to the inter-
nal goals of an organization as - internal.ties." These, in ad-
dition to the agency's public purposes, provide the inotiv.-
tions, rewvrds, and penalties for individual performance.
Such internal goals are characteristic of any large organiza-

tion, private or punlic, but the problem of performance 

measures noted abo''e makes public inefficiencies less likely 

to be terminated, 


Specific examples of counterproductive internal goals
include bitdget maximization, overly expensive high-
technology solutions, and outright nonperformance of dui-
ties. In the first example, when profit is no, available its a 
performance measure, the budget often serves as a proxy.
Agency heads are often, in fact, provided with staff and per-
quisites according to the size of theit budget, reinforcing the 
incentive distortion. Second. high-techlulogy solutions, or 
"technical quality." nay become an agency goal. For in-
stance, sprinkler or drip irrigation systems may be recoin-
mended when less expensive methods are to be preferred.
Finally, agency personnel ma. be persuaded, by gifts or 
other inducements, to violate operating rules for a favored 
few (Wade, 1982). 

Spillovers from public action. Public agencics, includ-
ing irrigation protects, can also be a major source of third-
party effects. Salinity on the Colorado River system, in the 
south vestern United States, and waterlogging of' downslope
lands from inappropriately alatgcd public projects are 
ready examples. Thiese problems are especially difficult to 
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resolve when the third-party effects are registered in another 
country (Oyarzabal-Tamargo anti Young, 1978).

inequitable distribution r'f power. Public-sector re
sponsibilities, however noble the intent, may not be exer
cised scrupulously or competently. Yet the monopoly con
trol of water supplies by public agencies provides certain 
individuals with so much power over the economic welfare 
of farmers th,.t procedures to protect those of limited influ
ence must be of prime importance. 

IMPLICATIONS FOR WATER 
\LLOCATION POLICY 

Except in special cases I see no immediate need for major 
shifts in the present balance between market and aunmarket 
allocaion of irrigation water, but a number of incremental 
changes would likely contribute to a more productive and 
economically efficient sector. 

On-farm water allocation. Only the most radical ,enttal
plat:ning ideologues now disagree that economically effi
cient agricultural productivity and social stability are best 
served by leaving responsibility for production decisions to 
the individual cultivator on his own land. Decision!, on 
when and how much to -rrigate are bz:st made by the private
individual. The main role of the public sector here is to en
sure secure and equitable rights to water and to avoid dis
incentive policies. 

Groundwater supply. Aquifers can be effect:vely tapped 
by private inititive. On-demand water supply can optimize
timing and quantity, and users have exhibited much more 
willingness to pay for groundwater th:n for surface water. 
The absence of scale economies removes the need for public
supply. \Vhore groundwater has been publicly supplied, as 
in Pakistin, unsatisfa.ctory results have been reported. 

Once grouniwater extraction expands beyond natural re
charge rat-,s, allocation problems are likely to arise from 
interdependency (external) effects on neighboring users. 
These effects can include land subsidence, intrusion of ad
jacent poor-quality water, over-rapid depletion of water 
stocks, and depletion offlows in interrelated streams (Young,
1970) Public regulations will be required to ameliorate 
these difficulties and to protect the rights of' affected third 
parties. 

Surface water. Large-scale storage for canal irrigation is 
a classic natural monopoly. With f'ew exceptions the returns 
on sucn investments are too low to attract private capital.
Hence, nonniarket managemnt of these systems is unlikely 
to give way to the market sector (though there is no tech
meal impediment to a regulated private water utility, similar 
to those fund in energy, transportation, or urban. water).

Incrementai changes to improve the performance of sur
face systems need to focus on the system's managers and 
personnel. A start would be to try to more closely associate 
the rewards received by tile system agents with the ultimate 
profitability of their farn:er clients. Wade (1982) has docu
nented the heretofore anecdotal evidence of widespread
payoffs in canal systems in one nation. These payoff's could 
be channeled productively by requiring them to be con
tingent on ultimate system performance. While space limits 
prohibit a full analysis, Iam thinking of bonuses contingent 
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on the cultivators served by an irrigation system achieving 
yields exceeding a moving average over seven (or live or 
ten'?) years by a specified percent. The bonuses would be 
only a fraction of incremental farmer income but could be a 
substantial augmentation of file water managers' incomes. 

CONCLIJDING REMARKS 

Two particular trends ,ill continue to manifest them-
selves in the irrigated region. of the world. First, the pres-
sures of mvowing demand fo, food against increasingly 
limited water supplies will likel ' cause an increase in the 
derived economic value of water. Increased scarcity begets 
a rising shadow pric. Second, the increasing demiands for 
xxater for energy production, urban ucs, amenities, and 
waste disposal will bring about a rising incidence of inter-
dependence and conflicts alOng users. Both of these trends 
will call for improved institutional forms for managing the 
water resoute. 

Where nonnarket proces,;: , are now dominant, we need 
to, first, learn how to make such processes work better 
(Bromley et al., 198o: Seckler and Nobe, 1983), and, sec-
ond, open the way to doing vitil less nonmarket water man-
agenlent. There is a need to focus more attention on tile in-
centives and disincentives facing the hunlan componlenls of' 
tile system. We must exaline the tasks required to supply 
xwater to fartners when and xv,here needed and to tilt incen- 
tives to reward those who contribute most to these tasks. At 
the satc tinle xwe need to determine whlichl activities are 
counterproductive and to what extent and then create dis-
incentive or colpensatiotn scheles to help correct these 
difficulties. 

Specific suggestions for a changing public role are as 
follows: 

Agricultural price policies. Price-depressing marketing 
policies for crops in a ntuber of countries (e.g., Egypt, 
Sudan. and Pakistan) may reduce the value productivity of 
water as percexved bN tile cultivator to half its value frot the 
society's view¢ (Fh3wet and Young, 198.5). It is little
o 	 wonder, 

that such governlents Ialve trouble interesting water users 
in improving teclhical effictency of xv:ter use. 

Research. Allocative institutions transfer tmich less read-
ily to other cultures and ecoinillic systeliis than water Inal,-
agement technolog es. l)eveloping cottltries and donor 

groups should spend relatively ilore, rather than less, O, 
socioeconomic research. I 

A larger role for markets. Finally, after due considera-
tion isgiven to the virtts and vices of each type of ap-

is gie texirusai 'ie fec tp faMexico.
prach, I believe thait, future changingto meet needs ina 
etivirontent, market pr,cesses 4ho1ttId play allincreasingly 
greater role (see also Anderson, 1983.) The highest eco-
nomic return for use of irrigation water xwill if'be achieved 
water rights are clearly defined and exchangeable while 
third parties are protected. Exchanges, rentals, and sales of 
vater betwecn users and anitog user groups xwillhelp ensure 
that the rest)irce is being used most elficiently and its al-
location is responsive to changing conditions. 
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33. ECOLOGICAL ASPECTS OF IRRIGATION 

H. Lieth, University of Osnabrilck, Osnabriick, West Germany 

INTRODUCTION 


Ecological aspects of irrigation, discussed by an ecolo-
gist, offer highly contrasting positions. On the one hand,
irrigation has increased or permitted food and feed pro-
duction in dry regions of the world and ha; made some re-
gions habitable which otherwise would not be. On the other 
hand, throughout history large-scale irrigation systems have 
caused direct and indirect problems to such a degree that 
many have been abandoned. Many more must be abandoned 
if the major geoecological problems that have arisen or can 
be predicted cannot be solved. One special problem is that 
large-scale irrigation projects may cause heavy losses of 
highly fertile land inland and along coastal estuaries, which 
means that the net gain in biomass production for mankind 
may be zero. This problem contributes to the reason that 
freshwater irrigation systems may not be enough to feed the 
increasing world population. One possible solution is the 
use of high-salinity water, up to the strength of ocean water, 
to create new agricultural systems in suitable geographic 
regions. 

Issues are presented in the following sequence: regional 
net primary productivity (NPP) and the availability of water, 
ecological problems generated with irrigation systems, and 
the agricultural potential of high-salinity irrigation systems. 
Many of the solutions proposed here should become sub-
jects for future research. The options for future applications 
of new systems and approaches have been elaborated in the-
ory and in pilot projects conducted by myself and other 
ecologists. Several unconventional projects discussed de-
serve financial support by international agencies because 
they promise great returns for populations living in semi-
arid or arid regions. 

REGIONAL NPP AND THE AVAILABILITY 
OF WATER 

Agricultural and forest production depends chiefly on 
factors that limit plant growth and control consumption of' 
the biomass produced. Water is one of the most important 
growth-limiting factors. Its effect on plant production is 
greater when all other production controls are at optimal 
levels. This means that optimal fertilization is needed to-
gether with irrigation and optimum temperature. The global 
impact of these three production factors has been shown by 
my laboratory for natural systems. The set of equations de-
scribing these interrelations is 

NPPT 3000i + El 315- o.119 T/o, 

NPPpp = 3300 x (I - E ... "4Pp/mm), 

F,, kru,,, = (see table I), 
Fco,, = 3.6365 x 0 --E14 [CO,/ppm - 8ol) 

in which NPP is in grams per year; T is average annual tem
perature (Celsius); Pp is the annual total sum precipitation 
in millimeters; and F(soil fertility) is the factor for the re
spective soil of the site as expressed in Table i. The CO, 
factor takes into account the rising CO fraction in the at, 
mosphere. For the purpose of this chapter. the CO, factor is 
set for 340 parts per million (ppm). 

The following three maps show the global pattern of natu
ral NPP predicted for a 2.5 X 2.5-degree matrix. In Fig. i, 
NPP is predicted by the above set of equations. In Figs. 2 
and 3, NPP is predicted for temperature and precipitation, 
respectively. The difference between the predictions via 
temperature and precipitation is shown in Fig. 4, which 
demonstrates that much of the world's NPP is precipitation
limited. The higher the temperature, the larger the limita
tion, which means that much of the global solar energy un
tapped by biological energy fixation lies in tropical regions. 
Fig. 5 shows the general control of NPP by either tempera
ture or precipitation across the geographical latitudes. It 
shows that 40 north latitude is about the turning point north 
of wh;ch temperature predominantly controls NPP and 
south of which precipitation mostly controls it. Fig. 5 was 
derived from an earlier model (Lieth, 1972) by StraZkraby. 

All the models presented are convenient to use for initial 
planning purposes. They provide total NPP figures which 
are in the realn of productivity of high-yielding crops as in

dicated in the International Rice Research Institute (IRRI) 
symposium on crop productivity. 

ECOLOGICAL PROBLEMS GENERATED WITH 
IRRIGATION SYSTEMS 

The productive benefit of irrigation systems is undisputed. 
In spite of that, however, the history of man shows that ni
merous cultures deteriorated after a period of apparently 
happy life that was supported by an irrigation system. Other 
cultures have lasted since the development of the first irriga
tion system and were interrupted by catastrophes not caused 
by faulty irrigation technique. Failures appear to be more 
numerous in dry than in humid climates. 

The problems with irrigation systems may stem from the .,,X kNPP/(; X A-' =MIN (NI'P1. NPI ,,) X /,,,i alteration of abiotic environmental conditions, cropping 



Table 1. The factors for F (soil fertility) for the most frequent soils 
of the earth. 

FAQ Soil Number of Table 2. Ecological problems with irrigation systems. 
Units Factor Data Points 

Acrisols 
At the area of irrigation" 

So;! conditions Hardpan development 
Ag 0.87 1 High salinity 
Ah 
Ao 

0.22 
0.70 

2 
7 Water conditions 

Nitrate seepage 
Breakage of dams 

Other A 0.60 - Floods 
Cambisols Stagnating waters 

Bd 
Be 

0.94 
1.69 

10 
7 Weather conditions 

Quality changes 
Extensive drought 

Bh 1.58 3 Sandsorm:, 
Bx 0.76 1 Torrential rains 

Chernosems Cionping system Failure of growth because of environmental 
Cl 0.99 I stress 

Podsoluvisols Cash crops and Failure of yield because of faulty 
Dd 

Ferralsols 
0.83 I balk cereals management 

Pests, weeds, and diseases of crop plants 
Fx 0.55 1 Transportation problems 

Gleysols Shortage of labor 
Gh 0.47 2 Marketing problems 
Gx 0.57 2 Garden crops and Growth failure be amse of various stress 
Other G 0.50 - vegetables conditions 

Lithosols Yield lIss because of pests and diseases 

ly' 
00.52 
1.14 

7 
1 

Large-scale irri-
gation systems 

Crof failure because of shortage of water 
Yield losses because of herbivorous insects 

Fluvisols and other small animals, including large 

Je 
Other J 

0.49 
0 61 
(1.55 

I 
2 

-

Inpact on natural 
vegetation atnd 

bird populations 
Replacenlent of inaturail ecosystems 
Unbalancing of animal populltions; import 

Kastanozems wildlife of ne.w species 
Kbh 1.96 2 Human health Various waterborne diseases 
KI 1.61 3 Morbidity or sickness because of airborne 
Other K 1.80 - insects 

Luvisols Possibility of epidemics 
La 0.34 1 A/ areasgeoicallY connected: 
Lc 1.04 2 Abiotic environ-
L' 
Lg 

1.65 
2.78 

1 
1 

tient chnges 
Soil conditions L.oss of land forreservoirs 

Lo 0.85 4 l.oss of land in lte liver della 
Hislosols Water conditins Alteration of sedinent load dowtnsream 

Od 1.39 2 Irectiion of trew bairriers inrivers 
Podsols 

Ph 0.56 1 Cropping systems 
Alteration offfloods 

Po 
Other P 

0.61 
0.55 

7 
-

For agriculture.
tisheries, and 

l.ossoI'fairmlaid in della areas
Alteration of lisheries 

Regosols silviculture Loss of forest acreage 
Re 1.61 2 Bridging olpreviously isolated productive 
Re 
x 

1.14sysells
0.91 1 Change of narkcing chances fr ative 

Other R 
Solonetz 

1.20 -
Natural 

products 
Unbalancing oufwild-animal populations 

so 0.59 vegetatiini Reductlions of ;,,itural vegelation 

Tv 1.65 1 
and wildlife Introduction of new species in area

Iridging of previously isolaled productive 
Xerosirls 

Xl 
Ye rillOSoIs 
Y 
Y 

0.42 

(I.30
01.30 

I 

2 
2creation 

Ilutnan heallh 
ytm 

systenlt s 

Spreading of diseases over larger areas 

Generation of contditiourns for new diseases byifl,'.whabita ts for their natural 
Yh 0.66 1 vectors 
Yt 0.(9 I 
YI .23 2 

Sohlonchak 
zo 0.44 2 
Zt 01.3 1 
Other Z 0.20i -

SOURCIE: Adapted front lisser. I'84. The soil systcm corresp nds with 
the classification tff World Soil Mali.the FAO-UNIESC() 
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Fig. 2. The global NPII pattern in grams per square meter per year, predicted from average annual temperature and soil fertility only. All 
other conditions are as explained in Fig.i. 

carried away by wave action. The size of any delta area de-
pends largely on the balance between these two forces. 
Large-scale irrigation projects intcrfcre with this balance in 
two ways: they reduce the amount of water carried to the 
ocean, and, if dams arc erected, they reduce the sediment 
load of the river. Together they have the affect that the land 
on the oceanfront is carried away by wave action faster than 
new material is deposited. This has been experienced on al-
most all rivers after large reservoirs were erected upstream. 
The example most often discussed is the Nile l)elta area, 
which has lost several kilometers of land because of the 
Aswan l)am. In 1974, I saw the effects of the Kariba Reser-
voir on the delta of the Zambezi River, which at that time 
had lost about i km to the Indian Oce.. (Lieth, 1974). 

I mention these two examples because they demonstrate 
an additional problem. In the case of the Nile, the erection 
of the Aswan Dam, the benefit oin it, and the loss of land 
to the ocean occurred in the same country. This makes it 
easier to provide relief to the population that must endure 
the loss of land. In the case of the Zambezi, however, one 
country, Zimbabwe, benefits from the reservoir, and an-
other, Mozambique, endures the losses. International nego-
tiations for compensation are necessary each time new 
los,.!s occur at the seashore. On each large irrigation project 

undertaken, the problems created on the site of the irri
gation, together with the losses or changes generated at dis
tant locations, require a thorough systems analysis to see 
whether the cost-benefit ratio justifies the expenditures. 

The Unbalancing of Animl Populations 
The ecological problems discussed so far affect the human 
population by the alteration of the physical environment. 
The alteration of the biological environment may, how
ever, be more serious than the alteration of the physical 
environment. 

Table 3 shows the major impacts of irrigation systerns on 
plant and animal populations. These were mentioned in 
Table 2. Some of the entries in Table 3 are more hatinful 
than others; some problems generated by the change of spe
cies populations are likely to make entire irrigation systems 
obsolete. I will discuss each group in Table 3 separately. 
Gifford's chapter in this volume will give more examples. 

The interruption of normal population areas is mostly en
countered in the rivers which supply the irrigation water. 
Dams often block the spawning grounds of fish. Frequently 
they separate upstream from downstream habitats and 
thereby offset the normal population grov,th of a large por
tion of the aquatic wildlife in general, not only fish. 

Ap
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Fig. 3. The global NF111 pattern ingrans per square meter per year, predicted fromn average annual total sun precipitation and soil fertility
only. All other conditions are as explained inFig. i. 

Blocking the llov, of natant plant species like Eichhornia persed conventionally as seeds as well as with commercial 
sp., Cvperns p.)yrus, and others by dams has caused se- traffic to the irrigated area. Migrating animals like insects 
rious problems in several "iver reservoirs in dry areas; the and birds invade in great numbers unless prevented from 
Aswan Dam is only the most prominent example. There are doing so by the managers of the irrigation system. 
ways to relieve problems caused by damming rivers: more This problem may become especially severe if the irriga- 
difficult are the problems caused by new reservoirs and new tion site bridges natural barriers. Irrigation systems in arid 
irrigation systems that block migration routes for large- lands appear basically as the most attractive improvements.
animal herds. Careful studies should be made beforc loca- They seem to be new oases in desert lands. The problem 
tions of future dam and cropping sites are determined so that may arise from constructing many systems in the same 
that new routes can be established for wildlife along the area, however, is that bridges are erected for arthropods,
fields and across the rivers. pathogens, or obnoxious pest species previously separated

The second group of problems is caused by generating geographically. This fact is especially clear from the ni
new habitats of high productivity in an area where little or- gratory locust problem in Arabian countries. Many other 
ganic growth was encountered before. '[his is especially inl,- species can become potential problems if new crops are im
portant since the sudden availability of open freshwater cre- ported or common ones are spread over areas where they 
ates breeding grounds as well as ample feed. could not grow before. With our present knowledge we can 

Weeds and other pests are mainly problems for the crop- only use chemical pesticides to prevent damage to planta
ping system. While several animal species also affect crops, tions and crops. To determine whether this solution will re
others create numerous health hazards for the rural popula- main feasible in the future or should be abandoned for eco
tion working the irr'gated fields. This problem requires nomic or health reasons will require major research efforts. 
careful studies about health hazards and also the provision The last entry in Table 3 deals with possible losses of 
of continued health care for each irrigation project. plant or animal species in regions affected by irrigation

The generation of new habitats makes possible the inva- projects. Endemic species are likely to be lost in areas that 
sion of new species of plants and animals. Plants are dis- become submerged inland or are lost to the ocean. That this 

A
 



220 INTEGRATED ECOSYSTEMS MANAGEMENT 

[FFHRE.N.E FOR NJPP PR-L:- [-Er n tFRUM, PRE G)[P OR FLI-P1 . 

-"....;- " " i . ; :: : i:
 

........ .. ;,.. '
,€,- -';~~~... ... .... .- :> .. 

tv 

Y" I~ rLD;I 7fMP. 

Fig. 4. The amnount ol produiCtiVity missing onl (lhe level predicted by the temperature because of a lack of'rainfall for thc individual grid
elements shown in Figs. 2and 3. The values are given in gramns per square mneter per year. The clotted grid elements arc those in wvhich 
temperature is limilg.9 

00.TERRESTRIAL P-,NTable 3. possible impacts o irriga ton .ssyse on 

g M" ear"dry mtterplanlt anid aninmal populations. 

2500 Interrupt ion of* 

2000DOINATNGREGON OTEN/ALTravelO routes f'or somec fishi species by damns 
FDYNT P NTI L200 TETION E ANpassage of' floating llt species

LINIATIO BYPRECPITAIONTravel routes of migratory [;lnd species witt channels and fencesf1500' 7>- D Generation<;' of.new .abitalsf/r

REGION OF DOMINATING Small iaials migratory birds, snails, and insects 

JO POTENTIAL Snakes and aniphibiais
LIMITATION BY50.TEMPERATURE Weeds and oilier pestsInvasion (if,new species il 

irrigated areas
 
Reservoirs
 

0 10 20 30 40 50 60 10 80 Bridging of natural barriers against

CORREC TED.'LATITUDEEOEGREES Weed and oler pest species 

Fig. 5. The northl-south profil Ic(f'global N1111 ca lculIajted with tilie Los of Seiles e ouss 
Miami Model (Licth. 1978) by St ra,*k raby (unpublished) showing Areas tinder reservoir waterthat north of 4(0 latitude the NPP is primanily tenperatute ,t,Delta area 
limited. ,it_ that south ofi NI1' isprimarily precipitation limited. 
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Fig. 6. The level of nitrogen and nitrate in seepage water under 
agricultural fields fertilized with commercial nitrate fertilizer 
(crop: sugar beets) and with liquid manure (crop: rye). Inthese in-
stances the nitrate level in seepage water under tie crop increases 
more rapidly when co n umercial fertilizcr is added. The legal level 
kf 5o ppm nitrate is reached well below the recommended maxi-
mum level of fertilization for eacti crop. This level is recoi-
nended for hethh reasons indrinking water. The farmers often tap
ihc groundwater bhelow their fields for their drinking water. Ah-
scissa: Increasing amounts of nitrate; the scale for liquid manure is
spread so that its nitrogen Content per cubic meter fits the scale for 
comtercial nitrate ferlilizer. Ordinates: left, ppm nitrogen and ni-
trate inseepage waler; right, amount of nitrogen lost per hour lie-
cause of iranslcr into tlie aquifer. Thober, LietI, and Fabrcwitz, 
1985. 
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is a realistic problem is demonstrated by the loss of all habi
for the Oconee bell (Shortea robusta) in the North 

Carolina mountains. The habitats were lost when a hydro
electric plant was erected. Similar conditions may arise 
when reservoirs are built for irrigation water. 

points raised in Table 3 are solvable, but it remains to
be seen whether the solutions are economically feasible. 
Irrigation water is very costly and becomes increasingly 
rare with the growing world population and the growing 
amount of water demanded per person. It is worthwhile,
therefore, to think about enlarging the water resources for 
irrigation with new alternatives. 

THE "AGRICULTURAL POTENTIAL" OF HIGH-
SALINITY IRRIGATION SYGTEMS 

Today irrigation systems utilize freshwater and brackish 
water, primarily because all our crops are glycophytes, and 
the salt tolerance of most plants is restricted. Boyl:o (1966) 
made numerous experiments near Eilat, Israel, to learn how 

could use ocean water for irrigation and which plants 
would tolerate it. Not much has come from these and simi
lar experiments elsewhere, and yet the use of ocean water 
for irrigation systems should have the potential for new ag
ricultural exploitation. As a matter of fact, several high
salinity-tolerant plants are already being used as animal 

or otherwise in many coastal areas in Third World 
countries. In the United Arab Emirates, Lieth and Barth(1983) investigated the use of mangrove species, native as
well as introduced, for agriculture. It was shown that such 

undertakings were possible, and subsequently it was found 
that subsistence agricultural practices around the Indian 
Ocean used mangrove shrub and tree foliage as feed to support cattle, goats, camels, and sheep. The general utiliza
tion of mangrove species had been shown by UNESCO 
(0979,1981a, b, 1984), Chapman (1978), and Teas (1984).In the context of water usage for irrigation the experience 

compiled in these reports needs to be recognized. Tile re
source that can be tapped by using ocean water for the con
struction of productive ecosystems is potentially enormous.
1 have calculated tilepotential to be roughly 3.65 X to, 
kn along arid and semiarid coastlines in tropical coun
tries. Most of this area lies in countries with a strong need 
to increase agricultural land, being short of irrigation water 
and investment capital. International agencies should start 
or support already existing pilot projects in Africa, Arabia,
and India. 

CONCLUI)ING REMARKS 
Ihave attempted to demonstrate the basic advantages and 
1tcd oje m i e wp intgansfr t e s 


problems with irrigation projects from the viewpoint of an 
ecolocist. It is obvious that such an introductory paper must 
he pragnatic. File main points may serve as a basis for fur
tiler elaboration. Two points I would especially like to 
stress are tilefollowing: 

i. We should seek optimal solutions for irrigation man
agement considering all aspects, including ecological dan
ge oid spect n lyeing togmaximize 
ger to wild species, rather sipply seeking to maximize
ahaur 

agricultural productivity.
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2. We should encourage research and pilot projects lead-
ing to agriculturally exploitable ecosystems based on irriga-
tion with ocean water. 

Whatever we do, we should not neglect the ecological 
balnce of the entire irrigation system in its national setting. 
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ABSTRACT 

Water, tile earth's most abundant liquid compound, isnecessary 
for all life on earth. The oceans occupying three-fourths of the 
ea;'th's surface are the basic source of the earth's water. Each day 
tile st draws a trillion tons of water from tie occan, soil. veel-
tion, rivers, and lakes indtreturns a similar amount in rain to water 
food crops either directly or indircetly thtrough irrigation. 

Water is beii conserved by the use of horizontal terraces, sod 
crops, rotations, and no-till to prevent runoff and by developing
reservoirs for irrigation. 

Choosing species that are drought atid heat holerant: have tow 
water requirements, deep root systemns, and efficient growth factor 
use; and have the ability to stay green under drought stress helps 
maximize world tood production. Futrther x'ield increases can re-
suit frota choosing or breeding cultivars or F, hybrids that are 
pest resistant, fit the rainfall pattern, have low straw per 
grain ratios if grown for grain Or it used for forage, and 
groxv full season; haVe high leaf percentage, digestibility
and palatability; and have good defoliation tolerance. Sepe-
rior culti vats or hybrids can maximize world food produc-
tion only if they are properly managed. Proper management
consists of supplying enough of the other growth factors to 
make water the limiting factor.' 

INTROI)UCTION 

Water is the earth's tiost abundant liItlid compound. Its 
mioleclile, II 0, is one of the simplest. but its properties and 
characteristics are uttique. Water is tie vital constituent of 
,Ill living matter aind is necessary for life. It is the dominant 
factor governing all aspects of the environment ott the earth's 
surface. 

VAT' , SOURICIES 
The occans, ocCtupying three-fOurths of tile earth's stir-

face. are the basic source of the earth', xvatcr. Each day the 
suit evaporates aniiestimated trillion tons of' w.atlr frot tle 
oceans, soil, vegetation, lakes, and rivers. lach day a simi-
lar amoouint ofI water is retu ned t( tlie earth iii the form of 
rain. The quantily of rainfall that waters tlie earth's vegeta
tion ranges from a few itillimeters a year in the deserts to 
iiore than to,1oo mlr in soie rain forests. Much of the 
earth's land mass experiences a rainy monsoon season of 

i.This chapter grew otit ot coop'rativ inv.stiatiuns by Ite tS. ID-
partmlet of Agricttlture. Agricultural Research Service. and the Univerily
of Ckcirgia. College' of Ag rict I[ltre l xperiment Slatins. Coaslal I'hjl tx-
perimtei Station, Agronomy Department. Tiflon. Georgia. 

several months followed by several months with very little if 
any rainfall.

Some of the earth's rain falling on the land runs off or per
colates to the groundwater. Most of it, however, infiltrates 
tile soil to be returned to the atmosphere by e\ aporation or 
transpiration by plants. It is use directly to produce food, 
tiran by toaitts.It is used directly onro ed 
fiber, and wood to mect n's needs. Indirectly, controlled 
or"othervise, rainfall grows crops by flooding the land adla
cent to rivers and filling reservoirs for irrigation. 

The use of irrigation to grow crops is not new. Excavated 
ruins dating fromit centuries ago reveal that people in India. 
Assyria, 3abylonia, Egypt, Israel, Greece, and Rome built 
irrigation canals and reservoirs to grow crops (Frank, 1955, 
i ). Today itost of' the world's rivers supply water for reser
'oirs that in turn irrigate crops. Wells, often tapping water 

sources that are centuries old, such is that in the Ogallala 

Aquifer increase production of food and fwod in setiarid 
p)arts of the world. Without irrigation much of the xorld 
would be hungry. 

WA'ER CONSERVA'ION 
Preventing runoff loss is one of the most effective ways of 

conserving rainwater for food production. I lorizontal ter
races can conscre most light and moderate rainfall. Furrow 
diking, developed ott the Texas Iligh Plains. has proved 
very successful in capturing low atLi[its of rainfall, stimu
lating water penetration. and producing almost zero runoff 
under clean cultivation. 

Sod crops conserve water by slowing rurnoff and greatly 
increasing water penetrnttion. Some conservation can be ob
tained by rotating clean-cultivated crops with small-grain or 
sod crops. No-till, like sod crops, slows runoff and con
serves water. 

Thousands of small reservoirs or ponds, built by dail
fiing a ditch or low land that carries runoff' when it rains, 
conserve water. They also provide recreation and a source 
of water for irrigation. 

WA'ER USE 
The aniouint of food, feed, or fiber produced per unit of 

water is determined in part ly the choice of plants. Charac
teristics that make for improved water-use efficiency were 
dmlionstrated itt a field cxperictneit designed to tneasure the 
drought tolerance and water use (If eight southern grasses
(B3it 'toii e t al. 1954. 1957). The soil chosen for tic experi
nint, located (il ita scrub-oak ridge, consisted Of 95.3 per

http:aitts.It
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cent sand, 1.5 percent silt. and 3.2 percent clay to a depth 
of 2.6 m, where the presence of small amounts of clay sug-
gested the beginning of a B horizon. Physical studies indi-
cated that at field capacity the soil would hold about 61 nim 
of available water per meter of depth. On March 20, 195 1, 
eight grasses were planted in 5-n 2 plots arranged in a lattice 
square. Nitrogen at rates of 50, oo, and 200 lb/A (56,112, 
and 224 kg/ha) plus primary, secondary, and minor tie-
ments were applied to subplots of each grass each year from 
1952 throagh 1954. Dry-mattcr yields were taken every six 
to eight weeks during the growing season. Growing-sea.on 
iainfall at the site in 1952, 1953, and 1954 was, rcspec-
tively, 87, 135 and 47 pcrcent of the long-term average, 
Droughts that occurred in the summer of 1952 caused car-
pet grass, AOiZ()t)us aimis, to turn brown and other grasses 
to wilt and fire except for Coastal and Suwannee Bermuda 
grasses, C',vnodon dact.vlon, which showed very little evi-
dence of injury. Ii the more severe 1954 drouighi carpet 
grass and l)allis grass. Pas.ahm dilatatum, (lied, while 
Coastal and Suwannee Bermuda grasses stayed green. The 
difference in the drought and heat tolerance of these grass 
species was well demonstrated. 

The water use per kilogram of dry matter in 1953 and 
1954 Vas 1,546 and 4,336 kg foar common Bermuda, 803 
and 641 kg for Coastal Bermudlad. and '7o and 1,239 kg for 
Pensacola Bahia grass. P. n0111ttHm. The 1953-54 water-use 
ratios for common Bermuda grass, Coastal Bermuda grass, 
and Pensacola Bahia grass were 0.36, I.25. and 0.7o, re-
spectively. It was interesting that coastal Bermuda grass 
used water more efficiently in the dry year than in a wet 
year. It is apparent that grasses can vary greatly in water re-
quirement per unit of dry matter. 

Coastal and Suwannee Bermuda grasses, the most
drought-tolerant grasses, had root systems effective to a 
depth of -.5 m. Carpet grass had practically no roots deeper 
than 1.2 Il. In an experi merit using P,, placed at various 
depths to measure the rate of root penetration, Coastal Ber-
muda root.. penetrated twice as fast as common Bermuda 
roots and four times as fast as the roots of carpet grass 
(Burton e al., 1954). 

Throughout the dry summer of 1954, Coastal and Suwan-
nec Bermuda grasS stayed green, whreas common Ber-
muda grass was brown most of the season. By staying 
green, Coastal and Suwannee were able to use light rains 
thai evaporated from the brown common Bermuda grass be-
fore they could cause much growth. As a result Coastal and 
Suwannee 3ernIUda grasses were able to produce over haf 
as much dry matter in 1954 as in 1953, whereas common 
Bermuda grass produced one-seventh as Much dry matter in 
1954 as in 1953. 

Coastal and Suwannee lBermuda grasses \,cre the only F, 
hybrids in this test. Selected F, hybrids usr.Ji y outyicld 
open-pollinated cultivars. When compar'.i in the same 
yield trial where they have access t tth same amount of 
%,ate, the higher-yielding F, hybrids produce more than 
culfivars do per unit of' water used. 

In 1953, whein the rainfall during the growing season 'was 
35 percent above normn:l and well distributed, dry-matter 
yields were a good index of the efficiency of the eight 

grasses in using fertilizer. In 1953, Coastal and Suwannee 
Bermuda grass produced about twice as much dry matter as 
common Bermuda and three times as much as carpet grass 
when all received 200 kg/ha of N plus other primary, sec
ondary, and minor elements (Burton et al., 1954). 

CHOICE OF PLANTS FOR GRAIN 
The production of grain and most other crops can be 

maximized by choosing crops that fit the rainfall pattern. In 
regions where most rain comes in the winter and spring and 
the summers are dry, small grains such as wheat, rye, oats, 
and barley will produce more food than summer-growing 
crops such as sorghum and pearl millet. In regions where 
much of the rain comes in the summer, warm-season food 
crops such as corn, sorghum, and pearl millet can nmaximize 
:od production. Most farmers are well aware of this rela
tionship and choose crops to fit the rainfall pattern. 

Where grain is the food prodJuct sought, breeders are re
ducing the straw-grain ratio. This allows the plant to put a 
higher percentage of the pholosynthate into the grain and in
creases the yield. By shorteninrg the straw, breeders also re
duce lodging, facilitate the harvest, increase grain yields, 
and help maximize grain production. 

Pests (insects, plant diseases, and nematodes) that attack 
food crops usually reduce yields. To maximize food pro
duction, such pests must be controlled. When resistant 
germplasm can be found, breeding resistant cultivars is usu
ally the best and cheapest way to co:-trol a pest. If resistant 
germplasm and support for plant breeding are not available, 
chemicals may be used to control the nests. The cost of the 
chemicals aind the value of the crop determine the econorfba 
its of such control measures. 

Early flowering that reduces the time from planting to
harvest reduces the water required to grow the crop and 
makes it better suited to regions with a short rainy season. 
Early flowering enables many crops to escape the summer 
heat that greatly increases daily water use. Early flowering 
also permits growing a crop following flooding in arid parts 
of the world. 

In corn Troyer ( 1972) reported that selection against silk 
delay is the most effective method of breeding for drought 
tolerance. llybrids selected to widistand stress f'rcm high 
plant density have less silk delay and less barrenness (more
yield) under many forms of stress (Troyer and Rosenbrook, 
1983). Troyer, who has spent many years breeding corn for 
heat and drought tolerance, described the ideal corn plant 
type of the future as follows: "It should silk before pollen 
shed; should flower early and have a rclatively long grain 
filling period; should have erect leaves above the ear; have 
fast seedling growth; and have good 'slay-green' so the ear 
can fill longer" (Troyer. 1983). 

CHOICE OF PLANTS FOR FORAGE 
Forages are grown primarily to feed livestock. From 85 

to 1oo) percent of the feed consumed by ruminants such as 
cattle, sheep, and go-its is forage. These animals need feed 
every day of the year, and forages that can provide the 
greatest number of grazing days are the most useful. Peren
nials such as Coastal Bermuda grass that can utilize the full 

'1,'
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growing season can provide many more grazing days than conversion to energy can be made once a year so that the
annuals that must start growth from seed and usually termi- entire season's growth can be harvested at one time, Napier
nate growth in late summer or early fall. Forages that use grass Pennisetum purpureum, will outyield most other spe
only part of the growing season waste rainfall that could cies. If the plant must be harvested every four or five weeks,
produce forage with full-season perennials. the hybrid Bermuda grasses will outyield Napier grass and 

The leaves of forage plants are more palatable and nu- persist much better (Burton, 1985).
tritious than the sterns. Increasing the leaf percentage of a 
forage can increase livestock produce per unit of Water by CHOICE OF CULTURE 
increasing animal performance and reducing the forage that In regions where there is abundant water and irrigation
must be used for maintenance. Tillcaf i pearl millet, re- can be practiced, solar energy can become the growth factor 
duced 50 percent in height with the d gene, is much leafier that limits yields. Here, to maximize food production, crops
than Gahi 3 and produces higher daily gaios and livcweight must he planted so as to capture all of the sun's rays striking
gains per hectare, even though it yields only 85 percent as ,d hectare of land. In New Jersey, for example, Flannery
much dry matter. (1985) produced for five years an average of 15.3 t/ha

The performance of a ruminant consuming a foragc is di- (307 bu/A) of corn by planting, in a 30 X 30-cm diamond
rectly related to its digestibility. The higher the digestibility pattern, 107,590 plants per hectare (43,56o plants per acre)
of a forage, the better tile performa nce of the aninial con- and using highItertility. Weeds Mustibe eliiniiated so that all 
sliming it. Coastal and Coaslcross-i Bermuda grasses y'iek solar energy and other growth factors can be used by the
about tile same amOtult of dry matter and usc about the same food crop. Those species and cultivars capable of producing
amount of water, fert ilizer. etc., to produce it. Coastcross- , the niaximurli amount of food When grown in a closed ran
12 percent more digestible than Coastal. enabled steers opy must be chosen. When these reqlirenmits have been
grazing it to make iq percent betcr averatge daily gains and met. the consumptive use or iiaxinuinl 'evaporation" of 
produce 4 2 percent more liveweight gain per hectare than rater f'rom .I hectare of aind will depend largely on incidentCoastal (Utley et al.. 1974). Thus tile efficiency of water use soiar radiation and its effect on weather. At the Sixth Inter
was increased about 40 Percent by p1at in Coastcross- I.: national Grassland Congiess, Schotheld (1952) said that 
Breeding ti ragcs for iIIproved digestibilily will help in- "max inLiiii evaporation depends almost entirely on ineteo
crease water-uLise CfliciCnCiy arid iiiaxin ize world I'ood rological coiditions and scarcely at all on tile nature of tle 
prodiCtiOil. vegetation as long as it is green and effcctivcly covers

Palatability of a foragec influences tilei amount of forage the soil." 
consuined daily and. touethcr with digestibility, determines in the rest of the World tcmperature or water or both
the production rate of ani malI prdiietcs oIr foIod. Forage spe- will set the ceiling for food production. In regions where
cics and genotypes within spceics differ inl palatability, water sets tile ceiding, cultural practices must ensure that 
Givei free choice of duplicatC ro X 20-u plots of eight water is the limiitin factor if food production is to be maxi

Ilrmuda-grass hybrids. mnilk cOWs coisisiitntly chose and iiized. Certainly cultural practices must be chosen that will
grazed Coastal Bcrnuda grass (Burto, 1948. 6). Such best fit the expected weather pattern. Until meteorologists 

ca feteria" tests help detcrmini tile best forage, but tie>' can accurately describe the weather, particularly the raiin fall 
can be mi:eading. Bahia grasses ranking first in a cafcteria pattern for the growing season, species and cultivars must 
test have !iveri no better daily gains when grazed in pure lie flexible enough in their water demands to maximize 
stald than others rankinc significantly lower in tie rcpli- yields under a range of weather patterns.
cated cafeteria test. Plant breeding has developed cultivars that have increased 

Foraces differ greatly in their tolerance of deftolialion. To water-LIsc efliciency anid food production per hiectare. Ade
be persistent under most ,raziin! svsenis. liiraces roust be (luately supported, it can continue to (t) so. Brief descrip
able to close Perennial grasses such as tions of some of the ways that lilarit breeding can realize thistolerat' Prazinc. 
Bahia grass, Bcridida grass, and bluegriass call tolerate Con- objective follow: 
tinued close grazing. ()n lie otlier hand, k udzu . I'Crwiu i . Breedinrg newCui ltivars capable oIf producing food 
ph) ,eo/oid's (ROxb.), a g0dt ii icltrlegu rile if grazed where existi nc cUltivars Wi'ill not grow Wxill increase world 
lightly can be killed iii on'" sea&'n with close. hcavy graz- flood production.
ing. l)rougLIts tihit :.ldow growth of l'oragces force livestock 2. Watcr-use elficiency cain be increased by breeding
I'aryicrs to ovcrgraze their pasturcs and cause theli to lose winter ctltivars to replace spring cultivars. Several years
interest ii l'ragces !ike ktLdzu. ago, I). G. Ilanway, chairman of the Agronomy l)epart

ient, University of Nebraska, said, "'At tile turn of the ccn
tury 'ei x replaced spring Wheat cultivars with winter

Plants for bioiiiass Productioii ruust use tie full growing cultivars, we essentially doubled wheat yields.' 
season to Irlaxirize annuial dry-iiiatler yields. They iced all 3. Breedinc cultiVars that can be grown in cooler regions
the characteristics that rmake Ior more eflicient water use, where evapotramsiratioli rates are reduced na'v increase 
suIclI as heat andd riuglt tolcirice, low vatcr req uriremerit. watCr-use cf iciciiCNy. American and Canadian corn breeders 
deep root systcins, cflicicnt urowth-factor use, and abilit' to have done this as they have made corn fit northern climates. 
stay green during droughts. The'y inuisi also prIidec Ibio- 4. Sriall-grain breeders haxe increased yields of. wheat. 
mass that ca ribe harvested and processed at low cost. If the oats, ard barley by breedli r' culti vars that mature earlicr. 
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Reitz and Salmon (1959) reported that breeding earlier 
cultivars of hard red winter wheat afforded escape from 
rust, insects, and hot, dry summers and was worth over 6o 
kg/ha per day of earlincss added, 

5. Breeding cultivars resistant to diseases, insects, and 

other pests will increase yields and automatically increase 

the efficiency of water use. 


6. Water-use efficiency can be increased by breeding
cultivars resistant to lodging, which in turn reduces grain 

losses and increases the yield of harvested grain, 


7. Breeding cultivars such as Coastal Bermuda grass that 
can remain green under high moisture stress and utilize 
every drop of rain for increased growth w,'ill increase yields
and water-use efficiency. Light showers are lost through
evaporation before new growth can be initiated \\'hlena 

grass like common Bermuda grass turns bro,n, 


8. Yields and water-use efficiency can be increased by

breeding cultivars that have deeper, faster-growing, more 

cfficient root systems. Roots from plugs of sod of Coastal 

and common Bermuda grasses planted above P,, placed at
 
deptils ofO.3 o.6, 1.2. and 2.4 to ad reached depths of 2.4
, 
and 1.2 in,respectively, after three months. The presence ofI'in thle leaves was coinside red proof that roots ha~d reached

he Iepth of the placemeit (3 urton t.r d, 
 r954).

9. The best hybrids of a species usually outyild tie best 
cuTivars beshybrids 0sin margin. Inualy letr o Febe ya a 

culfivars by a significant margin. Ina letter of' February
1965, K. 0. Rachie, coordinator of pearl-millet improve-
ment it, India, reported that breeders of Indian pearl millet 
had agreed unanimously to release ll3i , ile first hybrid 
pearl mil let, because in yield trials from II'to 31' north 
latitude it had yielded an average of 88 percent more grain 
than tile the help of 1II131 yields ofcheck cultivars. With 
pearl-millet grain in India increased fron 3.5 millionl toils in 
1965 to 8 Million tons in 1970. Thus, breeding F,hybrids 
that carry the maximum amount of hybrid vigor can il-
crease water-use efficiencV and world fod production.
cd 

Superior cultivars can maximize world food production 
only if they are properly managed Water-use efficiency and 
yields can be maximized best with tlanagcnlent systems 
that make water the limiting growth factor. Variations in 
rainfall from year to year may require that, for ecolltnlic 
reasons, other growth factors Must be applied at rates that 
may be limiting in the best rainfall year. For example. in 
1953, with 35 percent more rain than average during tile 
growing season, conmon Bermuda grass dry-niatter yield 

n 4Sorghumwas increased 4.9 t/ha by increasing tileN rate fro nt 
2oo kg/ha. In1954 with 47 percent less rain than average in 
the growing season, increasing the N rate from 50 to 200 
kg/ha increased the forage yield of common Bermuda only 
0.5 t/ha. Choosing a drought-tolerant cu1ltivar can help 
solve such probletos. Increasing the N rate frotn 50 to 2(( 
kg/ha for Coastal bermuda in the same test ill 1953 and 
1954 increased forage yields 8.3 and 3.7 t/ha, respectively. 
If such variations in rainfall occurred frequently, it would 
not be econotlical to apply 2oo kg/ha of N to common Ber

muda grass every year but would probably be econcnica! 
for Coastal Bermuda grass. 

For crops such as corn, plant populations have a signifi
cant effe-t on yields. In south Georgia in the 1930s, when 
corn received little if any fertilizer, single plants were spaced
1.2 in apart to give yields of 300 kg/ha (5 bu/A). Flannery 
(1985) found it necessary to increase plant population over 
twelve times to produce his record corn yield of 15.3 t/ha.

Weeds compete vith food crops for water and all other 
growth factors. To maximize water-use efficiency and food 
production, weeds must be controlled. 

Available water in tie root zone at tiletime crop growth
 
begins affects yields and must be considered in ascertaining
 
the yield potential of an environment. Yields of rainfed
 
corn in Illinois would be much less without tile
available 
water in 2 to 3 Il of soil that accumulates from one growing 
season to another. Managing tilesoil to maximize the accu
mulation of water during the off-season can increase yields
 
and world food production.
 

REFERENCES 

Hunrton. Glenn W. 1948. CoastalI bermudagrass . Georgi a Coa.stal
 
Plain Experiment Station Circular 
to, rev. Tifton, Ga. 

. 1985. Bioniass production from herbaceous plants. In 
Proceedings of the Third Biomass Energy Conference. In 
press.Burton, Glenn W., E.H. DeVane. and R.L. Carter. 1954. Root
 
penetration, distribution, and activity ill southern grasses
 
measured by yields, drought symptoms, and Pu uptake.
 
AW-,0'1otunaV .1o01ra 46: 229-33. 

Burton. Glenn %V.,Gordon N1.Prine, and James E.Jackson. 1957. 
Studies of drought tolerance and water use of several southern 
grasses. Agrononm% Journal 49:498-503. 

lanner . Roy. 1985. Corn and soybean yields ate 3times the U.S. 
average. I-AR Letter i(i), February. 

Frank, Bernard. 1955. The story of water as the story of man.Pp. 1-9.Ill Water: U.S. Department of Agriculture yearbook. 
Reitz. L. P.. and S. C. Salmon. 1959. Hard red winter wheat inr

provtcnent in the plains. U.S. Department of Agriculture 
Telchnicatl Bulletin 1192. 

Schofield, R. K. 1952. Control oftr2,;:;latd irrigation based otl 
weather data. Pp. 757-02. In Procccdings of tie Sixth Inter
nalional Grassiand Congress. Pennsylvania State College, 
State College. 

Troyer. A. F.1983. Breeding corn for heat and drouglt tolerance. 
Pp. 128-43. In Proceedings of the 3811h Annual Corn and 

Research Corderence. Chicago, Ill. 
- atd W. L. Brown. 1972. Selectioi for early )flowering il 

corn. rora.Science 12:31 -34. 
-. and R. W. Rosenbrook. 1983. Utility of' higher plant 

densities for corn performance testing. Crop Scie'nce 23: 
863-67. 

Utlt.y, R R., Hollis I). Chapman. W. G. Monson. W.H. Marchant, 
and W. C. McCormick. 1974. Coastcross-i bermudagrass, 
Coastal bermudagrass, and Pensacola bahiagrass as summer 
pasture for steers. JournalqAnintal Science 38:490-95. 



35. PATHOGENS AS CONSTRAINTS TO CROP PRODUCTIVITY 

R. James Cook, Root Disease and Biological Control Research Uiit, U.S. Department of Agriculture,
 
Agricultural Research Service, Pullman, Washington
 

ABSTRACT 

Current cultivars of major crops would yield 50 percent25 to 
and up to too percent more with the same water were it not for 
constraints of diseases and pests. The yield possible when the 'rop
is healthy and pest free is at least as high as tile best yield for the 
crop in a given area and year. In general, the higher tile yield po-
tential. the greater tie range between poorest and best vield for 
that localit. and year. 

Yield increases of 25 to 5o percent and greater can be demon-
strated routinely for most agronomic and horticultural crops by tie 
combined use of soil fuinigation , pathogen-free planting material,
and full-season protection of the folIage with fungicidal sprays. It 
is not necessary to eliminate all microorganisns, only those that 
arc pathogenic. 

Root diseases and some virus diseases may occur so uniformly
in fields as to lead scientists,to accept the appeara nce and yield it' 
diseased plants as the norm. The increased growth response o' 
plants following soil fuimiigationi is a glimpse of how plants withheaItliV roots are Supposed it grow. II the Pacitic Northwest yields
of winter wheat are near or at po tential only in areas with 25 to 
40 cmii auiuali precipitation. Wleait yields at oiily about 75 percent 
of potential iii areas with (i to ci ant.lI a precipitation, but at 
potential if the soil is funligiaid and foliage protected from rust. 
Under irrigation wheat in tihe Northwest is yielding at oiily 51 to 
6o percent of potenitial set b, tile water andi fertilizer applied. 

INTROIDUCTION 

Present-day cultivars of major crops grown in tiodern 
farming systems commonly yield only 6o to 75 percent, and 
(itften only 5o percent or less, of their potential as set by
their genetic makeII, available water, fertilizer, climtnate, 
and weather. This difference between the actual and potenl-
tial yield results largely ftom constraints on tile plants
caused by diseases, arthropods, nemtodes, and weeds. 
Crop yields are comtiionly 25 to 50 percent and sometimes 
too percent greater in fields ill which (i) tile soil is made 
disease and pest free by soil fumigation, (2) the field is 
planted with pathogen-free planting material, and (3) tile 
foliage is protected through the scason by fuigicides. James 
( 98o) estiniated that crop productivity would be 35 percent 
greater were it not for diseases, arthropods, nematodes, and 
weeds. 

Figures such as 5( to 75 percent of potent ial and yield
gains of too perCtitn because 0t disease ald pest control 
may seem like exaggerations, but they are corroborated by
the faits that tiajor disease aitd pest problems continue to 
occur in the Third World and that developed nations are 
beginning to recognize the importance of chronic disease 
previously thought to be of only minor signiiicance. The 

effects of a chronic disease may occur so uniformly across agiven field and year after year as to lead to the acceptance of 
tile diseased crop as the norm, e.g., when the planting moa
teril is uniformly virus-infecled or where root hairs and the 
fine rootlets are destroyed rather generally by soilborne 
pathogens. The chinge, toward less rotation and conserva
tion tillage have caused several previously minor or coil

trolled diseses to bcom c tajor constraints to achieving 
the high yields possible in these systems. 

TlE VIEI) POTENTIAL OF PLANTS 

As ageneral rule the average yield for a crop is only 50 to 
6o percent oftihe best yield obtained for thiat crop, year, and 
locality. For ex.mi pIe. the potential or attainable soybean
yield in 1979 in Minncsola on the Waseca Agricultural Ex
periment Station Was 5.5 t'Iha (Zadoks and Schein. 1979),
which is about 62 percent greater than the 3.4 t/la actual 

yie 2on that statio ilt 979 anid 1 i2petacest greate than 
the 2. 5 t/ha average soybean yield in Waseca Cottty in 
1979 (Teng and Shane, 1984). In general, the better the en
vironment for a crop. tile greater tile spread between the 
poorest, average, and best yields for that crop. It is dificult 
to argue that the precipitation, temperature, and other 
weather or climatic factors limit the average yield of a crop 
to half or three-quat['rs of the best yield itt that localitywhen all fields in the area are subject to more or less the 
same weather and climate. 

File absolute yield potential is that yield possible with no 
limiiting factors except the genetic and physiological traits 
ot" the cultivar itself and is at least as high as tile world 
record yield for that crop (Cook and Baker, 1983). Record 
yields in tons per hectare of sotne important crops is of' 
1975 were maize, 19.3: wheat, 14.5; sorghum, 20. t "barley, 
I 1.4: and soybeans, 7.4 (Wittwer, t975). The potential yield
(in contrast to tie absolute potential) is that yield attainable 
under the local constraints of' cliti ate, weather, soils, and 
agronomic inputs (including irrigation). To achieve the po
tential requires only that tile crop be disease and pest free 
(James and Tclng, 1979) aid that it be fertilized adequately 
to take advantage of available water. The difference between 
the actual and potential yield by these definitions is at
tributable to diseases and pests as yield-limiting factors. 

Van der Zaag t1984) developed a miethod to estimate the 
potential yield of potatoes that relates dry-matter production
of the crop under optimal conditions to total incoming radi
ation intercepted by the green foliage during the vegetative
period. The highest potential was calculated for the state of 
Washington, where incoming radiation over the total vege
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tative period is sufficient to produce a tuber yield of 140 t/ha. 
The absolute potential for potatoes is thus at least as great 
as 140 t/ha. In 1975 the average yield in Washington, where 
potatoes are grown tinder intensive irrigation and nitrogen 
is added at 500 to 65o kg N/ha, was about 55 t/ha, but some 
fields yielded 95 t/ha, and some experimental plots yielded 
118 t/ha (Kunkel et al., 1977). Values calculated by Van 
der Zaag (1984) for other countries were o t/ha for the 
Netherlands, 6o t/ha for Egypt, 70 t/ha for Tunisia, and 
50 t/ha for Pakistan, and he determined that the best yields 
obtained in these respective areas are near or equal to the 
estimated potentials for those areas. However, average ac-
tual yields for potatoes in these same areas range between 
only 13 and 46 percent of the potential (Van der Zaag, 
1984). Obviously, factors other than water, fertility, and in-
coming radiation limit actual yields to less than 5o percent 
of the attainable for potatoes. 

In disease management it is common to make some change 
in the crop is grown so as to prevent a disease.way tile 
A delay of two to thrce wccks in the seeding date for fall 
wheat in eastern Washington effectively controls Pseudo-
ce'rcosporella foot rot, but because a late-sown crop is less 
likely to take lull advantage of available water, its yield is 
considerably less than the aitainable or potential yield as set 
by available water. It makes little difference whether the 
yield is 6o to 8o percent of tile croppotential because tile 
was managed to prevent a disease, or if the crop was man- 
aged for malximumu production but falls short in yield be-
cause of disease. 

Boyer (1982), in ati':mptine to determine why average 
yields for major caops are only one-lifth to one-seventh the 
world record yields of those crops, concluded that about 
70 percent of the shortfall mUltlSb'2 attributed to unfavorable 
climates, inappropriate soils, and competition from weeds. 
Ilcallowed only 4. i and 2.6 percent of tilerecord yields as 
not being harvested because of damage from diseases and 
insects, respectively. This implies that yields of major crops 
could be elevated to within an average of 93 to 94 percent of 
their world-record yields only by eliminating weeds and if 
climate and soils (including avaiflable water) were not tlie 
consiraints. Obviously water and climate are limiting to 
crop productivity over a vast area of the earth, but much of 
the earth would already be producing significantly more 
within existing water and fertilizer resources were it not 
for the constraints of diseases and pests. The higher the 
yield potential as set by edaphic and climatic factors and 
agronomic inputs, the more devastating are the pathogen 
and arthropod pests. 
The USI)A data (Ilaudbook 291. 1965) used by Boyer 

(19812) gave estimates that are entirely too conservative 
comparcd with the demonstrated yield increases obtained 
when crops are grown as pathogcn frce isthey can possibly 
be. In Illinois, Grray ( 1978) and Kittle and GrIy ( 1982) ob-
tai ncd 20 to 35 perceit grcater yield of soybeans in each of' 
live years. 1975 -79, by soil flumligaitionl alone or comlined 
with a foliar fungicide spra'y. In the state of Washington, 
where average wheat yields are already two to three times 
the U.S. average, the yields are routinely 15 to 25 percent 
and sometimes 50 percent greater in plots with populations 

of soilborne pathogens reduced by soil fumigation and 
foliage protected by fungicide sprays. These greater yields 
are obtained with no more added water or fertilizer. More 
will be said about the effects of diseases on Pacific North
west wheat. 
THE IMPORTANCE OF PATHOGEN CONTROL TO 
THEI NGRTE O EN
YIELDTH TIA L 

ACHIEVING THE YIELD POTENTIAL 
Plants are subject to attack by pathogens from the day of 

seeding until the day the product is finally consumed by 
people or livestock. The agents responsible for plant disease 
include the same kinds of agents (but not the same agents) 
that affect human and animal hea!:h: fungi, bacteria (includ
ing mycoplasnias), viruses, and viroids. Plants may be at
tacked by viruses responsible for yellows and dwarfing or by 
bacteria and fungi that cause wilts, rust, mildew, leaf spots, 
and blights. Tissues may be rendered nonfunctional, or (hey 
may be destroyed completely, as with root rots. 

Root Health 
In modern farming systems of monoculture and conserva
tion tillage, a major portion of the absorptive tissue of the 
root system and especially the rootlets and root hairs are de
stroyed by soilborne plant pathogens specialized in their 
ability to infect these tissues (Cook, 1984). The poor plailt 
growth that begins in the seedling stage has been attributed 
to nitrogen tie-up by the crop residhe and to phytotoxins re
leased during decomposition of the residue, but in the Pa
cilic Northwest the problem is elimi',ated by treatments that 
eliminate or inhibit Pvihium species (Cook et al., 198o; 
Cook and 1-aglund, 1982). A P!ant without adequate ab
sorptive capacity because of root disease can be likened to a 
human being whose lungs have no absorptive capacity be
cause of emphysema. Just as some of the effects of cmphy
sema can be overcome by increasing the supply of oxygen, 
so some of the effects of some root diseases can be over
come by applying more fertilizer. A better way is to keep 
the root (or lungs) healthy in the first place. 

!PYthiun species are most retile ubiquitous pathogens 
sponsibIc for poor root health in our agricultural soils. They 
are responsible for destruction of root hairs and fine root
lets. Most cultivated soils have P'thitnM pOpulations of 300 
to I ooo per gram, confined mainly to the surface, where 
most uptake of phosphorus, potassium, and trace nutrients 
is supposed to occur. Root pathogens suchIas Rhizoctonia 
s.hIni, F1usarittn species, and ienatodes also destroy or 
prune roots. plants with diseased roots resemble plants that 
lack needed mineral nutrients: tiledamaged root system 
does not take up sufficicnt nutrients for the tops. plants with 
damaged or plugged water-conductive tissues tend to die 
prematurely. 

The decline in yield and tie associated nutrient deli
ciency symptoms of plants grown in fields where crop rota
tion is not practic l are the direct result of root pathogens 
enriched by the nionoculturc of their Iost. Some alleged cx
amples of allclolpat hy, where tIle only cvidencec for a "toxic" 
effect of one plant on another is stunti nig, lack (l branching, 
and nutrient-deficiency in tops of the sesymptons tile 
sitive plant, May actually be examples of damage from root 
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pathogens. The absence of root infections should not be holds generally true that the practices aimed at control of 
assumed. these pathogens are likely to favor the foliar pathogens and 

There is no more spectacular evidence for the importance arthropods that vector pathogens.
of root health to crop growth than the way plants grow Ilistorically the loliar pathogens have been the most de
in fumigated soil. The response manifests itself as taller, structive to food crops. The potato blight in Ireland in the 
greener plants with more branches and an obviously healthier mid-nineteenth century, wheat stem rust in North America 
look, and the roots irewhite and dense with root hairs as in 1919 and 1952. and southern corn leaf blight in the
they are supposed to he. It has been hard for plant and soil United States in 1970 are examples of the kind of destruc
sciete,.ts to accept that Iiin inating root pathogens could re- tion possible from aerial pathogens. Local epidemics of 
suit in such remarkable planIt-growth responses. Chemical r.usts, rmildews. leaf spots, anid hlights caused by fungi and 
charges in the soil, including the flush of nitrogen and other bacteria continue to occur on most important crops. Rice 
minerail nutrients f'ron tlie killed miicrobial biom ass, cannot blast; caused by Pyricidariaot-''-..c,lie the itmay most 
account for tile effcct (Aldrich and Martin, 195.: Williel portant flliar disease of'gra in crops worldvide at the pres
and Patuils, t198o0 Cook. t 98.). It is now clear that improved et time. 
root health is the cxplanation for the increased growth re- Resi,;ta ice of cultiva rs to foliar pathogens has been only 
sponse of'plants to soil ftlumigation (WilieIt, 1965: Wilhein tempor, rily effective, since each new source of resistance 
and PatIus, 98o: Cook, 1984). has eventually selected for races of the pathogen virulent on 
NIthogen-free Planting Material 	 that cultivar. All aItiratiye approach Ihas been to select forthose cuIltivars generally resistant to all strains of the patho-
It does little good to eliminate patthogens from soil only to gen, but uLfortulnately such gelenral- resistance has also 
reilntroduce thel with the planting material. IHot-water been ;inincomplete resistance. Moreover. tile delfense reac
treatment of plantine material is one way to eliminate patth 1- tiol of" pIants to pathogens requires energy and may, of 
gcns, including pathogetls ill vegetatively propag ated inate- itself, be t yield-Ii ilt ing 'factor (S mcdegaard- Petc rse 1,
rial (lollings, 1965). Potatoes. straswberries, and several I982). Aerial pathogens call ([tcl be escaped by delaying
ornamental plants among the litst to be grownrwere crop, the seeding date, but if tile late-planted crop is less likely to
 
froim plaiting material derived frotl pathlogen-free Illeristeill take full advantage offavailable water. the yield 
 is still less
 
cuilttires (Slack. 198o). The elimination of pOtal( viruses S than the potential.
 
and X froimn ,ccsd was estimallted to>ilcrease Potato \icILl in 
 '' Torough burial of crop residue infested withI leaf patho-
British ('olutlihia, Carlada, and the Pacific Northwest by 2 cells results ill less diSease caused by these pathogens, but
 
to 9 percent, tlectlding Ol the seed lot (Wright, lt)70: suci clean tillage is expensive and contrary to ieeds for
 
KiLikcl et al., 1977). Il (ialil'ornia tile use 01fsoil f'uliga- erosion control. Fungicide sprays can be effective but are 
tion, to elimintlie ceds arfid soilborrIe patlhogcls, anld tiler- also expensive, and resistant strains of the pathogen may

istem cLulture to eliminate pathogeins carried with tie plant- develop. Whether or nottfungicides 
are used cotnlirletiall,, 
ing telc;.al, resulted itl two three times the average IsWith soill filligatiori, they provide at1001 to estinlate 'vl.at
 
yicltas of strawherries compared to vielIs before itloduc-
 the crop should yield iti the absence of' the foliar pathogen
tiolr of this technlrologyv (\VilhlrC t)",o). (lathes ald Tetig, 1979).and Iaulus. Many 
of tie bcautiful ornamcnttai plaltts now available likewise Science has hardly begun to deCeop cortrols l'orthe at
are prod itCed pathogeni free: tile a;pp licatiOl I li(is Icell- IIhropod- vectored viruses. The prolm is especi ally iri
n<loll has revolutionized the ortnttrlntals inluslrV (Baker tractahlC becaiuse 01ftile lltllhe' of tIlColrollcd variables. 
atd i'i dermaii. 1979). usually a complex of' genetically related stratins ol tilevirus 

In Taiwal the rcaring of hallialla plants I'roll plairtlet, de- resetvwoired ill miany losts (some kltlnowl) Iand carried by
rirvedol tollieristernIs reSultCd ill tMethol I(replant fields Otte (It several hiotypes or evel species of arthropods. For 
with FU1sarm-frec plailtmg 1naterril (lbtane aIll.,elt 1984). example, barley yellow darrf., t worldvide problem for
h is interesting, howevecr, tlat such plants appe .,distilely wheat. is caused hV MIy ( lie of' several scrologically related 
healthier ira all respects, i,,evidohced by more vigorous viruses thal tllitltiply in platils (f' he grass family, including
growth. wider Ic.'es, aird better color than plants produced maize and all sniaHl gratins (s\i ptlonllcsslY il1S'tew. and is 
ill tile traditional wax's. Possiblx' ltie Or IMbole Undiagnosed carried to sensitive hosts such as wheat, barley, id o(als by
systemic palhogens are also eliminmed by establishing tie several species 0If aphils. Witlhil vCCIOr-specil -stratins 
balallna plalltirions with plantlets. IlcIl(Illal atntisera tow reeal tihe existence o1lstrains 

within stains. Most crops are susceptible to inlections byFoliar Pathogens and Insect-vectored Viruses 	 tie tis,..-vecto red xitroses, i chldiig sex-rta viruses of rice 
Da);maec to phalts caLuscd hy IOliar pathogens is relatel to vectored by Icatlloppers and aphids, dcpending (Oil tle Virus. 
the duration of leaf wCtlless. and leaves ill tdense cllopy PRODUCTON CAPAILITY OF i II ALTIV 
ire likely 1o remain wcl loiger each &l:ythan leaves itl a thinI 
catopy. Ill additiorl. the larecr. Mre vigorous plants tend tol ('ROP ILIIUSTRATEI) BY PACII,iC 
be ilore attractivc or to pre.ctt I etter target to the sucking NORTIIWI'5T \IIEAT 
and chewing arthropods that transmit plarrt 'iruses thall are Thie otnly area irl Washingtonl state where water is tle lim
salahl plants. Since platils groll 'roln pathogern-free plat- is xvhere pie
ing material ira pathogen-free soil are the ml(1st vigoirous, it cipitatioli is 20 to40 llarld wheat is grown in a fhlloxw

iting f'aclor to xvhe;! yields mol(st xyears fireu-tl 

http:telc;.al
http:sciete,.ts
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wheat rotation (one crop ever), two years). The yield poten-

tilal for sol t white winter wheat in tie Pacific Northwest is 

estimiiated lt 0.5 to 0.7 (/ha for every 2.5 cm of available 

water above a base of tO cm required to produce plants l)iit 

not grain. The yield potential is a11ou1t 3.8 1t 4.3 / with 

25 c in annual precipitation, assitingc thalt 30 percent of the 

total \water av~iiblc is captured inl the fallow year and 


8o percent in the crop year. li thc past oMle growers man-
aged their crop for a yield greater than thatl possible withIi 
available vatcr by very early seeding and the application of' 
heavy rates of fertilizer, but this only stressed the crop and 
ftivored F1usariumtIoot rot (Cook, 198o). This practice has 
nlow been discomtinued, and Fu.varittm foot rot is con-
trolled. F xcept in years when stripe rust and barley yellow 
dwarf occur, most g rowers today achieve the genelic yield 
potential of their crops as limited mainly by water in this 
dryland wheat-f'tallow area. 


Iln the Palouse arCa of casterln Washington• ~ - zc n
and adjacent 

northern Idaho, where soils are liner-lextured, the yield po-

tential for wheat ifltcr wheat with 5) cill ltf precipitalt ion atl-
nually is 6.3 10 7.0 t/1ia. The yield pOtcntid 0f whcat 

peas in tile st Ile arei is 7. tto 0). 2 t / lilt. b)eca lIsC peas Iclve 5 
to I) cll of unu.sed water stored ill tle prloil ac d available 
to a subsequent wheat crop. Field experiments with Soil 
Ilunigaltion to cliiiate root plthoglls and Iodiatr tIligicides 
applied to protect ;aga.ls Iot Ip lhOgllens aMid P('111o-

r'dhr f r \ydr tlionv orel a t'I t roit Iiive conti rmed thlie se y ielId potentIi a Is (Cook a1nd Iitghmd, It2). Actual vilds witli high fertility 

but without treatienits to climiate the pathogens is usually 
5.6 Ito 6.4 /l after peas tid 4.2 to 5.11 t/ha llteir \vheit. 
These yields are only 61)t1i 75 percent ol tile potential for 
the area ats set by availahle water. 

I h,Ii irrig itcd ('ot lltllbiiiib .,ill (f WlsIlil11l1n ill ost g .,-
ers apply to I1)1 ciii of water for lie crp. so'fici 2nr. 
wheii combined With [ile 15 to 21 ciill f' natural precipi-
tation, to prolIlLice 12.5 to 14 ii:.1. One grower actullV 

ai .dI -lChieVCtyild 01' 14.8 t/IM in 190 1 bil mt fields today
yield only 5.7 to, 9.2 i/ha With Ile sllle or greater input.s of 
water and nitrogen iised to pr dLicC tdiat record Viell. Be-
cause of tlie lack of' ladCLitle rIIItllir0 it disease is tlie 
ma in yie d -limnit inc tactor f'0r irrialCd wiet. ('urrent re-
search progralls are aiiiied at linding atcllit'ol I'Oi' these dis-

o tasesthan by crop rotation or tillg and pref'eraby 
witholt tile use if soil f'igicides or fumigaits (Cook aid 
Baker, 1983). 

RIiI:NCI:S 
Aldrich. t). . and .I. P. Martin. 1952. HI-feci t' tllilaliIl on 
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36. WATER AND PLANT PRODUCTIVITY 

J. S. Boyer, Department of Soil and Crop Sciences, Texas A&M University, College Station, Texas 

ABSTRACT 

AgriCultural statistics show that lrgetosses inl crop yields are 
caused by tmfavorahle growth environments, irticularly physico-
chemical en viron incnls. The [)lost prevalelln physicocihical
Cnvironmit,: : causinL! the cffec are those resulting inicrop water 
iCliciencics cither becausc of iiadetlatC soil water or excessive 
Cvalitirative eliIIanid. (iCnctic VariabilitY existIs '01 plant response 
to these forms 'i1water dcliciency. Use of this varallility Ir sc-
lecting itprovetl glnOtypes is most effective when the ph'sihi-
cal iechlanisis Ofladaptation are knownliod x hen1selections are 
comdlucted MLider water-limited Coiid itions. Recent advanc s inl 
t1tiCistaiIding plaint osioregulat ion and photosynthcsis during
wtcr leliciccics has led to the developi eint of nlie gcm typcs ca 
pable of imprmcd vield. 

INTR)I)IJCTION 

AgriCulture has always relied oil I steady source of water. 
Since the earliest efforts to uiow crops.lllanhas used irriga-
IiOn anil redognized its inportance. Inlil ote ieett times so 
phisticated iicatis of' water delivery have been developed.
anid nCW tellniqlCS of water calchlitent have cottie inito use. 
Tfhese changes. toeltlier with advances ili other aspects of'crop , Di t on. have res ilttd in yields hither than those in 

the past. 'oi sIIltlCyvl. arc cOtillCd to Lestion anfile\'we 
what Iactihrs ciontrol crop l)r dutc ti'ity an ti 'ethlierh Water 
renlains a Iminitation. 

Although irrigatiotn i, a pirCValCit itieans 01l elinialin 
wa.ter prlobhlms, high-quily water is cssClItial if' oil fertil-
ity is to be iniainatiiel. \Vater of' high quality is incicasingly 
scarce. and, as a, tsii,tc.tCL )iiC,, a siiall fraction ofonly 
poitentially irri ablC land can be irfitileu. IlI [leUiiteil 

States., fr exaitple. approxiliatel, 5 peiceil of' tile laid 

area is iricateil (U.S. I)tnilii of Agricture, 1)7i)).

The availability oif \\.i' nliltitsf'itte ievelopt i1it to abiot 

(uLIiblC this amotlt (U.S. )eparteint oflthc Interior. 1t977). 

Ii sCens inexitablC thai in til'ure it least in the [nilcd 

States aid PIt'ohilNv in other Coulitries as '.xell a lare po'-

tiiln Of.igl'iCt.'utra] prfoduhtion will ft'lial ll LiIH Ia(c'd aid 
Wx'ill depend Oil l1tltal railil'all. 

This Situatiiln iimplics that ctfops xvill clitinue to f'Cehv on 
spuIrailic sLppIiCs o' xxatcIr dauriltIihc io,,Vring season. NiLil-
crn nethols of' Watc catchitllciltland conservationt cati help
allcvniite the leroblem by evenintg olt periods ut sLurlli and 
scaicity. lIvctn With 'itClticccl catcltthnlei and soil-xvalcr 
illiianageti.i, ilo ,cxvef, thete is tihe addiiona! comtnplicatioti 
that plant shoots indergo daily water deficiencies that can 
inhibit .vitId {or example, see Bet al ., 19811). The 
effecl occurs bccatlse the rateil ofxxacr loss by the ci'op cx-
ceeds tihe rate of Vater gaini sufticicntly to CalsC deliydra-
ion that inhibits iietabolic processes. This fotirim of \aler 

deficiency cannot be alieviated by additional rainfall or 
catchment systems. Rather, the plants must be Modified or 
they must grow elsewlcre to avoid excessive evaporation. 
Because of these kinds of mismlltches between the crop and 
the evaporative en vifronenetnt, water deliciencies are more 
widespread than iidicated by soil. aiinfall, and irrigation 
data alonte. 

It is difiCUlt to estim ate crop loss a d especially (fat 
1itus utf te r it st eoa i 98ls aide pec Ii a t 

caused by watet deficits. Boyct (i8) attetpted an analy
sis of the impact of tnifavorable environments for agricul
tuft in the United States, 11btt it is not ccrtain that tile COnClI
siort s apply to world agriculture.I i this chapter I exteld 
that alalysi Sto a g1lhbalIsCaIc and explore opportItI ilics for 
impr vin crop productivity iin tilfavorable en vironments, 
particularly where water is scarce. 

IMPACT O" INVIRONMENT
 
The maximum growth 
utl" plants is set 1v their genetic
 

makeulp, which can be fully expressed in optimui cnviron
ments. For iiatural communities the environment is not

iillanlaed, and 1ti1ny lactors cali suppress plant growth be:
low the genetic potential. The impact call be meastired as
litiness--the ability of (ie plants to leave decendants Over 

title. Individuals leaving the 111Ost descendaits over litle
 
cOite c losesst to achieving maxiiu xitluitiaiy SItcesS,
 
fcachig their genetic pOtntial. at least ill t gi'ven environ
illent. lindi'iiualS leavii le'r dekseetidanittS 
 hait oIbet
 
plant. of tih sme species do not express their full genetic

potential and are cointsidcred " i-cssesd." Eivironilte ia
 
stress is therefore a prinic fort'ce in evolution.
 

li art.iculure sinilar f'orccs are at xork. IHoweve, tihe
 
test of litness of' a crop is lot tihe saiiic alS ill ilatulifal CtiOiiil 
iiics becalsC the lsutal ability t) lcvc i lescendants is not 
itmportaiit iin the satl senise. Rather, fite criterion is prodtC
tivily per Unit land are:a. Nevertheless, because crops a'e 
ol'tei i'Or thcir repiclut1e iVC proLIpagulcS, there "ate 
Siniilarili.s bhxw'cI factor.s affcling iiatural cotlnlunities 
and crolp.. 

(CiiCtic Poiteitial lortP'ldutctitvy in crops is probably 
best itCastiied is the highest yield ever attaiied. that is, the 
tcC'ord yield. hCatsc it is itCaSlrCi itt the field utider pro
duction onditioi,. Althutph this ilasur'lnt t does iilt 
ensuet that e'iroliliictal litiitalions arc elimttinated, thcy 
ccraiiily are iniiini/ed. 

"lable I shows that the xxui'ld tecord vields ol eight t.alor 
crops grown in tropical and temperate environniltns a'e 
high, intdicating that le glenctic potential is large. The traill 
cro[ps have ICCOil yiclils of' 4.8 ti 22.2 I/ha. Potato and 
SVcct Pitato yields atC cVCI higher, in part because of \ater 
conltent. 
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Table I. Average and world record economic yields of crops from temperate and tropical areas. 

Temperate Yields (t/ha)" Tropial Yields (t/ha)" 

Crop Average Record Average Record 

'Rice 4.1 10.5 (Japan) 2. 7.4 (Asia)
 
Wheat 3.0 14.1 (U.S.) 1.4 10.3 (Asia, Zimbabwe, Cential America)
 
Maize 4.0 22.2 (U.S.) 1.4 12.9 (Zinbabwe)
 
Sorghum 2.3 20.1 (U.S.) 1.2 10.3 (Asia)'
 
Soybean 1.6 7.3 (Japan) 1.0 4.8 (Zimbabwe)
 
Groundnut 1.7 8.6 (U.S.) 1.0 9.6 (Zimbabwe)
 
Potato 18. I 126.0 (U.S.) 8.7 60.0 (Central America)"
 
Sweet potato 13.6 65.0 (U.S.) 6.9 -


Average
 
percent of
 
record yield 20.8 Itl 15.7 100
 

SOURCE- [laws ct al., 1983. 
'Subtropical and temperate zones are considered temperate, whereas the zones between 23.50 north 

latilude and 23.5°south latitude (excluding dr. ireas) aie considered tropical. 
'Asia is represented bv the Philippines, Tliailand, and India. Central America is represented by 

Mexico and Colombia. 

Table 2. Record yields, average yields, and yield losses resulting from uiseases. insects, weeds, and 
unfavorable physicocherical environments for major U S. crops. 

Average losses (i/ha) 
Yields (t/1a1 lhy ,ico-

Crop Record Average l)iseases Insects Weeds chemical" 

Corn 19.3 4.6 (0.') 0.9 (.7 12.2 
Wheat 14.5 1) 0.4 0.2 (.3 11.7 
Soybeans 7.4 1.6 0(.3 0. 1 0.4 5.0 
Sorghumt 21.1 2.8 (.4 0.4 0.5 16.0 
Oats 10.6 1.7 (0.6 0. 1 0.5 7.7 
Barley 11.4 2.1 0.4 0.1 0.4 8.. 
Potatoes 94.1 28.2 8.4 6.2 1.3 5(11 
Sugar beets 121.0 42.6 10.7 8.0 5.3 54.4 

Mean percentage 
of record yield 100.0 21.5 5.1 3.tl 3.5 66.9 

SOURCE: USDA, 1965; \Vittwer, 1975. 
"Calculated ts record yield - (ascrmrge vield $ disease loss -f insect loss 4- weed Ioss). 

Much of this potential is not realized, however. Averigo these ftactors, however, the efect is translatd into sup
yields are substantially lower than record yields. For rice pressed crop yied through Uilavorable environments. 
average yields are about 40 percent of the record in the Wm- Clearly environment has a large effect on productivity, 
perate region antid 27 percent in the tropics. For the olher atl it is important to ask what environmental limitations 
crops average vields are even lower. With btt one exception are most prevalent. Table 2 shows that in the United States 
average yiclds ate more suppressed in the tropics than in tihe tile elimination of pests (dise- ses, insects, and weeds) would 
temperate regions. Hor all crop., average yields ire 15.7 per- increase average yields ahottt 43 percent. Thus pests ,ire an 
cent of the record in the tropics but 2 1.4 percent il tihe (tii- important component ol the environmental limitation of 
perate regions. Thus not only does the avcrage agrictltural productivity, and lljor yield increases would occur if they 
environment greatly litiit productiol, but the largest elect were elimitated. 
is in tile tropics. the oliintin ,1Even with (ti pests, however, environ-

There ate mav retiy so tar be- Illtitatiol, would tenltain. The data show that withasontls why average yields fall tinttal 
h w tle 1ccrd. 6ops airc oI ten grown in regions thiat rc ot pests a':criigc yields would be albout one-third of record 
know, i [not to provide maximum yields. Farmiers may tail to yields (Table 2). Theretore, tile largest yield suppression is 
use known mtaagement pralctices, either b~ecattse of a lack caused by abiotic effiects, that is, by tle physicoclie i ical 
of awarentiess or fIr ec tlltnti 'creasns. li sothle parts o tile environments ili which tile crops are grown. 
world cxisting technology is siliply not available because of' This conclusion is supported by comparists of' experi
political problems or ineflicicnciec in distribution. For all of tient-statit yields and record yields. In experiment sta
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Table 3. Experitnent-station and world-record yields of maize and soybeans. 

United States 
Crop (t/ha)' 

Maize 8.8 (Iowa) 
Soybeans 4.G (lllinoi:) 

"lloyer, 1982. 
"laws Cl al., I983. 

tions the plots are Free of pests insofar as can he deter-
mined. Table 3 shows these comparisons for experiment 
stations in the United States (Iowa and Illinois), Japan, and 
the Philippines (Boyer, 1982; 1laws et al ., I 983). The crops 
grown in the United States were not irrigated, whereas 
those in Japan and the Philippines were. In all bt one in-
stance yields were less thain half the record yields. 


These data, taken together, indicate that physicochenical 

factors account for the largest losses in crop yields. 
Thuis 

improvements in plant productivity need to be based no, 

only on increasing the genetic potential bit also on bringing 

productivity closer to the existing genetic potential. In addi-

lion to pest manageinent significant increases 
 in prodiction

should be possible with itnproved plant perfortlance in 

existing physicochetiical environtntts.
 

PR VAI.ENCE OF UNFAV(RA II,I' 
1llIYSICOCIlEMICAL ENVIRONMENTS 

The kinds of physicochcinical Cn viro intenIs that ttffect 

plants pidicbe ui thificd tho leni they ihoverlap and arei 

often sporadic in their impact. A classification of'
the soils inUrnited States indicates tat those with low water avail-

ability occupy the largest fraction (44.epercen ) o'the land
 
.rtett ( 4Tbe
L1, drought-prone and shallow soils). Soils that 

ate too wet -r
toi cold cover 16.5 and 15.7 percent, respcc-

tivelv. of the United States. Finally. saline soil, alkaline soil, 

and soil-less areas account for 7.4 percent. Only 12. t per-

cent of' the laid surface is relativel Iy"free" l'roinl physico-

che ical problemins. This arta, When sutpplied itia ant nit-

trients to replace those retitoved when crops are harvested,ie theperature 

Similar conclusions apply to ie Soils of tle world (Table 
5). The land area proiC to drought is approxinlatcly 52. I per
cent. Low tetiiperitures affect 14.8 percent (;hown sepa
rately ill Table 5 ). About 22.5 percent is affected by mineral 
probletms. This mineral problems are sotmevhat larger thalnthoe in the Jnited Slates,. probably because of 

l 
loxw pl I and

aliinutt toxicity, which aflect large areas of' tle ropics., 
As in the United States, ollly a small fractiotn of the surl'face 
is free fron physicoclieiical probletns (Iio. I percent). 

The effects of tufavorable Jfirnates are is pervasive as 
those of untfavorable soils. As showtn in Ttable 6. 40.8 pet-
cwitt of crop losses in the United Slates dtitllg a recent 40-
year period were caused b1 drou1ght. HFoodine, cold, aid 
hail tccotled for 6.1, 13.8, atid 11.3 pert.c ;l of croplosses, respectively. The losses caused by itscts and dis-
ease were 4.5 and 2.7 prcent, respectively. 

The sitnilarity betweeti climatic and soil data indicates
 
ati watCr probleis dominale losses in agriculture. Not 


Japan 
It h a) 

Philippines 
(t/ha) 

World record 
(t/ha) 

7.7 6.0 22.2 
3.7 3.0 7.1 

'able 4. Area of the United States with soils subject to environmental 
limitations of various types. 

Environmental Percentage of Soil in 
Limitation United States Afl, cled 

Dought 25.3 
Shallowness 19.6 
Cold 
Wet 
Alkaline 

Salinct r()ther 

None 

-

16.5 
15.7 

!Alts 2.9 

soil 34.53.4 

12.1 

SOtR('li: I St)A. 1975. 

Table 5. Areat ot total s.,orld soils s bect to environmental Iimitations of
 
various types. Soil' chtaracecri/d i ti ondrought calgories also may be
 

,,ubcel to piodic droughts. Are: affectcd by infavorable temperatures 

s 
t'nvirotiniental -ecrvg______________________ Perc't.n!,age. of World SoilId Soil__________limitations \\of___Subect to .imitations 

t)rought 27.9 
Minral 22.5 
icess water 12.2 

Miscellaneous 3.1 
None 10. 1 

TlIl I0.1) 

14.8 

SOU RCIE: I)udal. I976. 

Table 6 t)istribliom tit insurance indeninitics Ior crop losses in the 

United Stat.s, [9.39 to 1978. 

oloas lroportion ofl 
I.s Iaynients At 

D.rought 40.8 
E-xcess water 16.4 
('old 13.8 
Ilail 11.3 
Wind 7.1 
liscta .5l)isease 2.7 

Fher 1.5 

SOURCI-: US)A. 1979. 
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shown in these data are additional water problems caused by 
excessive evapotranspiration in areas supplied with ade-
quate soil water. In these instances symptoms of waier deli-
ciency are often difficult to detect and may not he known 
until the end of tilegrowing season. Many tempcratUre 
effects are similarly elusive. Because these add to the ill-
ready large losses documented above, the proportion oi" the 
total loss attributable to water and te iiiperat ire is probably 
even higher. The magnitude of these losses has not been ret-
ognized until recently. 

POITENTIAIL FOR IMPROVEMENT 
Advances in agriculliral productlvitv have relied on tile 

availability and low Cost of environnierital resources. En-
rgy for irr igationi has been dichap. phalit nutriLn t s have been 


abunridant an,d inCxpensiC, and pesticides hiave been aVail-

able. These factors halve Piermitted tileuse of increasin 

plant popuiatiiis adhapted to high prmdretimi in environ-
ments richly endowed with resources. The ahUndant re-

source appro ach will be less possibile in the lu tre., Iiwever. 

particUharl y where water is concerned. Not is
drel high-

quality water less available, but ener&y costs arc incrCiSing, 

As the energy fOlr pumA11pingl' water causes a large fralction of
 
tilecost oftirrigation, l'Uarllersfinding increa'singlyare it 

diflicult to justify' irrigation. A greater emphasis on conser-

VatiOn and \atcr caichuireut is economic
ikely. mostly I'or 
reason,. Thereftore. Miethiods of increlsilng productivity with 
lower inputs will be sought. 

W ith this i ll ari-iniid it is important to note that genetic v 
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En 
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Fig. 1. Ttal abiwcirnd dry- rtter and grain yield of peaiut and 
soybean crops growVl Railhl'al
on Val'riOus annOuinls of water. (shown 
by' far left data points) a1 suipplenmented by irrigatioi f-om a lire 
source. landcv c at.,1.9 y 1984.I8im e t lal.. 

ability for water use exists in plants. This variability might 
be exploited to provide crops with higher water-use eftli
ciency (more yield per unit of water used) than is currently
available. Moreover, the simple existence of genetic vari
ability implies that further variability might be found with 
additional germplasm exploration or by advanced genetic 
techniques such as Mutation, insertion of foreign DNA, or 
somiatic hybridization. 

Fig. I shows the genetic varitbility that occurs between 
peanut and soybean growing with limited water. Seed yield 
is less inhibited in peanuts than in soybean when water is in 
short supply during the growing season (Pandey et al., 
1984. Pandey et all.,1984). 

Genotypic variation also exists within single crop species. 
Fig. 2 shovs that sorghlin gclnotvpe s differ in aboveground 
bioma ss and grain yield unrder liinited water supply (Garrity 
et al., 1 82). The tolerant genotype (RS626) yields more 
than tie other genotype (N135( 5 ) under both high and low 
water supplies. 

i both f tlese studies SUpplcenlitaI water was provided 
by ,rrigiltion throughout tlie growing season. 'lhus tile re. 
spixrises are not attributable to delayed growth that is iaide 
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Fig. 2. "'ola aboveground dry-maller anid grain yield o"two Stir
ghu1.1 crops grown oil Varils allmitlil of Water. Railifall (shown
by I'u leftdatla points) wa,,spplemenned by irrigation Irom a Ilie 
source. Garrity et al.. 1982. 
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CoG - _stress but also in low available water during the growing
.,o. p 5 
 season.
 

Upon introduction of hybrid corn no improvement was 

observed initially (Fig. 3). The hybrids possessed a signifi
,.000 	 cantly increased genetic iotential, as evidenced by the im

rroved yields when nutrients were available and soil organic
matter was high (Fig. 3). This [efhavior, which lasted fifteen 

,t ....... years after the introduction oi pIlants that had increased ge-

Hbds L.,...netic potential for high yield, eventually improved when 

S.new hybrids were developed that could he used at higher
l)opulationis. However, the fifteen-year period before theAgrowing of these new genotypes shows that simply increas

I• ing the genetic potential will not necessarily improve yields 
per unit of land area under severe environmental limita
tions. Improved genotypes must be sought by testing under 
conditions in which the plants are expected to he grown. 

MECHANISMS OF GENOTYPIC RESPONSE TO 
,-
 .	 WATER LIMITATIONS 

Year There is increasing awareness that an understanding of 
Fig. 3. Grain vield of'maize grown contnuously f0r eighty years how plants cope with adverse environments may increase 
on the Morrow plots at lie University of Illinois. No soil amend- the whichI crop canrate at species be ilnproved. Whenllelli was added (shown i as 11o trealiienl") to tlie plots except m11echanismins of plant lesponse are known, they may be speafher 195, whel I manliure. lime, and phospIatc were su pplied to ciIically modiiied with rapid effects on productivity. Such
Nonc of the plots. The effect of introducilng the lirst hybrid nai:'e 
is shiow'n (I 937). Lrni\'ersity of Illinois. i(, knowledge might also suggest entirely different ways of increasing productivity in unfavorable environments. 

That this kind of information caii taterially increase thetp at a later time when water is resupplied. Rather, tile re- effectiveness of crop-ii provement prograis was illustrated 
sponses represent real differences in the crop's ability to in 1972 when my laboratory (Meyer and Boyer. 1972) andyield with limited water supplies. Although some of the dif- an Australian group (Greacen and Oh, 1972) showed that
ferences may be attributable 1 differe nces in rooting, the plants can compensate osmotically for the onset of dryness
other nichanisns remain obscure, in soils. This osrm oregulation (Osiot ic adjustHienlit) has a

A major question arising fron the sorghum experimients growth-maintaining effect under dry conditions (Meyer andand similar work is whether selection for high genetic po- Boyer, 1972: M ichieletia arid Boyer, 1982). Morgan (1983),
tential protects crops against losses inunfiavorable environ- in an effort to determine whetlier the capability for osiliotic 
meuts. A partial answer call be ft IiiinI in tlie historic yield ad Lst iiient differs among wheat 	genotypes, showed that adata for hybrid corn. Fig. 3 shows that on th, Morrow Plots cultivar selected for this character outyielded other cultivars
at (iie University of Illinois the yield decreased when corn having a similar genetic background 1y 5i to 61 percent
was girown year after year without additional nutrients or uiderIdry conditions (Talic 7).suppleineital irrigation (ntiversity of Illinois, 1969). After ft is important to note that conditions (f aLetuate soil 
years of continuous culture starting in 1887, yields were water gave yields that were comparabfle in allgenotypes
low and staile, sustained by low levels of nutrient input in (Table 7), and the adlaltation was called iito play only under
rain water aid decomposition of' organic matter and parenlt ldvercsc conditions. Tiis ills trates tihe advantage of under
material in tile soil. By the mid-i930s oreganiiic matter had standing not only mechanisms of plant response to low
declined to about two-thirds tie level present at the begin - water potentials but also tlie presence of mechanisms that
ning of the measurements. This resulted not only in nutrient express themselves only uder adverse conditions. To ob-

Ttle 7. Averapr,.imaln ictilds (. . )of I aildI'6breeding lilies ill ti]lihld.Ihgh' . Inlcdihillu.and tto\\ 
class~esareIlasetoil,tttcclit)ll, forabilit I 0i\o llosrigitIale '.. 'he.t.cr \ka ii ithclILitna controI 

.
e .l led 
e2nvironmenlt.n. 

(.-
I 4-thIf0 u1!rcIIdhc ' F ,-droughtcd 
F. a, (,.Nh., (I",plant I (V, ll Im 	 ' 

Itigh 2. 1t -' (1.2. 7.21) 0.4') 4.1.32: 3.67 
Medium 2.22 1.17 6.72 3.32 47.90 ± 3.32 
Low 1.3.1 0.1 0).80-0.92 29.20 t 2.64 

SOURCE: Morgan. 1983. 

VI 
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tain an improved genotype, therefore, it was essential to se-
lect under the adverse conditions anticipated where the crop 
would be grown. Selection Linder favorable water conditions 
would have failed to identify the improved genotypc.

This type of selection could not have been made before 
1972 because until then it was not known that osmotic ad

justment occurs in plants growing in dry soil. In this situa-tion the new knowledge had a rapid impact on productivity: 

within ten years after the discovery of the basic mechanism a new genotype was available. 
The mechanism of os oticb adustient iswora noting. 
TeM echanismtof a dum orthnting.osmotic sc tetis o 

Most oslmot ic adjulst lciit is caulsed by thle accUIi mu it ion Of 
oanyic mrolirel s. e otsynutetirc products,sart ic-
orrgynin growciiesregios. i'hc sollitescareomostlysuarCIF 

amino acids (Morgan, 1084). They have the effect of increas-
ing the conccntration of the cellular solution sufliciently to 
generate additional force to bring water from the soil into
the plant. As a result tissue water content 

t-
is maintained, andlttellant.t Arrreisult isse d f ontentfr gwth.

cell tUrgor remi ins hitghI and favorable for grot h i 
leca ti sd oso

the response of lihotosy'nihcsis is of'ten iimiportant to the gerspons of' slidr dr oitis 
cglertIitthe ph tir' 

pl s lilts irasiiiotile 
0 111111S ntder ri aIft icr idsirgl 

tcar tihat Wl~ctic per-Ol' 1cc 01'the plmt01 oflk
pl nrder

dry conditions can be modilied by the cnviionmetnt planttile 

eiacoteodsrs beforetethe Oist of wter limiitation. FT. 4shows hat :ilfhwe r h oils pieovisly grown i wtdc r-
atey drylc(l ditions e able to ac cliiiIa te sot that they phOh1t-sythiey ore Cr thecolii s
r tidly llI at thc hoow 
sndthesize Miore raidl unlie these C lditi n th 
a'nd oyer, 1984). This imiiplies that. i addition to te os
niotic ad'jU(inCnt of' grIowing Iissues to preserve growth,. 
there callbe acli niation of tle sol nte -pr dLci igIssuc s to 
preserve the supply of solute. Becauise the soluteLfor osnotic 

adjustment is mostly derived from photosynthesis, the ac
climation of both the growing tissue and the photosynthetic 
tissue can have important regulatory consequences. 

CONCLUSIONS 

Tcient understanding of the response of plants to the environet osdrll mrvmet npatpoutvt r 
p ossible r ed nvestiatiunde - cntin fpossible under wate-liited conditions. Invest igations of 
plant response mechanisms show that specific processes are 
affected and that tileplant has evolved ways to change these 

adta 
processes, leading to adaptation. More important, there is 
promise that these Qhanges canl be transmitted genetically.SThere are beginning to be examples of physiological and
nmetabolic features in plants that call be selected for specii ic
drought tolerance uidr dry conditions. When this is pos
diobghttherae tc irvcilitn markedlypensible, the rate ot'genetic improvement call bebe markedly en-
Idhanced. IHowever, the lack of extensive knowledge of thiskind often liinits tihe use of advanccd genetic techniques and 
selection procedures. Thareeoro, genetic approach has
tyhe 

.eeto rielrs Ihrfrdegntcapoc a 
inot been as widely used as it i]iight have beeii. While we 
may never be able to overcome tlie effects of' water limita
tion completely by genetic nieans, there is reason to believethat iodest increases ii prudictity are possible. The large 

impact of dry civironilents on plant productivity worldwide 
indicates that even miclst genetic inprovcentS Could Cotitl'ibute significarllly to agrictlurc trnder these conditions. 
to 
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37. BIOLOGICAL CONSTRAINTS: THE IMPORTANCE OF PESTS 

Michael J. Way, Imperial College, Silwood Park, Ascot, 13crkshire, United Kingdom 

ABlSTRACT tic animal powe., :n(, in particular, large areas of fertile,well-watered sverine ofparts Africa remain unexploited 
Damaging organisms are estinmtcd io cause about 35 percent because of humllll1an !-. thogens transmitted by insects. 

c-op loss worldwide. In (le Uniited States this loss has increased In this chapter I use Mostly insects to illustrate tie role of
from about 3! to 37 percent (ircluding 7 10 13 percent b1 insects) pests as bioiogical constraints on improved world

between the 194os and the ihos. 'his increase has OcC Irrcd de- prodction. 

food
 

spite massive increases in chemical controls and is as.,ociated with

pest-favoring, yield-increasing chinges. including the develop- ES'IMATE',S OF I)AMAGE, BY INSECTS
 
1nent of' higIi-vieldilgi clrwp ctiMidar, 
 and greatly increased Ilse ofI
 
nitro en its fertilizers. hrilttWa IlrII'ha id coniplex effect,.,, Uti- IIn1 attempt to assess prhllvst losses of major crops

ally. though not always, maki12
iin cSts more dal tlill , danmaged by organisms, Cramer ( 1967) calculiated that ill-

Overdepe ndence on pesticits t0 conliter the enhanced pest sects caused almost one-third of total prehar'Vest losses by

problems has induced pe,,t rcsi,,ancc to0pest icidc: aid has atlS tIanlaginlg organisns and decrea..ed potential yield of' some

caused pest resurgences and created liew pests in direct relati il to 
 crops by l1iot'c thall 40 percent (TableI ). The Food and Agintensity of pesticide use. A case is made lor a mlore integrated ricullure Organization (FAO) 11975) subsetluently esti
approach, inclUdine caref'uti analkScs of interaclion, among differ- Mated that 3(1 to 35 percent Of crop losses were caused

cit vield-increasing c(impoilcts, in order to mnipulatc them cil-
 w rldwid. by ldallagllg ol'g.tnisltS. It is saluta'y to Conletively acainst pests., pare Cramer's fiues with some later estimatesIOr specific

'l'emperale-Climatc lii h-vicld teiti ogy ca !Cs scrniiUtt pest i"
 

constraints when applied in the tropics. A difrent path is Ir gCL crops: for example, his estimate of about 9.4 percent insect
for ilpriving crop yields in the tropics. 0it aiming at piid 11lioln caused loss of 
corn in tile United States compared with ill
 
s',ystemlls that pit less, ciiiphl'is ltmlli\,izii yieids atndl i on eslitiate by 
 the U.S. )epartment of Agriculture of' 17.5 

ttainling dependable iitmctLItc ,'ields ill ctotditiOS Where pcSt PCrcenit ill 1973-74. Yet this apparent iri crease occurred
avoidance is imade Iliore fe; ,ifhl,' throuh integrated culturai, hio- during a period when the Ilse of chelnical insecticides for
logical, and chemical contro, intstead oftoverde pcndnc (11 Lnra - insect pest control was greatly iIitels il'yin.ts, Table 2 shows
five pesticides. also how estimated percentage losses of -If crops in tlie 

United States have increased f'rotii the early 1940iS to the
present day (Pimental, t982). l)uring that period yields of" 

Although the word "pests" is now cotiitiionly used to sole crops per unit of land have more than doubled. This 
cover all f'orms of' datntgin, organisms. this chapter is re- means that the actual yield loss from insects, as distinct
 
stricted to dam agirg aninials. These inclutIe vertebrates, f'rom tie percenttge loss, has ipproximately tripled be
mollusks, nematodes. and arthropods, notably insects. Ver-
 tweel the t940s and the 198os, despite Ilassive use of
tebrates may be locally very damaging and are sometimes che ical ilsecticidCs. This evidcce has serious iiplicit
major pests, for example. weaver birds. Qtl'h't spp., oi tions for increa|sing world food supplies. It iieans that, its
basic cereal 10od crops in parts of tropical Africa, and sev- the inherent vielding capacity oF the plant is increased, st.
cral species 'if rats, which can severely dalitagc tropical both potentially and actUtally. tile biological constraints 
rice. Moreover, it is often extremiely difficult to combat caused by insects and other tlaliagingorgitnisills may accel
such pests. Nematodes may also be difficult to control anid crate at a relatively greater rate despite intensilied use of
 
are mticLhi
more datmaging than is normally appreciated, par- pesticides. 
ticttlarly in the tropics. Ilowever, of atninial pests, insects 
are undoubtedly the worst worldwide hazard to agriculture EFFI''I'S OF YI', IL)-INCIRIASING
in gene'al. They are damaging iii three main ways: ([I b, AGRICUiI'URAL CIIAN(;ES ON PEST INCII)ENCEdirectly feeding on crops. (2) by acting as vectors of plant ANI) )AMAGE 
pathogens, and (3) by indirectly limiting crop production In terms of' their own strategies, plants ill nature are well
through the hai'm they do to iiimani a t1d domestic anisais. For adapted to losses from "pestst' that woild be unaccept able 
example, the debilitating effects of niosLuLlito-transmittcd if the plants were cultivated 1y man. Pests must therefore Ile
malaria have been ;I mior ca use of agrictltutral under- recognized as ftntda tcnital biological constraints oi htian 
development ill uch of the tropics, as hlas the tsetse fly, food production, predating agriculture, a situation which
Glo.sina spp., in tropical Af'rica. Tsetse-tranismitted try- we now accept by using such terms as "pest management" 
panosoncs harm nan and cspccially dotestic anitials. rather than "pest control," tile f'Orter implying that crop-Consequently, ;,griculture in Much of tropical Africa has protection practices must be based on learning how to live
been deprived of' intermediate technology based oit domes- with pests rather than assu ming that they cart be obliterated. 

'I 
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'[able 1.Estimates of world losses of major foodstuff's caused by 
daimagin, organisms. 

Percentagc of Losses Caused by 

All Damaging 
Crop Insects Organisms 

Cereals 14 34 
Tuber and vegetable crops 17 42 
Oil-protein crops II 31 

SOURCIE: Cramer. 197. 

Table 2. USI)A cstimates of overall crop losscs fron insects compared 
with total losses froim all States,damtaging organisms intheti ted 

P2ctagc CroprlAsc 

Period Insects Total 

1942-51 7.1 31.4 
1951-01 12.9 33.6 
1974 13.10 42.11 
19910 13.01 37.0 

SOURCE: Pimental. 1992. 

So pest damage is inevitable even in the most primitive agri-
culture. Furthermore, in developed agriculture the drive lor 
increasing yields of crucially important arable crops has in-
volved chJnges that greatly influence pest incidence and 
damage. Thc major yield-increasing, pest-affecting changes 
are plant breeding, artificial fertilizers, changed cultural 
practices, irrigation. and pest control. 
Plant Breeding 

Breeding lor increased yield and LIality has almost invari-
ably increased the sensitivity of plats to dinmiaging o-gan-
isms through inadvertent loss of resistance-confrm ing genes 
or because resistance is traded for increased crop yield, 
Where resistance has bcen retained or regained, as in rice 
against the brown plant hopper, Nilaprvata hugens. it may 
be unstable, like many disease-resistance mechalnisms, 
Often resistance to animal pests involves diverting energy 
and nutrients otherwise devoted to crop yield. For example, 
in wild plants and in "'traditiaCI" gratin crops energy is 
often used to maintain a high rat!o of vegetative to re-
productive structures. In contrast, the devIoplment of short-
strawed cultivars of manty cereals, which has been funda-
mental to yield increases in inmy modern cereal cultivars, 
is nearly always associated with increased sensitivity to 
insect pests and to diseases as well as lovcred compcti-
tiveness with weeds. [lost-plant resistance may also involve 
physical attributes such as hairiness or solid stems as well 
as chemical defenses, all of which divert energy from food 
production. Such plant resistwcc is therefore incompatible 
with maximizin . potential yield. 
Artificial Fertilizers 

Fertilizers, particularly nitrogenous ones that are essential 
for high yields, exacerbate pest problems as they do for 

many other damaging organisms. This is illustrated later, 
especially for wheat. 

Changed Cultural Practices 
These have had complex effects. Simplification of crop pro
duction through monocultures, in both sl.ace and time, has 
made some pests worse but has decreased damage by others, 
depending upon the ecological conditions and the pest spe
cies (Way, 1977, 1979). 

Irrigation 

It is obvious that irrigation, which permits the growing of 
crops at times and in places where none grew before, will 
create entirely new pest problems. Ilowever, it has had other 
much more subtle effects. In general it increases pest prob
tulems
in the overall agricultural system by permitting pest

buildup in successive crops of the same or different species, 

whereas previously the life cycle of the pest was dislocated 
by the longer "off season." Case histories for rice and 
cotton given later illustrate this problem, which can create 
complex and very dangerous changes in the behavior of the 
pest and in the epidemiology of diseases it may transmit.
For example, in Zimbabwe the irrigation of grassland and 

earlier sown cereal crops creates a situation where leaf
hoppers, Ciadulinaspp., do not produce '"high-mortality" 
long-distance migrants but continue building up on the irri
gated crops and developing high levels of maize-streak virus 
infection, which is subsequently transmitted to maize that 
would otherwise be unharmed (Rose, 1978). 

Finally, there are other unfortunate effects, such as the 
dispersal of soil pests, notably nematodes in irrigation 
water (Steadman et al., 1975; Tobar-Jimcnez and Palacios-
Mejia, 1976; Bos, 1978).

In contrast, irrigation or improved water supply in gen
eral can alleviate certain pest problems of particular crops 
during their ,rowing season. Some pests, notably spider 
mites and some aphids and related species, can be con
trolled by the physical action of sprinkler-applied water. 
The control of cutworms, Agrotis spp., on irrigated potato 
crops in the United Kingdom is helped by sprinkler irriga
tion that can be predictably timed to coincide with early lar
val stages, which are knocked from the plant by the water. 
Ihriga tion can also be predictably avoided at critical times 
when it favors pest oviposition, e.g.. by bollwortns on 
cotton (Slosser, I98o). 

A more subtle beneficial effect of improved water supply 
is by conferring host plant resistance, for example, to field 
beans, Viciafitdba', attacked by the black bean aphid, Aphis 
fihae (Cammell and Way. 1983). Table 3 shows that insec
ticide was unnecessary on the irrigated plants because they 
tolerated the particular aphid population without crop loss. 
In contrast, a similar aphid population severely damaged 
the untreated, unirrigated crop, as shown by a 38 percent 
yield increase from insecticidal control. 

Fig. I (McEwan and Johnston, 1984) demonstrates the 
importance of understanding the interactions between irri
gation and other inputs, namely, fertilizer and pesticides. 
Without added nitrogen fertilizer irrigation increased crop 

IV,,
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Table 3. Effect of Aphisfibae control on 
Park, United Kingdom. 

Peak Aphid 
Numbers per 
Plnt in Un-

treated Crops 

Unirrigaited 436 
Irrigaed 376 
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unirrigated -nd irrigated spring-sown field beans :itSilwood 

Ypercent Yield Change 
Yield tba) Caused by 

Untreated Treated Insecticide Treatment 

1.40 1.95 +38 (P = 0.05) 
3.58 3.46 - 3 (P = 0.05) 

SOURCES: Camnell and Way, 19183, and unpublislted. 

'Pests' come less effective or less practicable and have been recontrolled placed by chemical pesticides. Theic is no doubt that the15 - Unirrigated 

Irrigated 

'Pest'
controlled 

No pest
1 controlN0 -

E No pest -"
 

cont rol .conro --

0 .-

c--


0 

-. 

No nit5roge iserferti Nitrogen fer1tiised 

Fig. i. Results of four-year trials on intrcting e'ccts of nitrogen 
fertilization, irrigation, and pest-disease control on yields of rye-
grass/cloxer. McEkwan atid Johnstont 184. 

yield similarly on untreated and pesticide-treated crops.
With nitrogen fertilizer, however, irrigation did not increase 
crop yield because fertilizer treatment, as already men-
tioned, helped pests cause damage that offset the beneficial 
effect of irrigation. This is evident from the conbined fer-
tilizer and -pesticide treatments, where, with pests con-
trolled, irrigation increased yield, 

Pest Control 


In the drive for increased yields, cultural, biological, and 
physical controls and host-plant resistance have often be-

high yields of crops in many developed countries could not 
possibly have been attained without the use of such cheap 
and effective chemicals. Nevertheless, Table 2 indicates 
that, despite the use of pesticides, high-yielding systemus 
have not realized their rotcntial because pests may still no
tably constrain yields. This limitation is partly associated 
with many insect species becoming dramatically resistantto insecticides that formerly controlled them, as shown in 
Fig. 2. Furthermore, there are many examples from the 
1950s onward (Ripper, 1956) of pesticides being respon
sibile for "resurgences'" of pests against which they were 
used and for de',.lopment of new pests by upsetting bio
logical controls. Such problems, together with other environmental hazards from pesticides, lead to the conclusion 

that present-day overdependence on chemical pesticides isnaifctory.
 

CASE HISTORIES 

The following brief case histories exemplify problems 
caused by pests and illustrate hov these problems change as 
crop production is intensitied.
 

Wheat in Northwestern Europe
 

Mean annual wheat yields have greatly increased in north
western Europe in the last forty years, e.g., in the United

Kingdon, from less than 2.5 t/ha to more than 7 t/ha in
 
i98 .The increase shows4 no sign of leveling off, and tileobjective is clearly for average yields of more than 
 to t/ha,
isalready regularly attained by some farmers. Table 4 indi
cates what this means for control of aphids as pests. Yield 
data from the Netherlands have been used to develop a 

simulation model which shows the effect of a particular 
population of aphids as yield potential is increased. The
aphids extract nutrients otherwise destined for grain pro
duction, and the r honeydew falling on the leaves can criti
cally decrease photosynthetic efficiency, a collective effect 
that cannot be compensated for by plants expected to fulfill 
an increasing yield potential. Thus the "acceptable" peak 
aphid density is decreased to an average of about two aphids 
per shoot for a yield objective of I I1/ha. Fig. 3 also shows 
how the economic injury level-the level which justifies the 
cost of prior chemical control measurcs-decreases with any increase in anticipated yield. This means that if a yield 
of about to to I I t/ha is expected, an aphicide must be ap
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Fig. 2. Spread of (lhe cyclodicn-resistant western corn rootworm, 
Agriculture, 1978. 

Tahle 4. Sim'ulated effect of amean ol'twenty-live cereal aphids per tiller 
atpeak density on yield of* winter wheat. 

,of 

"Acceptable"
Yield Potential Percent Yield RedUCtion Peak Aphid 


Wthat YieldLoss (tiha) Density

.Sh aphids
6. 12 .8 8 
8.4 13 1.1 

11.0 17 1.92 

SOURCE: After Rabbinge et at.. 1983. 

plied before the aphid population reaches two per shoot if' 
economic loss isto be avoided. Such a level is impossible to 
estimate in the field in view ofsampling errors, so the cvi-
table Loutcoe is routine aphicide application. Routine ap-
plicaliotis, as indicated later, have serious implications for 
the continued efficacy ofcurrent chemical control practices. 

The multiplication rate of aphids is related to the amount 
ofnitrogen fertilier (Fig. 3bl. Consequently, high-yielding 
nitrogen-dependent crops not only can tolerate fewer aphids 
but also favor rapid aphid multiplication, with the result that 
the ability oefa particular numbe ofcaphid colonists to reach 
a damaging level is also increased. 

In the above example the constraints imposed by aphid, 

... •......
 

74

.. :... .. .... ....
. ... .
 

1iabrotua virgifrra. from the original mutant. U.S. Department of 

on incrcasing crop yield arc largely limited to particular 
fields and depend on level of Fertilizer applications, choice 

wheat cultivar, and date of sowing. There may als be 

regional effects, pairticularly on the spread ot aphid-borne
pathogens by a largcr overall population of aphids. Large
scale rcgional effects might be particularly imnportant where 

can colonize and build up on successive crops,
for example, during seasonal northward migration in hie 
United States. 

Rice in Southeast Asia 

The Green Revolution for rice involves a package of' new 
high-yielding, early-maturing cultivars, iertilizers, pesti
cides, md improved irrigation. The combination of early-
Maturing rice curivars and improved irrigation has often 
permitted an almost continuous and often widely over
lapping succession of two or three crops a year. These have 
provided a soutrce of food for continued Pest multiplication 
(Fig. 4), unlike situations where dependence on seasonal 
rainfall dislocated tlie pa t's if cycle (hiritng the host-scarcel 
dry season. Some rice insects have also become notably 
more serious under Green oLtition regimes, the most no
torious being the browtn plant hopper, which was previously 
almost unknown as a pest (Kisimoto, 1977; Kiritani, 1979). 
This pest exemplifies a vast regional problem with migrants 
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Fig. 5. Migratory paths of the brown plant hopper leading to an
e. nual outbreaks on rice in regions where it cannot overwinter. 

< 1.0 I Rosenberg and Magor. 1984.140 160 180
 
Nitrogen fertiliser- kg/h
 from outbreak areas that may cause infestations on rice asFig. 3. Change in economic injury level in relation to crop yield ar as i ooo km away (Fig(a), and aphid population increase in relation to nitrogen fertilizer robem in ge 5).r s 

(b). Rabbinge et a., 1983: Vereijkcn, 1979. Rice pest problems in general and the brown phat hopper 
in particular exemplify a paradoxical situation that could
perhaps be capitalized upon to reduce pest incidence rather 
than increa-,e it in a continuous cropping regime. On the one 

Successive stem borer generations hand, continuous cropping under irrigation allows pests
Ist__1 - 2nd such a.;-n 3rd 4Lh because the brown plant hopper to become outbreak pestsit allows the pest to more nearly fulfill its annualt 5th 6th rel)roduction potential. On the other hand, continuity of 

a)60. 7th rice croiping favors development of a more stable cqui60 librium between pests and their natrll enemies because the 
40 pest-natural enemy cqutilibriul is not dislocated by an offE 20 season (Way, 1979). Consequently, biological control of 

pests can he favored on all-year cropped tropical rice, as is 
evident for the brown plant hopper, provided the natural
enemies are not harmed by insecticide misuse (Kenmore 
et al., 1984). In general it seems that intensification of pro-Successive rice duction has pushed the population of brown plant hoppers

craps from a harmless status to a critical level where insecticidal 
destruction off natural enemies can tip the balance and causeMar June Sept Dec damaging outbreaks. 

Fig. 4. Sequence of irrigated rice crops in Bengal colonized hy This example demonstrates thai a more sophisticated, inrice stem borers showing buildup of severely damaging levels on tegrated approach to pest management is needed. Such anthe third crop. Momin, personal commnication. approach would include host-plant resistance, which has al
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ready proved to be a crucially important component of pest Final irrigation dates
 
management for higher-yield rice production in Asia, but it July29

also depends on resolution of the dilemma over the need to 7 . Aug 16
 
favor biological controls rather than pest-dislocating cul
tural practices. A key question, therefore, is whether and in - Sept 3
 
what conditions the cropping program should aim to en- 6
 
hance natural-enemy action or %%hethersynchronous plant
ing and similar practices ini mical to natural enemies should 2 5
 
be favored in order to upset the pests' life cycle.

Cotton in the Sudan Gezira and Elsewhere 4
 

TheGezira and other irrigation schemes in the Sudanese
 
"desert" are the basis for the coUntry's economy. Before the 


.=-. 

mid-196os there was a clear break in the host-plant se- "
 
qrLIeiice which helped dlislocate thle li fe cycle of the boll- 2
worm, tHeliothis armigera. Furthermore, a fodder crop,
 
lubia, acted as a (liversionary host, attracting the bollworm I
 
away from cotton so that it did little damage and required no - - 
control measures (Fig. 6). In general the crop production 0 -
and protection system was highly successful. Intensification April May June
of' cropping from lie Iid- r96os involved growing gri unrd- Fig. 7. Effectf linal irrigation dates on numbers of pink boll
nuts in the break period and sowing cotton earlier, as well as worms encrging the l'olhowing spring. Watson ct a., 1975. 
virtually eliminating lubia. The bollworm then multiplied 
on the grounddnuts and migrated to cotton in severely Laml
aging numbers. Insecticides used against the iollworm rable problems were averted in parts olfl'exas only by a com
created serious latc-season problems with tile whitelly, bination of integrated pest-management practices, no doubt 
Beinesia tabaci, partly because they destroyed the insect's at the expense of some intrinsic yield potential (Adkisson
natural enemies. Moreover, the lack of cattle fodder-after and Gaines, 196o: Adkisson et al.. 1966). At pr ,,sentan un
cropping with lubia was discontinued -- has been partly easy Situation exists in the southwestern Uniled States,
made up by irrigating fallow land to maintain weed growth vIlL, intensification of cotton production, beginning in the 
and by prolonging the irrigation of cotton. Both these prac- 195os, based on a long growing season, is responsible
tices have exacerbated the whitelly problem, the Ioriner by lOr serious attacks by the pink bollworm, Pectinophora
creating a source of tli pest and the latter by contamination go.'ssviela. Ilere, extended cropping permits the pink boll
of lint ili the opening bolls by whitelly honeydew. This at- worm to overwinter in numbers that can severely damage 
tempt to increase productivity has, tlcrelbre, proved di- tie crop in the following year. Considerable decreases in 
sastrouS to tile cottonr crop aid to tle Stilanese ceCOlloly damnage and in insecticide use, albeit at some loss of poten
(Evel'cns. 1983). It is a salutary exaiple of the vital necd tial yield, could be accomplished by regionally coordinated 
to forestall sucI probICiis thi rougli studies ailrued at forecast- early irri ation cutoff before the great iajority orI pink hoil
ing the probable eftfcots of proposed agriciiUltirail cliaces. wornis reach tile Oe twin tering stage (Fig. 7) (Watson et al., 

SOus problems with cotton have arisen tdsewhere in 1975: Bariola et al., 198 1). The dilemma whereby extended 
tile world, for example, in parts of Mexico and Australia, irrigation increases intrinsic yield but incurs increased darn
where initensificatiou of crmop production led to maiss i\se use age from pests has been resolved for one pest in Egypt,
of insecticides to which bollworms, Ieliothis spp., became 	 where an irrigation cutoff date for clover iS legally enforced. 
resistant. and collton production ceased completcly. Compa-	 Tiis creates a host plant "'break" for the cotton leafvorm, 

SpOdorera littoralis, which would Otherwise migrate to 
colttoii Iniiuci larger numbers (Khalifa et al., 1979).

... .- weeds, --- ) <- - [ub,o --- 1 Beftot4 

Sotgh.'d 	 PEST CONSTRAINTS IN I'ROIPICAI. _ <.. I--- 1960s A(;J!LUI,IUiJRE
Junes I I j Dec The Iriost Crucial \ord treed is to improve fiod supply in< .... ---	 1 those tlopical crunttliCs Miere crop yields per hectare have 

Sozghun , 	 Afte,..... 3-	 md Il1rst y lc iia illed low and SOllietinres have eveln decreased. 

Goud-,t, 1960 1 in sharp contrast tri yields rf equivalent crrops in teMperate 
, Coon countries. I iigi-ieldifrg temperate farm ing svsleris ie-

Fig. 6. liftecl of' ctopping changes on pest incidence nt lire boll- perd riri high inputs. ineltdirg pesticides. As already irdi
wrmt . l~~jtij oh i rn ia. ill tire Sud air (ezirit. II. armi..,'ra be- catted. Ie -ice on pesticides, ilr pat t l p t n ' less
caine a pest alter fIrtrrrers began replacing lubia with grourtdhils, cuLe host-pllllt esistarrcc arid in pitl to replace traditiorial 
The limits indicate the apprirxilrale perirls when each flost planit controls. is air increasingly imniportant cornerstonie of many
is colonuized 1y II , rnr'1 . Updllted firunt Way. 1974 . ligh-yielding croppiing systems in temiperate regions. Cru
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cial to such a strategy is the dependable climate of m,,nv
 
temperate regions that permits a reliably high yield every
 
year, guaranteeing the farmer's ability to repay with interest
 
the cost of the large inputs needed each year to produce
 
the crop. °
 

Vast "dry" tropical areas in Africa and elsewhere have P 
unreliable or insufficient rainfall to ensure dependable crop 
yields that in turn would justify costly high-yielding crop 
production and protection technologies. If water supply can, / Break-even' 
be improved, how will this affect pest incidence and man- 7 shortfall 
agement? As already indicated for rice pests, tropical tern
peratures, with irrigation during dry periods, provides a / 

climate and food supply that can be ideal IOr insect multi- / L l 
plication throughout the year. Many examples indicate that uj Lower ofh imi 
insects present a potentially much greater hazard in the - / eshortfall if 
tropics than in temperate regions, initially because tropical " applied 
temperatures favor continuous pest multiplication and sec- /
ondly because this situation will create more continuous * Amount of yield
and intensive selection pressure for pest populations to de- / , toss 'f-rmer' is 
velop resistance to insecticides. prepared to risk 

'The evidence provided by Cramer (1967) indicates that / 
losses from pests in tropical countries are already greater 
than those in temperate countries. Yet these lo, .,es occur in 
agricultural systems that are mostly low technology, without 
the large inputs of fertilizers or high-yielding crop cultivars 
that would enhance pest damage. Consequently. attempts to ....... .......... --

copy temperate-country high-yield technology in many ---- > ACCELERATING TECHNOLOGY > 
tropical environments would undoubtedly exacerbate pest Fig. 8. Diagram indicating the decrease in "robustness" of annual 
losses. The fundamental differences between tropical and cropping systems with accelerating technology that crucially af
temperate conditions are therefore due to other factors be- fccts crop-protection practices. 
siJes less effective developing-country technologies, eco
nomics, and organization, as is sometimes assumed. This is 
evident from the insect-induced catastrophe experienced in notably European Economic Community countries in north
cotton production in the Ord valley of Australia, which is an ern Europe, technological inputs have reached the level on 
example of complete failure in a tropical region of a devel- many farms where (a) and (b) in Fig. 8 are dangerously 
oped country. close. Any deterioration in efficiency, including failings in 

the pesticide-dominated regime, could cause catastrophesPEST MANAGEMENT IN THE FUTURE- in such high-yielding systems. Even in Europe yields could 
DISCUSSION AND CONCLUSIONS be touch increased on currently lower-yielding farms. This 

Developed-country temperate agriculture has been out- means that high-technology crop-protection systems could 
standingly successful. Yield increases have depended on an become more extensive. The associated extension of pesti
extraordinary array of chemical pesticides that 't well into cide regimes is more likely to trigger pest-control failures 
high-technology crop-production strategies. The implica- than if high-technology farms remain buffered by a mix of 
tions of such strategies are shown in the diagram in Fig. 8. less intensive regimes. 
Accelcrating technology involvcs a combination of prac- ttigh-technology temperate agriculture therefore faces 
tices that increases the potential yield of the crop. There is a problems which have provided the incentive for the "inte
great increase in basic production costs, and also increased grated pest management" or -integrated crop protection" 
instability, particularly in terms of sensitivity to pests and approach its a rational alternative to overdcpendence on 
other damaging organisms. This means that less and less pesticides. Ilowever, the evidence that present-day inte
risk of pest damage can be taken by the farmer and that grated approaches may involve inconvenience to the farmer 
there is increasing emphasis on risk-averse routine use of and also some reduction in potential profit has, with sole 
pesticides. In Fig. 8 the extent to whicl, yield can fall below striking exceptions, made them unacceptable. It may be 
the potential level (a) and remain economic to the farmer that pressures from environmentalists will stimulate legisla
is indicated by (b). The widening gap between (a) and (c) tion for more safe, integrated crop-protection strategies be
indicates increasing likelihood of pest damage and conse- fore pest-control failures force farmers to adopt them more 
quently increasing dependence on pesticides needed to widely.
attain or exceed the economically acceptable yield pre- In much of the tropics agriculture depends on low tech
sented by (b). nology, and most small farmers, whose families may repre-

In some developed countries in temperate environments, sent more than 75 percent of the population, use virtually 
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no artificial inputs. Their crop-production strategy is indi- for doubling or trebling present crop yields, e.g., for tropi
cated by the bottom end of the graph in Fig. 8. This indi- cal rice (Fig. 9). If doubling was accomplished in India,
cates that, even without pesticides, an "economic" yield Bangladesh, and other countries with low rice yields, theis obtained, though the crop is necessarily low-yielding. world could be flooded with unwanted rice. There is, there-
Yields mtust be increased froni tile currently low or deterio- fore, a considerable future for cror-production and protec
rating levels in many tropical countries. The question is tion strategies that are less intensive than those adopted inhow this can be done without following temperate-country most temperate countries. The challenge is thus to identify
technology, which most Peasant farmers canniot :afford and and develop appropriate f'arming strategies that are between
vhich, moreover, is likely to make pest problenms worse "relatively safe" low-yielding subsistence systems and "un

than in temperate conditions? This is one of the gr.atct sa'-," I-ih-li,,tlil~d-iicn';ive systems. Research and
challenges facing us at the present time. development would involve relatively sophisticated ap-

It is suggcsted (iWay and Norton. 1984) that Many farm- proaches in which pest management, for example, is not to ers in the tropics should fIllow a different developmental be envisaged as a lire-brigade operation to overcome pest
path for crop production and protection thanrthat adopted in problems created by other agricultural changes. Rather, it 
most temiperate systems: the emphasis should be placed on should be part of a systems approach in which interactions
avoiding, rather than curing, p,2st using in-infestations, among all relevant components of the crop-production sys
tegrated cultural and Iiological controls together with ap- tein. including pest probleis, are analyzed and an optimun
propriate (perhaps partial) host-plant resistance, and with strategy adopted in the context 01 lc il socioCconlo i1c Col
pesticides as the final curative resort if other inethods be'in ditions. This would almost inevitably demand restraint byto fail. It must be cmphasized that chemical controls remain agriculturalists and plant breeders, who halve an understand
essential and will be increasingly needed in the tropics if able instinct to maximize rather than optimrize yields.
man,. crop yields are to be improved. Unfortunately, relatively little funding is being put into

It should probablyIle acccptCd as a gcncrali zatn that the imaginative "svsterns'' research and deyelopmcnt work
overall yields, particularly of many basic tropical crops, that is nceded in the tropics. Instead, such work still tends
canint in p ace attain the IeveIs of equivaIcnt crops in to unimic tile piecemeal single-coinponent approach that has 
temperate environmients, but there is still ample opportunity characterized temperate agriculture. The faill tore recog

nize what is needed must be rectitied by ensuring that any 
new tropical agricultural development prograni, for cx
ample, a program using improved w'ier supplies, should 

/\ ~-" conitaini a large clement of* iinovative aiid radical research 
6 Pand development work on crop prot':ction. New manage-PAINment 
 Strategies should be deve)',h"chosen ob)ect-lesson 

"-".- / ,,/ ,-- farms or areash through close collaboration aiong scicn
tists, extension workers, arid particularly farmers, many of'V/ ,. 
 V x\'homn have by trial ard error developed cropping practices 

5( ,/JA PAN' that contain iinportant cultural cornponenits of pest avoid
// ~anlce that riced to be ca pitaIi zed uipoii (Way, 1974) 
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38. RANGE-CROPPING INTERACTION'I0-
A DELICATE BALANCE 

Gerald F.Gifford, Range, Wildlife, and Forestry, University of Nevada, Reno, Nevada 

ABSTRACT 

The interaction between rangeland and cropland in arid and 
semiarid environments is characterized as dynamic, regulated pri-
marily by climatic irregularities, availability of irrigation water, 
and management illgeneral. Population-induced land-use changes 
may result in water problemn, erosionu, and eventual desertilica-
tion. Weather niiIdilicitionl, water harvesting, snow harvestinig.
grazing manageiiiett, contour furrows, lire, water spreading, and 
other tech iti ues are discussed, as well as tie various aspects associ-
ated with improved waler-use efficiency of rang2e and crop plants.

The future is viewed in1
terms of' imrproved education plrograins on 
al international level, easing of world ccomic problems and 
widespread poverty, and iniproved understardirig within tihe policy-
forming process. Inrcreased awareness through inclrc:icd research 
funding is a necessity. 

INTRO)UJoTI,N 

The delicate itcraction bet ween cropland and rangeland 
is indeed dynamic. The wery fact thai the Watet" and Water
Policy Collf~ent2 was",n interflace is
concerned about thait an 


indicator fllal is that perhaps allperhaps all not well, inter: 
national society is williig now to examine long-range iti-
plications of" managing this ilportant part 0if our gloLbal 
landscape. 
The delicate balance between ratieelattd and cropland is 

perhaps Ilost prlOllOtliced 1atthe arid aiid Setmiarid ends (if

lie climat ic spectirutliil. Most of thiNS
clhiater COIlCClr,t.rates Oil 

this end of tie scale: lience it is approprialte to character-
ize the world's arid and Semiarid lands. Nlarty examples of 
past descriptions are available: the following is taken froiri 
B~ox 

Between mre -third and re fhalf of the earth's surface experi-
epICe son1c kiid of lroughlt during aniy given year. The exacLt 
arnrt if tilL earth coIsidLerCd as irid or semiarid will vary,
Lheperniliig uponrtie partictlar scholar's delinilion of aridity. 

MIigs 1t953 ) rising clirriatorlogical indices. caicuilled ihat ap-

proximately one-third of tile
earth's surface is arid or semiarid. 
1'biological criteria are applied Perry 1967htihen a Much 
grealer area of the earth can be coisidered arid. These lands 
vary frointruc deserl (McGuinnis etal.. I )gX)to I ir oon,,al 
tropics ... 

The people who occupy arid lands are dillerenlt frolli those i

the more humid regions of' the world. Their enlviroilent is 

harsh, with particular coiSiraiiits on what callanIicannot be 

dotie. This leads to Ile deveIopmel if aparticular kind of indi-

vidual and of particular kinds of instiLutions to help him nur-

vive. Neither tie physical setings. Ile people, nor tile iIIStItLI-

lions of arid lanildS are cmlparable to those of' tile more hunid 


areas where the decisions for tilemanagement of arid lands at,: 
usually made ... 

Climatic restrictions in arid regions impose severe biologic:,i 
constraints which directly affect man's economy. Production ( f 
vegetation is low and highly variable. Modifications that hav: 
developed to allow plants to survive tilerigorous climate condi. 
tions are usually associated with 10W p1(rIdctioll of biomass. 
Such characteristics as dormancy, curling and dropping of tile 
leaves, etc.. Iay allow plants to withstand tilesevere conditions 
of' deserts but make plant materials inaccessible as forage for 
grazing animals ... 

Arid ecosysteiis are delicately balanced, and, for tie most 
parl, succession is extremely slow. Once an ecosystem has been 
listurbed or altered it seldom heals itself withini lie lifetie of a 
man. Artificial revegetation of damaged ecosystels is also dif
ficult because of tire rigorous climatic anl biological colnstraints 

tie systeii ... 
rThe arid areas tends to make them sell'

isolation of people iin 

sufficient. They are strongly illdi\idtal istiC to actMnd tenld on 
their own initialive rather than collectively. The traditional land 
use over many of the arid areas is noiladic pastoralisn ...Even ill devel opeL countries tilemost cliicient use of arid lands 
is Lsially a sophisticated rorradisii relying on motor transport
ohiler thai drisvicrig of ...miavestock 

Soui.al aid cconmiC irslilstiiolIS thit se ve the arid r_,Ion:s 
of the world are usually weak. The combination of low popula
tioli and little political ,,rLaliziaioIi usLallly' telILlS to leave tile 
arid regions under-represelted il tlie political process. There
fore. such publicly supported instituitions as schools, transpor
tation s'Sleiis ,welIire systems. etc.. Lit) riot tend to be as strong 
as tile)'are il tileMore hulid areas. 

Financial istitions-ibanks, lending i:gencies. credit 
uliod.uni.ss: etc.--are Lusually trot geared to the particular conditions 
of tie arid regions. ILong-term Lcredit With paybaLCk ScleleidleS to 
lit tie feast-aId-faimine productivity of arid regions usually is 
riot available. Research efforts to oblain data necessary for de
velopmei of tle arid regions are Scattered and poorly funded. 
Not olily are the arid regions of tie world in poor condition but 
both the forces of nature and tie political and economnic slrtIc
lure if' world seemtile to be operating against thern. 

WAIR PIOBLEIS, I1ROSION, 
I)IE'SERTIFICATION 

As alluded to bove, climatic variabilitv is often the 
k a 
key in any ix of range atlnd cropping enterprises. Fx
tremes, tire floods a.lnd , iiost impressive. Sedrot li tre 
verity of' extreme events is often characIeri/ed not by tile 
aiilount Ihatprecipitation (or tetnperature) was below or 
above normal ilby the impaclt of' lie eveill on crop yields. 
ranrge forage, water yields, erosion. oriatiltial behavior. 
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Population pressures or economic trends initiate land-use 
changes and, depending on scale, may change weather and 
clinate (Chakrauarti, 1984). For example, removal ot' ege-
tation may change the albedo and dust loading of the atoilo-
sphere. Iligher albedos result when vegetation is removed, 
and, therefore, more solar radiation is reflected and lost to 
space. Studies by Charney et al. (1975) and Otternian 

1974) strongly suggest that lowered soil temperatures 
owing to increased albcdos result in reduced precipitation 
and eventually drought or desertitication. 

Desertification is nm'perceived as an intensifying world-
wide threat. More than 20 percent (85o Million) of' the 
world's population live inthlie 35 percent Of tile earth's iland 
surface that consists of the arid. semiarid, a.d sal lh~lnid 

Zones at risk of (lesertitication. Three-It nrthis ot this area is 

already at least tinderately desertifiied (United Nations, 


94). lFacl year 21 Mnillionhihat fagr iCIttral land (I rio-

rit s through desertitication to a point at wh ich it is lo 

longer econtmnically productive. The principal cause t. Ics-

ertitication is hiian overexplhitation of drylandls through

overcultivation, overgrazing. poor irrigatiot practices, and 

detorestation. When (roight strikes the overtaxed livelihood 

systems, lesertitication results (United Nations, 1984). 


Erosion is a major problIcn at the rangelan -croplamd int-

ter ace. Soil erosion hwers soil productiviit y hrugh loss OF 

storage capacity for plant-available xvater., loss of plant 

trients, degradation of soil Structtre. atld decreased 
 uni-

fortuity of soil conditions within a field. The ability of'soil 

to tolerate the impact tf erosiot is called 
 the soil-loss-
tolerance value (''). The relaatit ol T values tt(actual rates 
of erosion and soil t'orimation is highly i iportant in estab-
lishing What Constituites excessivxe erosion from the long-
term, society point of view. Frot 1967 to1975, 24.4 nil-
lion Ilaof croplmd in the Lnited States xvere converted to 
pasture, range, or torest (W.S. )epartlent of Agricultue. 
1980). At least soilii ti1 these changes in land use ,were 
caused by accelerated soil erosion 'hich made the land sulIb-
marginal for intensixe cropping in the viexw of the users. 
Liand eroded so bdly that il is not usableias cro ptland is also 
usually poor pastuie, range, or forest hild (Council f r AU-
ricultural Science aid 'l'cchtlotogy. 1082). On the other 
hand, 16.4 millio hit l'ra,gelat'd xwas plowed and coli-
verted to cropind during tlie past five years (lialiians,
1985). 'l'he general lack of \vorld interest in tong-termt sta-
bility and productivity Of'arid aIsetCuimiatid landS its telated 
to both wind in water erosiin is appalling. Using the 
United States as an example. We are st'ruidu by intelti-
gent but Oftcn tnsee inhg i ixdividuals Whose ph ihsophy tofal 
Unlimited aility to produce ignore:, the relttins betxv :eli 

people and cnvirtinnilal balance. 1lii pr'ipe r 1,111d use I'e-
suits ii gross alterations ilnthe water cxcle, kith increased 
surface runotlf, resulting in less soil waterftr 'Orae or 
crops, less groundxvater recharge, andocceletmted erosion. 
A recent news article cites tile
JIhiopi.n exnple as lvestment 


Ethiopia in the year t1)00 was 40 picicill ltiresl. It is 4 per-
cent torest to(dy. It has had itsteady decline inagricultura pro-
ducti(i since 1967----it Ias declited IPercent i year.

Three things ctntril)ted to al tIiis. Africa had tlie fastest 
populatitn growth of'any continent ti history. It has tile tastest 

soil erosion. And it had near national neglect of agriculture by 
the governments. 

More seriously, there is not anything in sight in agriculture or 
fImuily planning to airrest these trends. 
WEATHER MODIFICATION-PIRECIPITATION 

ENHANCEMENT AT THE RANGJELAND-
ENH ANCEMENT ERACE N 

CROPLAND INTERFACE 

Neylnan (1977) reviewed the historical background of' 
wether-moditication technology. Ic comilmented: 

As indicated at lie outset, tile reliability of tlie emerging 
cloud seeding technology i a very controversial iiatter ....Onl 
the one tiand. there are those who argue that techniques of 
moditying weather have been demonstrated success'lilly for Si) 
many years that the time ias now come tOr a major push into the 
tpplication stage. On the other hand. significantly altering cer

tainii impottant meteorological parameters (such its prcc ipitation) I,
as not been scieltiticallv determ ined, aid inlensive well
designed experimentaiton is still very much nccded to evahnate 
properly he pilentiiia usetntie ss if mtoditication tcchntlogy. 

Neyman (I1977) indicated that cloud seeding does affect 
precipitation and that it does so over areas far itl excess of 
the intended targets, Occasionally Lip to hundreds of'kilo
meters. Ilffects may he either large increases or large Lie
creases in precipitation. 'he several hypothetical mecha
tI- toexplain and predict these effects vary ininisms advanced 

their empirical support and persuasiveness.
 

With scientilic and technological ad'ancemetnt, increased
 
public acceptance, and a diminishing numlber ofalternatives
 
ftr new vaterI supplies, there is ati expanding demand to de
velop tle tiul!poitential from veather mtoditication. The
 
iicreasing acceptability of' this technology 'a,l be partly
 
atiributed to the \eaxter
uscrs and particu'ly utility con
panics in the western United States. They have pioneered
 
suppurt for weather mnoditieation by the long-term use of
 
Ninter otrotgraphic cloud seeding to increase intlov to 
reser
voirs. The fact that rational business people are willing to
 
continue annual eXpetiditureS ovier many years has con
vinced onte of tle public that tile program is ire continued
 
because aniacceptable return is obtained from tlie invest-

Inent. An itlp(irtint related fact is the apparent lack of un
desirable envirtmental c'fects attributable to the long
terii progral.
 

IBOeliner (1977) cited tile
f'olloxvirig cOIiclsioii, Which ap
lictred in the Working (ocutitielt of'the Western U.S. Water 
Plan entitled Augmentation Potential through W'atte'r 
Mdilficatiot inFebruary. 1975. Itis still appropriate: 

The advantages ifising wetter md ilicatiia is meais of 
wa'er supply mitgltelltion are: ( I)itsource of high-quAity 
watler thai diocs not deplete wat'r sipplics in ot her mreats, (2) no 
known miajor ceologic Iisadmaiiges,. (3) increased water at 
high elevations permitting maxiiium hydrpower geLicrtion, 
;uld (4) water supply enlancenentit at iclittively low iiitial in
tiii availability,tid low(jnilntitV.annual operating cost. 'i'tking into consideriitnd
uiatityi ni,cost t1 the augnuenitttIitr 

alternatives, weather iiodilicatiil is recommended as a pralmis
ihg sourIce t' IeW walr Suply. 

The to to 15 percent potential increase (oeliter, 1977;
Sliere tz et al.,198 3) ill annual runofft from cloud seeding 

/,
 



may not be overly promising on a global scale unless water 
can be transported to or stored on or near otherwise rain-fed 
arid and semiarid landscapes. Otherwise, the only benefit 
may be increased recharge to regional or localized water 
tables, while detrimental impacts may include increased 
surface erosion. 

SURFACE RUNOFF MODIFICATIONS-

ENHANCING SCARCE WATER SUPPLIES 


Water Harvesting 

\Vater harvesting (the process of' collecting natural pre-
cipitation Iroi piepared watersheds for benliicial use) 
can be a solrcC ofofI-site water for a variety of purposes ill 
arid and semiarid regions when C in sources, sue Iia 
streams, springs, or wells, fail (Cooley ct al., 1975). Often 
the necessary water can be obtained xvitLIt irge exprCi-
ditures of energy. 

Water-harvesting methods are site-specific, requirine
kno\vledgc about tile soil (especially characteristics of water 
holding,1runoT, and Crodahility): tie toptcjraphy (slope anid 
directiol i! iatural ruiicift the irecipitation characteristics 
(:iiiounc, reliability. etc.): and te climate (wind, sunlight, 
tcniperatur', (Mc. ). Because of initermitten( rainfall, storage 
must be an integral part cit anv rainwater-harvestin system.
In some instances water may actLially be stcred"' iin a SLit-
able soil profile. 

Watcl -harvCst inc techniques include land alterations. 
chemical and physical soil tlreatliCiS, aiid soil covCrs. lo 
alterations may iniclude digging ditches or constroctin rock 
walls along hillside contours, clearing rocks and vegetation, 
or compacting the soil surface. Existing natural or ician-
made catchments like large rock Oiutcrc s, highways, air-
ports, and parking lots can also be utilizcd (Burdass, 1975).
Chemical and physical soil treatments and soil covers ill-
clide soidiui salts, silicons, latexes, fiul oils, asphalt wax, 
plastic fillis covered with gravel, rubber sheeting, corru-
!ated S1heet mCtl, aId ctncrete. \Vatcr collected from the 
catchlient is eenerallv stored ill excavated pits Or poinds, 
bags, or tanks, 

Use tf water harvesting at the raiigeIaid-crtpcllad iliter-
LacC is ict withliut limitations. Since water harx'cstinc de-
penids oi naturl rainfall, it is no Ilnle reliable than tile
weather. WithoLut adequate storage facilities the system wvill 
fail ill drought yecrs. llIcicatiois Withl an aVCrage atinal 
rainfall ofl less than 50 to 80 ciii. water harvesting will 
probahly never be econically feasible. 

Poorly designed and Iallti'ad watcr-liarvestiig Systeiis 
can cause soil cicision, soil iristability, and hccal lo0diig.,
All catchments require a certain aunccunt cif riiairitenanice tc 
keeP lhen pcrlorming properly. 

A water-liarvesting system i iiist witlistand x\eatherig 
and some foot traflic. Some maN require fences. Cci-
tamination ct the xw'ateririiust be constantly ccmsidercd. Dis-
colored or contaminated water will requCiire treatment bcfire 
it can be used for human cocnsumpt ior. 
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Snow Harvesting 
In some situations the opportunity exists for harvesting 
snow. In snow coo ,ry. when cold winter winds sweep open 
cot intry, a third or more of the blowing snow is sulject to 
evaporation by sublination it subfreezing temperatures 
(Schmidt, 1972; labler, 1973). As an example of the exist
ing potential, IHibbert (197')) indicated sone ass uniptions 
that are necessary to illustrate the potential for snow man

elgnitOil sagebrush lands: (I) average winter precipita
tion is 2o cm or more in the form f snow, (2) roughly one
third of the snow evapo ies under normal conditions, and 
(3) 1)about ie -hIaIl of thc \owso bject to evaporation can be 
trapped by snow fences. If these conditicns prevail, Iabout 

. IIIIicr .wterwould be present in ti.e iSrnl of large 
drifts scattered over tfie landscape. Soce tl this water is 
suibject to Cvapcoratioin be orc it iielIts. Icaving perhaps 
2.5 ciii in water to enter the soil or runoff. Rau/i i 1968) and 
Reis and Po\er i1981 ) reported that crass stubble in Wyo
ming and NorthIDakota effectively holds ",,now on ralge
aind. Rauzi aIso noted that leav ily razed native rangelands 

were oflten almost devoid of snow cover during the winter, 
whereas moderately tnd lightly grazed rangelands had sev
oral inches of snow. 

Better utilization of available water is extremely impor
tant lit the interlacc f crop land anid rangeatd management, 
and snow harvesting may offer new opportunities. 

(;razing Management 
'[here exists today a relatively extensive literature on graz
ing impacts within specific plant conimunities. Though 
many knowledge gaps persist, it is readily apparent that 
graziing a intlietlucice coiniIIiiity succession. A Inaor coi-
ClusiOn froi the review monograph by Ellison (196o) is that
successional trends in plant comiiiiuniliities are roighly pro
portional to grazing intensity: they are pronoIiced under
 
severe grazing and il some instances dil'ficult 1t distinguish

at light or nodCrateIclevels. This cOinclusion is still valid.
 

Chaniges in plant composition are not iicarly as iunportant
 
as changes iii watershed protective cover and trampling dis
turbalice. Review papers (if"ord. 198i; NIcu wig id
 
Packer, 1976; Blackburn et al., 1982) indicate that over
grazing IOr extended periods may result in vegetation and

scil changes that will lead to (I) reduced protective uciver
 
and thus increased raindrop impact: (2) loCwering of soil or
canic matter, below ground, bioiass, and soil aggregates;
 
(3) a possible increase in surface vesicular Cruils: (4) de-
Crease in infiltration rates With rCslltanit increased runoff: 
and (5) possible Increased Crosion. It is well docuirnented 
that grazing reduces standing crop (and therefore cover) 
(I.Odge, 1954, arid others). Grazing pressure also has an im
pact on imiilch oir littr cover, tlie greatest impact once aga in 
occurring cindCrhieax',y grazing (Johnston, t o62, arnd others). 

It is readily apparent that grazing within the rangeland
cripland interl-ace may have a mai ked impact oi the cnvi rcO
ment. This impact ismost pronounced under heavy stock.ig 
rales or in conjunction with desertfifcation processes. 

,1}'
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Contour Furrows 

Contour furrows in the United States are 
generally con-
structed 150 cm apart, 20 to 30 cm deep, and 50 to 76 cm 
wide and are dammed itintervals of 1.2 to 6.2 1n. When 
furrows are newly construcred, their capacity exceeds 5 cm 
of precipitation. Because of the storage capacity of the fur-
rows, little runol or sediment would be expected to leave a 
treated site. 

Several mechanical treatments were studied inlthe west-
ern United States, and Branson et al. (1966) found that con-
tour furrowing was \cry effective in increasing yields of pe-
rennial grasses. They also f'to!id th:t storage capacity of 
furrows decreased rapidly during the first live years to less 
than 2.5 cm of precipitation and thereafter tended to stabi-
lize at about 1.2 cii after nine or more years. Findings are 
similar elsewhere. 

In short, contour furrows can have a marked impact on 
water relations on semiarid landscapes. Depending on the
situation, contour furrows can be utilized on either rangeland 
or cropland. 
Fire 

Incorrect use of fire exerts pronounced effects on basic 
hydrologic processes, leading to increased sensitivity of the 
landscape to eroding forces and to reduced land stability
(Rowe et al., 1954; Wright et al., 1976). This is manifested 
primarily as increased overland flow and greater peak and 
total discharge. These prov:Je the transport force for sedi-
inent removal from the landscape. 

Erosion responses to burning are a function of degree of 
elimination of protective cover, stcepness of slopes, degree
of soil tionwettability, clilmait ic characteristics, and rapidity
of vegetation recovery' (Roundy et al . , 1978, and others), 

Sedimentatio and mass crosion appear to be the most 
serious threats to land deteriorationi and water resources 
following fire (especially wildfire). Fire causes rapid miner-
alization and il obilizalion of' nt r ielt etclmeniits that are 
manifested in increased levels of'nutriits inoverland flow 
and in soil solution. These nutrient relations are most imi-

portan where rainfall accomnodates greater quantitles of' 

vegetation than 
thlt coi1in ily' ftaUlld 11arid and semiarid 

landscapes. 


Water Spreading 

Water spr'e ading involves diversion of water f'roii arroyos or 
gullies on1)(tole sUriounding landscape throug Iluse of'a sys-
ten of dikes. The wet floodplains or valley floors can be 
used to grow crops or forage. l)csign criteria for water-
spreading practices (Monson and Quescnberry, 194o . and 
others) indicate that spreading areas should be of such size 
that 1liost sediniient Will settle iri tie uppet 20 perccnt od 
that tlCy lust be large enough to accoiiiiodate CXecp-
;ionally lar'gc lhows. Slpe of liele spie ading arCa sliLuld not 
exceed 2 to 5 percent. Floodwater spreader construction 
should be restricted to sites whose soils are deep enough to 
store at least 20 ciii of water, and, to ensure forage in-
creases, sites should receive at least one flooding a year. 

Other Techniques 
The rangeland-cropland interface breeds innovation in uti
lization of water. Other techniques not mentioned above in
clude microcatchment farming (Shanan et al., 1970), where 
plant survival is enhanced if a rainwater-catchment basin is 
built around the planting. Conveyance losses are minimized 
with microcatchments; they provide runoff water from light 
storms when others will not, they are relatively cheap, and 
they can be used on almost any slope.

Another technique is desert-strip (or contour-catchment) 
farming. This technique employs a series of terraces that 
shed water onto a neighboring strip of productive soil. 

These techniques are important, since runoff used to 
grow forage can relieve grazing pressures on nearby range
lands, extend the grazing season, and provide erosion con
tiol. Rainfall must generally exceed 8o min per year, and 
soils must bc at least 1.5 to 2 in deep to store the water. 

IMPROVEI) WATER-USE EFICIENCY 
Breeding for drought tolerance will become increasingly

important at the range-cropping interface in future years. To 
date breeding research has been directed primarily toward
finding a better-adapted, more productive, more palator 
able species, but it has not adequately addressed water-use 
efficiencies. The potentials of genetic engineering seem to 
open the door for development of more productive, water
use-efficient, a] palatable species for use in both arid and 
semiarid range and cropland settings. Continued emphasis
is needed in terms of enhancing photosynthetic efficiency
(Cramer, 1983), nitrogen fixation potential (Burgess, 1983),
plant-regulator use (Stutte. 1983), and pest-control strate
gies (Battenfield and Iaynes, 1983), all of which interact 
with plant-water efficiencies. And certainly improved water 
Inan.u'e.inc rinin general will help. Where applicable, con
servation of moisture through improved irrigation systems.
development of low-water-use and salt-tolerant plants, re
duction of energy requirements for water transfer, con
trol of' vegetation in semiarid regions. improvecment intile
 
quality or reuse of vastewater. proper tining of fertilizer
 
anid pesticide applications, and protection of' groundwater
 
and surface-water supplies fron mining and contamination
 
all offer opportunities for progress (Schwab, 1983). 

TIlE FUTURE 

Education
 
Any solution to a better understanding of the range-cropping
interface must involve education. As ientioned earlier, ur
ban dwellers ininore favorable environments often deter
mine policy for arid and semiarid environments. The link 
betwecn the land and food andiln approved standard of' 
living is often missing. 

\Vie Must be actively in volved in teaching modern but ap
propriate agriculture throughout the world. For the develop
ing world education is the single most importart assistance 
that we can provide. A high priority must be given to the 
development of suitable academic programs within thc cotmn

4V
 



Range-Cropping Interactions 255 

tries themselves. Qualified teachers must be recruited and
 
field facilities developed 
to supplement the classroom. Ex- REFERENCES
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39. GLOBAL ENERGY PERSPECTIVES, 1985 

F. S. Patton, Martin Marietta Energy Systems, Inc., Oak Ridge, Tennessee 

ABSTRACT tafar different nechanismI-an ascendant and growing international trade increasingly characterized by the laissez-faire 
An ascendant and growing international trade characterized by economic practices advocated by Adam Smith-has greatly
the laissez-faire economic practices advocated ')y Adam Smith has increased 
tile
availability of' all forms of energy--at least


greatly increased the availability of all forns (f energy, forestall- for those having tilefinancial resources to afford them. This

ing. or at least delaying, the globally disuptivi consequLiences of i global economy, which encompasses traffic in every con
crisis in energy supply. The capitalist indu trial democracies, ceivable item of commerce, including the nanufacture in
Wvhich conStitute about 16 percent of the globil poputition, con
some aIbout ball of the elob-,al energy demand ;.nd earn nearly Iwo- different Countries of'the component parts of itfinal'any 


thirds of global income, have achieved impo,1tant progress inon- product, now overshadows the econonmies of individual 
ergy conservation over tilepast decade. Firrier. their populations, nation-states to such allextent that their domestic markets
 
except for ili_rattion from the less develored nations o the Third and inuli factures are not viable as se If-conta ined arenas.

World, appear to be stabilizing. Hio\e er, the Third World nat iins this dominant international economy, political, social, eco-

In
 

which have traditionally exported raw materials and energy sLIp- nomic, and energy concerns ire interrelated. Authorities
 
plies to the capiali-,i countries-antd with which there is massive charged with decision making-even on a parochial basiseconomic iiiterdCpe ndnclCe--ColntiltiLC to experience large in-
 cannot prudently planuwithout maintaining a conversancy
 
creases in popLlation growth with c01ncurrent increasing energy re- \viii these sectors on a global scale.
 
qutiircments. Also. a trend toward transference of labor-intensive The progressive lowerin of trade barriers starting withmanuf'acturing to ountricsdeniiiiitds, " Third World adds to their energy tithe Kennedy round oftalks in (lie i96os, togettir with con

natural gas, and coal is 

significantly in excess of overall global derinl. It currently ap-


At pre!,ent, pro(dLic tion capability for oil, tinuing advances in Iclecotll in icat ions, coinlputers, and 
transportation, which greatly facilitate business-allowing 

pears that the period of respite, be-forc growing energy needs of' hundreds of millions of dollars in transactions to occur
Third World countries and communist nations overtake capabili- between distant Lountries in the course of a day-are conties, will last at least through the t98os. tributing heavily to growth. The United States, the world's 

wealthiest major nation, With only 5 percent of the global
IIE G;LOBAl, ECONON population but having about one-fourth of gross world prod-

In 1969, U Th:-nt, the Secretary-Gencral of' the United uict and consutning about one-fourth of the global supply of
Nations, stated that "the members of the United Nations raw materials and energy (U.S. Department of Commerce,
had 'perhaps' ten years left in vhich to subordinate their an- 1985; Sivard, 1983) has atleading role in this new era. 
cient quarrels and iaunch a global partnership to curb the ', THREE WORLDS 
artns race, to improve hutan environment, to def'usetile 

the population explosion, and to supply the required nio- I'oday there are more than 155 countries in the world. It 
mentuni to development efforts." He added, "'If such a has become common to group these countries along the
global pairtnership is not forged within the next decade, then lines of similarity in political and economic characteristics 
I very nuch fear that tileproblems I have mnentioned will into three "worlds," as f'ollows: 
have reached such staggering proportions that they will be t. The First World: the capitalist-industrial democra
beyond our capacity to contrl" (Club of Rome, 1977). cies-the United States, Canada, Australia, the countries 
Subsequently a view emcrged of' an austere global fututre in of Western Europe, and Japan. They import much of their
which an increasing imbalance between growing energy de- raw materiais and energy from the large group of countries 
niands and the needs offan expanding global population making LIp the Third World. The First World at present has
could lead to disaster (Club of Rome, 1977, Workshop oi about 16 percent of the earth's people but consumes about 
Alternative Energy Strategies, 1977; Council on Environ- half' the global energy demand and has almost two-thirds of'
mental Quality and tileU.S. l)epartment of State, i98o; the global income (OPEC, 1981, 1984; Population Refer-
International Institute for Applied Systems Analysis, 198 t; ence Bureau, 1983).
World Energy Conf'erence, 1978; Eihrlich ct al., 1977; 2. The Second World: the socialist-communist cout-
Brandt, 198o). The growing disparities between rich and tries--the USSR, the Eastern European bloc, and the 
poor countries and the increasing visibility of the negative People's Republic of China and its allies. Within their own 
consequences of pollutants and environmental danage gave political and economic spheres these groups of countries
additional weight to these pessimistic perceptions. are largely self'-sufficient iii raw materials and energy. These

By t985 no large-scale benevolent global partnership as countries have centrally planned economics. In aggregate
called for by U Thant and others had cone to pass. Instead, they have about one-third of the global population, consutne 

t)
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abeut one-third of the global energy demand, and have 4U) .. 
about 20 percent of global income. 

3. The Third World: The more than too largely non
industrialized countries that have traditionally produced 80-N .
...... 80 ON- --.-... 

raw materials and energy, most of which has been sold to
 
the First World. About 5 to to percent of their trade is with C3
 
the communist-socialist Second World, and about two-,

'
thirds is with the capitalist-industrial democracies of the -AT CL
 
First World. Most of the Third World is poor and has been 
 - - ARhICCCI'E 
experiencing large population increases. The Third World N U.S.S.R. . 60 N 

currently has about half the global population, consumes
 
slightly more than 15 percent of global energy demand, and 
 , - 'm 8-650-000 s 

has about 15 percent of global income. 40 
 f, -- 40oN 

U.S.A.Geographical and Resource Circumstances 3022000 sq in.. 
200 N-- . .... .200 N

liberties have beenFig. i isa map of the globe in which 
taken with the longitudinal positions of countries while 
their latitudes have been held true. The purpose of this ar
rangement is to bring into focus certain geographical fea- Fig. 2. Geographical comparison of the United States and the So
turcs. It can be observed that the land masses of the First viet Union. 
World, the Second World, and the Third World are roughly 
equivalent. Much of the land of' the First World-including 
nearly the whole of the United States-is in the central see- is about 2.5 times larg[ er. It is not surprising, therefore, that 
tor of the North Temperate Zone. Most of the People's Re- the energy and raw-riaterial resources of' the Soviet Union 
public of China also lies in the North "l'enperate Zone, are greater than thowe of the United States (Fig. 2). The 
while the mass of the Soviet Union is considerably farther People's Republic of China is almost exactly the same size 
north. The Third World is centered around the ClUator with as the United States and has a sinilar climate. IHowever, the 
relatively little land in the temperate zones. Most of the energy and mineral resource,; of both the Soviet Union and 
earth's temperate zone land mass is in the Northern Ilemi- China have been exploited to a far lesser extent than have 
sphere; little lies in the Southern I lemisphere. those of the capitalist deniocracies. With regard to oil and 

The importance of these geographic circumstances is that gas, probably less than 20 percent of Soviet reserves have 
the First Woild countries and China have the advantage of a been expended. ''here is uncertainty regarding China, but 
healthy and invigorating cliiate as well as a food advan- by Chinese account little of their oil and gas reserves has 
tage. About two-thirds of the caloric value of the foods con- bcc;. ,.tracwd. In the I irn',d Statc,, incontrast, over half 
sunied by the people of the world are derived from cereal of the oil and gas resources that constituted the original na
grains. Most of the world's cereal grain is prodluced in the tional endowment--and that have foreseeable prospect! of 
temperate zones. An abundance of these grains also stiniu- economic recovery-has been extracted and consumed. 
lates the production of meat animals. A disadvantage of the More than 8o percent of known global coal resources are in 
Third World tropical areas is that food spoils quickly and three countries: the United States, the Soviet Union, and the 
food-destroying insects and rodents proliferate. People's Rcpubl'lic of China.
 

The population of the Soviet Union is only about 15 per-
 A niost iniportant element of' international trade which 
cent greater than that of the United States, but its land m1ass has grown steadily since World War 11has been the shipmlent 

of oil and raw inaterials northward from the developing tropi
cal and semitropical nations of the Third World to temliperate
zone countries, including Japan, the United States, and 

Boo Western Europe. As paynient quIiality manufactured goods 
"'.- WRD ..-.. 
 and cereal grains have been shipped south. 

, .. - The Soviet Union and the People's Republic of China have 
.- , , , --.. . , . had only siiall roles in his international trade. These ten

-
• >, ' ' ", : .. SECOND trallv planied economies, situated on large land masses, arei' . ..7 
20 .WOR .essentially self-suflicient in energy supplies and raw materi-
E ..... . .' .'.... 'W ' als. Indeed, on a small scale tey are in com petition with20o ,' .. : the Third World in the sale of oil and minerals to the capi

-~%O ... ,,_.10kL •alist-industrial t,'-ca democracies. Furlher, they too must ini"Trt"i 
 L 'I
400 .  ceral .ains fron the capitalist deniocracies. Their prin

- _ ~cipal nianufactured exports have been armaments. Thus the 
600 ........ only Substantial export inarket the Third World has had for 

Fig. i.The three worlds, its oil and raw materials has been the capitalist denioc



racies. This economic dependency on the capitalist bloc is a 
significant contributor to the limitation of communist influ
ence in the Third World. 

This north-south trade is now undergoing a partial struc-
tural alteration. To .nake any manufactured product, energy, 
raw materials, and labor are required. A decade ago, when 
energy was cheap, the higher cost of labor in the northern 
industrial democracies.-associated with a high living stan
dard-was offset by technology and liberal use of cheap en-
ergy. But energy has now increased substantially in price, 
while a large population increase in the Third World has 
produced an increasing pool of inexpensive labor. Thus in a
free-trading global economy it is advantageous to shift 
labor-intensivz manufacturing to Third World areas, in effect 
substituting inexpensive labor for expensive labor and ex
pensive energy. This trend contributes to the already rapid
urban growth occurring in the Third World. It is projected
that by the year 2000, fOr example, Mexico City may have 
30 million inhabitants, and Seoul, Korea, may have 15 inil-
lion. Also, the People's Republic of China may have fifty 
cities each with a population of over one million. 

POPULATION 
Fig. 3 indicates the world population growth. In 1950 the 

population of the earth was approximately 2.5 billion. It is 
noteworthy that at the time the world was expected to reach 
a population of 4 billion by the year 2000. The 4 billion 
mark was actually achieved in 1975. The current projection 
for the earth's population is more than 6 billion by the year
2ooo and approaching 8 billion by 2020. The earth's con-
sumption of energy over the -950-75 spar was correspond-
ingly u, Jerestimated, global consumption tripling in this
period. This population increase is largely taking place in 
the Third World regions of Africa, Asia, and Latin Amer-
ica, which have an overall population rate increase about 

live times that of the aggregate of the First World regions of 

the United State.s, Western Europe, and Japan. 


These population forecasts and figures (Population Ref-

erence Bureau, 1983) indicate that the earth's present 750 

million capitalists will have increased to only about 825 rmil-

lion by the year 2020 while the inhabitants of the Third 
World nations will have approximately doubled from today's
2.5 billion to near 5 billion. At that time-under these de-
miographic calculationy-the First World would no longer
comprise 16 percent of the earth's inhabitants-consuming
half the global energy demand and earning two-thirds of the 
global income-but would be decreasing by to percent. 
The Third World nations would no longer have half the 
earth's inhabitans-consuming 15 to 20 percent of global 
energy demand and existing on about 15 pecent of the 
global income---but would hold an expanding two-thirds of 
the total global population, 

ENERGY ASSESSMENT 
In 1983 total global production of commercial energy 

was between 270 and 28o quads (OPEC, 1984)-far below 
the projections made adecade earlier. These reduced require-
ments were most significantly due to energy-conservation 

Global Energy Perspectives, 1985 261 

DWG. NO. K.G-85.1620 

7 
2 

PROJECTIONS -"1995 - 6 

1990 
-5 

1975 4 

HISTORICAL 1950 
DATA 

1 -2 

1800 1 

1650 
0 

r I I -

1 400 800 1200 1600 2000 

" 
Fig. 3. World population growth. 

measures adopted in the capitalist democracies. First World 
energy consumption in the period 1973-83 declined by
about 5 percent. while overall energy consumption in both 
the Second World and the Third World increased by 40 to 
50 percent. During this period oil consumption in the First 
World dropped by more than 15 percent. Global oil produc
tion is now 54 million barrels per day as compared with 
more than 55 million barrels per day in 1973, and much be
low the peak of approxinmately 63 million barrels per day in 
1979 (API, 1984). During this same period oil consumption
increased about one-third in both the communist and the 
Third World countries, but their consumption is still well 
uinder that of the capitalist bloc. 

In the United States energy conservation has exceeded 
all expectations. In the decade 1973-83 oil consumption 
dropped from 16. 5 million barrels per dty to 14.5 million 
barrels per (lay, and natural-gas consumption declined from 
22.5 trillion cubic feel (630 billion inV) per year to 17 trillion 
cubic feet (476 billion in) per year. Coal consumption has 
remained nearly constant over tile last five years. During 
this same period the average efliciency of automobiles in
the United States increased by one-fourth. The potential
of many conservation efforts tinder way is not yet fully 
realized. 

Currently the world's commercial energy budget may be 
approximated as follows: oil, 42 percent, coal, 29 percent; 
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natural gas, 20 percent; hydropower, 6 percent: nuclear 
power, less than 3 percent. More than onC-tourth of this en-
ergy is converted to electricity to produce in excess of 
8,ooo billion kWh per year. Nearly to percent of this elec-
trical output is nuclear, genceted by about 30(0 commercial 
reactors. The number of reactors in operation viii probably
be in excess of 5o before the end of'the century. Almost 
one-fourth of global electrical production is fromi hydro-
power. Hydropower has significant promise. for only one-
fifth of tile has bcen exploited (l)eudney,global potential 
1981). Large-scale hydropower projects are under construe-
tion in South America and are planned in tilePeople's Re-
public of*China. 

Oil-and tie price of oil---holds I key position in the 
global economy. While today oil provides 42 percent of 
global energy, it can be argued that a far larger fraction of 
everything vital to mankind dcpt tids On this oil and on natu-
ral gas--transportation, synthetic fibers, synthetic rubber, 
plastics, medicines, pesticides, and food production.

The Organization of Petrolelm Exporting Countries 
(OPECO has capability produce about 33 nilliontile to 
barrels of oil per day with little or no capital investment.Currently (1985) OIPEC product ion is aboutt 17 milo 

barrels per day. United States production is approximately
to million barrels per day of crude and IIatUral-gas liquids. 
Thus OPEC has idle ahoot t I/2 tillies the capability 0if the 
United States to prodlice. k itIi this trelmendous OPEC pro-
duction capability "overhang' in a free-trading international 
economy. tie differelice associated with capital-I liestfle [t 
needs is conclusive in colnpetitiveness. Alternative e crgy 
technologies requiring large capital investment. such as pro-
duction of synthetic gasoline f'rom coal, have no chance for 
widespread applicati on under these conditions. 

"l'oday the Uited Stotes has niarly 106oooo wells aridgit 
about 2oooo(o gas wells producing 8.5 million barrels of 
crude oil per day, 1.5 million barrels of' Iliat oral-gas liqLlids, 
and 17 trillion cubic fect (476 billion ii 1)of natural gas. 
About 70,1(( new weIts iiiList be drilled each year to sostain 
this level of prOdUctioti. In COot last, Saudi ,Arabia has the 
potential to produce abolut 12 million barrel> of crude per 
day from only 75 wells. Currently SaLidi Arabia is produIc-
ing only 5million barrels per day to sLista in price levels. 

A coisensus order-of'- i gniii ttidc :.ppr(Oxiflation of tie 

Could be recovered by r,.-asonalc nleans is 2.0)0 hillion 
barrels. About 1,20 hill'mo barrels have been 'o)ind, and 
about 800 to ,oo billint barrels are thought to remain 
which have not yet been foLind. ()f tile1,20)1 billion barrels 
that have been lo td, nearly 5)0 billio n barrels have been 
extracted and consuIied. InI general. the most accessible oil 
deposits were Ilocated and exploited first. 

PROSPECITUS 
The capitalist-industrial democracies have been granted a 

respite trorn energy-supply concerns that should continue 

through the 198os and possibly to the end of the century as a 
result of the effectiveness of cost-driven energy-conservation 
measures, the trend toward transference of labor-intensive 
manufacturing to Third World locations, and the stabili:,a
tion of population. A principal cause for the slight increases 
in population in tie First World is migration from the Third 
World. The energy demands of* the Third World nations, 
while currently small in comparison with those of ,he First 
World, will continue to increase. The needs of expanding 
populations with desires for better living conditions and 
mnufacturing growth argue for such a future. At some 

point these energy needs, coupled with tile enincreasing 

ergy demands of tile
Second World will have depleted the 
excesses of' production capability beyond market demands 
that now exist for oil, gas, and coal. At that time will Adam 
Smith's "unseen hand" which guides the international econ
c;ny be able, through advanced energy technologies, to sup
ply tileneeds of the earth's teeming billions? 
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ABSTRACT 

Agricultural production consumes only a small part of the 
world's total commercial energy-about 5 perc nt jin98:. How-
ever, this energy, which i. used for the production and application
of agricultural inputs, such as farm machinery, mineral fertilize.s, 
chemical pesticides, and pump irrigation, is vital to provide the 
growing population with f'ood, feed, and Iibcr. In 1982 in the de
veloping countries mineral lertiliters accounted for more than 
68.2 percent of th1c commercial cncrg' used for agricuhlural pro-
duction. They wcre followed by farm machinery, accounting for 
25.5 percent; pump irrigation, 4. I percent; and chemical pesti-
cides, 	2.2 percent. 

Bet,,cen 1972 and 1982 the tlse of conmmercial energy for agri
cultural production increased at anl annual rate of 8.6 percent in 
devcloping countries, while the growth raiL in the developcd cou-
tries was 2.2 percent. As a result the developing countries' share 
of 	 commercial energy used in agricultural production increased 
from 16.6 percent in 1972 to 26.7 percent in 1982, while their share 
of ttotul commercial cnergy increased 1rom 14.2 to 20.4 percent.

In 1982 pump irrigation collsulled 5. I million tons 0I 
equivalent, developing countries accountinli 'for 62 percent. Be-
tween 1972 and 1982 the gromth rate Ir irrigation energy in the 
developing countries vas 3.6 percent. This rate lower thanwas 
those for most other inputs, and the share of' irrigation in agri-
cultur:al commercial cnergy decreased from 0.0 percent in 1972 1to 
4.1 percent in it)82. While pu up irrigation is heavily dependent 

on commercial energy, foreign-exchange prohlems, and high pC-

troleum prices in relation to the alue of dcvcloping countries' 
ex-

ports, have focuLsLd attention on the need o ulitize. where appro-

priate, alternative sources of en'rgy. 


INTRODUCTION 

Agriculture has the vital task of providing the growing 
woirld population with food, feed, and fiber. In addition, 
some of its products and many of its residues povide fuel 
for cooking and other uses, partliclaly in the less devel-
oped countries. Rapid increases in agricultural production,
particulail v in developing countries, are therefi-rc required. 
it the demand for food and other aricultural products is to 
be tmet. 

Although many developing countries still have some rc-
serves of potentially productive land, most of them witi be 
able to meet the Food demands of their growing populations
.:nly by raising yields on both existing and new land. It has 
ioeen estimated in the 1981 Food and Agriculture Organiza-
tion study Agriculture: Toward 2(X) that up to the year 
2000 tie expansion of arablh land in the developing coun-
tries can be expected to account for only abotit 28 pc.cent 
of the required increase in agricultural production; the re-
mnaining 72 percent must come front increases in cropping 

intensity and yield on land already under cultivation. More
 
intensive use of commercial energy inputs, particularly

mineral fertilizer, farm machinery, pump irrigation, and
 
chenical pesticides, will be required, as well as the appro
priate application of renewable sources of rural energy.


This chapter presents an overview of commercial energy
 
use for agricultural production, giving particular attention
 

to 	 the role of water t in he form of pumlp irrigation. Esti
mates of agricultural energy consumption and trends in en
ergy use in tile major regions of the world for the period

1972-82 are also presented. In addition, the potential role
 
of renewable energy in irrigation is discussed. 

COMMERCIAL ENER(Y FOR AGRICULTURAL
 
PROI)UCTION


Agricultural production is responsible for a small part of
 
total co mercial nergy use. In 1982 tie co mercial en

ergy use in the w98 oercen 
ergy used for agricultural production was 6.6 percent of the
 
total consumption of comrcial energy in the developing

countries and 4.6 percent in the developed countries. Al
though total consumption is small, its crucial importance is
 
illustrated by the increasing amount of enei, devoted to
 
agricultural production during the period of rapidly increas
ing energy prices which occurred after 1972. As shown in
 
Table I, the proportion of total energy used in agricultural

production increased from an estimated 4.2 percent in 1972
 
to 5.0 percent in 1982. Only in Oceania and the Near East
 
did the propoi )a of commercial energy used for agri
culta prodon decine
Cultural production decline.
 

Total energy for agriculture production grew at a rate of
3.6 percent a year between 1972 and 1982, with a growth 
rate of8.6 percent a year in developing countries and 2.2 per
cent in developed,'cuntrics. This compares with a growth 
rate in total commercial energy of5. 5 percent in developing 
countries and I percent in developed countries during the 
same period. 

Estimatcs of commercial energy used in tile manufacture 
and operation of farm machinery and pump irrigation and 
the production and application of mineral fertilizers and 
chemical pesticides are shown in Table 2, while the share of 
agricultural energy devoted to each of these inputs in the 
various regions of the world is shown in Table 3. 

The total energy consumption for agricultural production 
was estimated at 202 million tons of oil-equivalent in 1972, 
incleasing to 287 million tons in 1982, over 50 percent of 
this increase occurring in the developing countries. As a resuit the developing countries' share of commercial energy 
used for agricuhural production increased frotn 16.6 per
cent in 1972 to 26.7 percent in 1982. Although there were 

/ 
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Table I. Total commercial energy and commercial energy used in agriculture. 

Total Commercial lEnergy Conunercial Energy Used in Agriculture 

1972 1982 1972 1982 
 1972 1982 
Region (x 1,0(X tons oil-equivalent) (%) (%) 

North Amerit 1,763,212 1.668,188 67,973 66,161 3.9 4.0 
Western -urope 954,024 1,M0)4,146 51,654 67,912 5.4 6.8 
Oceania 53,456 82,312 3,479 3,582 6.5 4.4 
Other developed countries 295,573 354.249 6,104 16,204 2.1 4.6 

Total developed market
 
economics 3,066.265 3,108,895 129,211 153,859 
 4.2 4.9 

i-astern Europe. USSR 1,080,113 1,474,460 39,574 56,510 3.7 3.8 
Total developed countries 4,146,378 4,583,355 168,786 210,369 4.1 4.6 

Africa 35,342 51,212 1,783 2,774 5.0 5.4 
Latin America 187,326 297.731 7.158 11.203 3.8 3.8 
Far East 135,069 146,930 8.789 20,738 6.5 14.1 
Nei; East 53,931 231,675 3,989 9,946 7.4 4.3 
Other developing countries 1,(8)(} 2.843 38 57 3.8 2.0
 

Total developing market
 
economics 412,668 730,-90 21,757 44,718 5.3 
 6.1
 

Asian centrally planned economics 276.278 44.1,425 11,743 31,844 4.3 7.2 
Total dcelopiny contris 688.94o I 171,815 33,50 76.561 4.9 6.5 

Total 4.835,324 5,758.170 212,285 286,931 4.2 5.0 

SOURCE.S: United Nations Statistical ()l'icc. Yearhool of World Energy Statistics1982; Food atnd Agriculture Organization estimates. 

Table ",.Use of comuercial enery for inputs to agricultural prodt,:ction. 

:arm 
 Pump Mineral Chemical Commercial FEtergy Share of 
Machinery Irrigation Fertilizer Pesticides in Agriculture Each Region 

1972 1982 1972 1982 1972 1982 1972 1982 )72 1982 1972 1982Region ( . 1.000 tons oil-equivalentl (11) (3) 

North America 48,853 44,212 747 943 17.1)2 19.030 1,271 1.377 67.973 66,161 33.6 23.1
 
Western Europe 33,937 45,123 335 40-1 16,535 21.485 8.17 90 51.654 67,912 25.5 23.7
 
Oceania 2,567 2.585 31 36 806 91-15 16 
 16 3.479 3,582 1.7 1.2 
Other dc'cloped comuntries 3,630 13,336 84 86 2.372 2.764 18 18 6,1I4 16,214 3.0 5.6 

Total developed market
 
economies 
 8.98S8 105.256 1.197 1.469 36.875 -14.82-12.152 2.311 12'9.211 153,85') 63.8 53.6 

Eastern E-urope., ISSR 18,854 25.396 302 401 I1,571 29.753 847 9010 39.574 56.510 19.6 19.7 
Total dscvh ped countries 117.842 130),53 I.-'99 1.929 50.446 74.576 2.999 3.211 168,780 210.30) 83.4 73.3 

Africa 827 I1.138 88 I 117 842 1.300 27 152 1.783 2,774 ().9 I .A;
L.atin Attcrica 3.310 1,515 119 157 3.611 0,310 123 231 7.158 11.2103 3.5 3.9 
Far Fast 1.5.13 1.55. 67 1.236 6.590 14,8109 33 142 8.78) 20.738 4.3 7.2 
Near jast 1,382 4.269, 527 676 2.1049 4.888 .12 113 3.989 9,946 2.(1 3.5 
Other developing countries 19 2-1 I 101) 29 [ 5 38 57 0.0 0.0 

Total developing market
 
economies 7,1166 1.1,4'97 
 1,301 2,187 13.115 27.391 215 643 21,.. , 4.1.718 11.8 :5.6 

Asiat centrally planned economies 2.052 5.04 83') 958 8.323 25.240 530 035 11.743 31,844 5.8 11.1 
Total developin countrics ),1._18 I1951 2,200 3.1-15 21,438 52.637 744 1.278 33.511 7(,501 1.6 26.7 

Total 116,9611 150.15.1 .1,6')) 5,175 77,88.1 127.213 3.743 4.189 22.,285 280,931 Ill.0 10100 

SO) IRCIE: Foo~,dand Agriculture Or,ani/ation estitale,. 
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Table 3. Comnercial energy used in agricultural production and share (if input in each region. 

Commercial Energy 
in Agriculture 

Farm 
Machinery 

P>ump 
Irrigation 

NIincral 
Fertilizer 

Chemical 
Pesticides 

1972 1982 1972 
Region (X 1,000 tols) 

North America 67,973 66,161 71.9 
Western Europ 51,654 67.912 65.7 
Oceania 3,479 3.582 73.8 
Other developed countries 6.104 16,204 59.5 

Total developed market 
companies 129.211 153,85) 08.9 

Iasten Europe. USSR 39,574 56.51( 47.6 
Tlal developed countries 

Africa 
108,786 

1.7S3 
210,369 

2.77-1 
63.9 
46.4 

latin America 7.158 112(13 46.2 
Far -ast 8.789 20,738 17.4 
Near East 3,989 9,916 34.6 
Other devcloping . ountrics 38 57 -19.6 

totad developing market 
cCOnt0Inics 21.757 44.718 32.5 

Asiun centrally planred economiCs II .743 31.8.14 17.5 
To al de'cloping countrie s 33,5(1(1 76.561 27.2 

Toltal 2(2,285 286.931 57.8 

SOURCE: "latble2. 

increases in each of the developing regions, the main in-
creases were in the Asian centrally planned economies, 
where the annual growth rate in agricultural energy was 
io.5 percent betwcen i"72 and 1982. followed by the Neat 
East wi!h al annual growth rate of 9.6 percent and the 
Far Last with an annual growth rate of 9 percent. In the dc-
vcloping regions of Africa and Latin Amcrica tinc growth 
rate in agricultutral energy was about .4.5 percent a year.

While the use of agricultural energy has increased sub-
stantially in the developing countries, it is still low c ansid-
ering that in1982 the developing countries had 54 percent
of the world's arablc land and land under permanent crops 
and produced 48 percent of the worlt's cereals and 62 per-
cent o1'the world's roots and tubers, 

As shown in Table 3,the inanulfcture and operation of 
Farm machinery accotmited for more tihan 50 percent of tot al 
cotmlmercial energy used in atricutltuiIral p 0dIUCti ilnboth 
1972 and 1982. Hlowever, tIe growl'. rate of energy for 
f'arm machinery during this period was 2.5 percent a year.
in comparison with 5 percent a year for mineral fertilizers. 
As aIresult tle proportion of arctilturiIal energy used f r 
fertilizers increased, froni 38.5 percent ini972 to 44..3 per-
cent in1982, while tle prtOpOrt itm IIsed for f'ai'machinery 
decreased f'rol 57.8 percent in 1072 to 52.3 percent in 
1)82. The growth ra'e for ptinp irrigation waS about 3.2 per-
cent a year, and it maintained its share of';IgriCnItural energy 
at 1.8 percent. For pesticides tile growth rate was 1.8 per-
cent, and its share decreased trom 1.9p'rcent in 1972 to 
1.6 percent in 10)82. 

In the developing cottries mineral fertilizer is by far the 
Most i ip0lrtanit User of agricultural commercial energy, 

19X2 1972 1982 1972 1982 1972 1982 
(170)) (17c) ((4) (r/) (%) ('/) I%) 

66.8 1.1 1.4 25.2 29.7 1.9 2.1 
66.4 0.6 0.6 32.'0 31.6 1.6 1.3 
72.2 0.9 1.0 24.9 26.4 0.5 0.4 
82.3 1.4 0.5 38.9 17.1 0.3 0.1 

68.4 0.9 1.0 28.5 29.1 1.7 1.5 
44.9 0.8 0.8 49.5 52.7 2.1 1.6 
62.1 (0.9 (.9 33.4 35.5 1.8 1.5 
41.0 4.9 4.2 47.2 49.2 1.5 5.5 
40.3 1.7 1.4 50.4 56.2 1.7 2.1 
21.9 7.1 6.9 75.(0 71.4 0.4 (.7
42.9 13.2 6.8 51.4 49.1 (1.8 1.1 
41.6 (.1 (.1 48.9 511.0 1.4 8.3 

32.4 6.3 4.9 60.3 61.3 1.1 1.4 
15.7 7. I 3.1 7(0.9 79..l 4.5 2.1) 
25.5 6.6 4.1 64.1) 68.8 2.2 1.7 
52.3 1.8 38.51.8 44.3 1.9 1.6 

and, as the result of a 9.4 percent average annual growth
rate, the proportion of agricultural energy used lor fertilizer 
increased from 64 percent in 1972 to 68.8 percent in 1982. 
During this same period the annual growth rate for the other 
inputs was 7.9 percent for farm machinery, 5.6 i'ercent for 
pesticides, and 3.6 percent for puip irrigatior. The low 
growth rate in pump irrigation, in compatrison with the 
other inputs, caused its share of agricultural energy to de
crease in the developing countries from an estimated 6.6 
percent in1972 to 4. I percent in 1982. The largest change
occurred in the Near East, where the proportion of agricul
tural energy devoted to irrigation dropped Irom 13.2 per
cent in 1972 to 6.8 percent in 1982, and inthe Asian 
centrally planned economties, where it decreased from 
7. I perceot to 3 percent. 

The lack of Ioreign exchange and the relatively high in
W(rest rates ot I'oreign capital have encouraged countries to 
cotcentrate iole of' their avricultural investment on inputs 
such as fertilizers that olfcr fiast returns than on inputs such 
as irrigation equi ent that require several years for tihe 
cost to be recovered. Intadditiot, as foireign exchange
has become limitcd and petroilettti prices have risei, tile 
import of petrolcum f'tcls has been Curtailed in developing 
countries. 

In ieritods of ceergy short age agricUilture in isolated rttra 
areas isofteii the Iil'st to be affected, since it is Usually at the 
end of the distribution network and may be stbject to er
ratic deliveries. even wheii overall energy supplies ate ade
quate. Fuel shtrtages in Stmalia, for example, are esti
mated to have resultcd il a 40 to 6o pcrcent yield rcduction 
of irrigated crops insome areas dtiring 1984. when irriga
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tion could not be carried out during the crucial flowering 
period because of a lack of diesel fuel for pump operation. 

The recent emphasis on mineral fertilizers seems justified 
by the economic conditions ill the developing countries, 
However, in areas with low and erratic rainfall an assured 
water supply is often a prerequisite for the effective utiliza-
tion of other inputs. Therefore, care must be taken that 
the financing of irrigation, which is needed to develop the 
base for increasing agricultural production, is not unduly 
restricted, 

COMMERCIAL ENERGY FOR IRRIGATION 

Controlled irrigation is mainly of two types: large-scale 
gravity-flow irrigation, in which dams or water-diversion 
structures and channels are built to bring water to tile fields 
and pump irrigation, in which water is pumped from either 
ground or surface sources. Agricultural production is olten 
only a secondary use of watcr from large dams, the primary 
use being generation of' electrical power, and the energy 
used in the construction of dams is therelore excluded from 
the eqimates made here. Also, since the devclopment and 
maintenance of irrigation canals are usually performed with 
agricultural machines. the energy for these purposes has 
been included under farl machinery. The irrigation equip-
ment discussed here is limited to pumps, engines, pipes, and 
material such as equipment fOr sprinkler and drip irrigation, 

In 1972 the irrigation equipment in use in the world 

amounted to about 2.3 million tons, 1.2 million tolls 
(52 percent) of which are in developing countries. In 1982 
ie total irrigation equipment was estimated to have in

creased to 3 million tons, 1.6 million tons (53 percent) of 
which are in developing countries. The annual production 
of irrigation equipment supplied to agriculture was about 
265,000 tons in 1972 and increased to about 36o,ooo tons in 
1982. It is assunled that the average energy required to 
produce this equipment was .- kg oil-equivalent per kilo
gram of equipment. 

In addition to the energy needed for the manuflcture of 
irrigation equipment, energy, usually in the form of petro
leum fuel, is required for its operation. The fuel required 
per hectare of land irrigated varies with the depth of the 
water being pumped, the type of irrigation system, and the 
water requirements of the crops. It is estimated that fuel re
(luirements vary from i6o kg/ha in the developed countries 
to 2oo kg/ha ill developing countries of Alrica and tile Near 
East. Estimates of the commercial energy for PumIp irriga
tion based on these assuniptions are shown in Table 4. 

In 1982 puip irrigation consumed 5. I million tons of 
oil-equivalent, developing countries accounting for 62 per
cent. I lowever, while developing countries increased their 
share of a!l inputs between 1972 and 1982, tile increase Ir 
irrigation was only 2.5 percent (fr-ml 59.5 percent to 62 per
cent) in comparison with a 13 percent increase (from 28 per
cent to 41 percent)for fertilizer, an 8 percent increase (fron 

Table 4. Commercial energy hr puimp irrigation equipnnent iallulaclttxc andilopctdtion. 

Region 

North America' 
Western Europe' 
Occania 
Otilier developed countries' 

Total lco\ped nmarket 
ccotl)tlnies 

I'astern Europe, uSSR' 

Total developed countrics 
Africa' 

Latin America' 

Far liast 

Near East 

Other develmping countries' 


Tolal deveh ing mnarket
 
C1i'onllges 


Asian centially planned ecnounlies' 

Total develo'ping countries 

Total 

Aeia Imrietted Energy Ior Energy lor Total Irrigation Share of lach 
bV I'uLnnnp, Manufacture" O peration FEnergy Region 

1972 1982 1972 II;82 1972 1982 1972 1982 1972 1982 
1,00) ha) 1,000) toIns) ('4) ('4) 

3,862 4,875 133 I68 014 775 747 943 20.2 18.6 
1,741 2.103 58 71) 277 334 335 404 9.0 8.0 

161 187 5 6 20 31 31 30 0.8 0.7 
4.19 450 13 13 71 73 84 86 2.3 1.7 

6,213 7,622 2)0') 257 988 1.212 1,197 1,469 32.4 28.9 
1,521 2.310 i 93 242 368 302 461 8.2 9.1 
7.733 9,.938 27)0 35)) I .22) 1.581 1.499 1,929 40.5 38.0 

3S9 523 10 14 77 1(4 88 117 2.4 2.3 
553 732 2)) 26 9) 131 119 157 3.2 3.1 

2,815 
2,562 

5.547 
3.288 

68 
6') 

1.34 
88 

55') 
.158 

.1(02 
588 

627 
527 

1.236 
676 

17.)) 
14.2 

24.4 
13.3 

I) 110 (I0 0 0 0 01 0.11 (M 

0.31') 101,0190 16 / 262 I.114 
,1,164 4.756 9,4 Ill8 745 

10,484 14840 2611 37)) 1.939 

18,217 24.784 531 71') 3,1)18 

SOURCE: Food ILlA: priCUtlturc ()rgai/atioll ,..i ;ntcS., 
Energy rcquirements ftr" Inmtnlltill elasNjtneld i) be 2 kg tit iil-el 'alelt per kilogramir 

equlipment. 
\Weighl of equipn ent assuinned to lie .)1)1kg/hla irrigated. anid fl reuinirennient, 1(0 kgr'lh
 

, Weight ol equipnetllt assunecd to Ic ((((kg ha irigateil. and Iul nequiren ent. 21)) kgha
 
'Weight mnfequipment assuned t) be 141)kgita irrigated, and fuel rctluitement. 181 kg/iha.
 
'Weight of qiuitpment assutnel to he 100 kgiha irrigated. and line)lrquirceient , 1810kg/h.
 

1.925 1.361 2.187 36.8 43.1 
851 839 '958 22.7 18.') 

2,770 2.200 3, 145 59.5 62.0 

4,350 3.6')) 5.17S 110. 0 1111. 

t equipmennt s ith I0 years' average life iif pu0iip aind 



20 percent to 28 percent) for pesticides, and a 5 percent in-
crease (from 8 percent to 13 percent) for farr, machinery, 

"Fhe main increase in the area under pumped irrigation 
was in tile Far East, where pumps were estimated to have 
been used on 2.7 million ha (21 percent) of tie 13 million 
ha of tile additional land brought under irrigation between 
1972 and 1982. This area acounted for more than 62 per-
cent f1"tile esti mated 4.4 Million ha o1 additional land 
brought under pUMP irrigation in tile developintg countries 
during this period, with tile result that tile Far East ac-
counted for 2,1.4 percent of tie total irrigation energy in 
1982, ill corMparison with 17 percent in 1972. 

Irrigated areas need to be expaiided ill the developing 
contries. IIowever, becaLise of tile increasing inVyes:tmenut 
and operating costs of tile present puilip-irrigat ion sy st,,lis, 
these syvstcms rltISt be used as effectively as possible, and 
alernative sources of energ uist be examined. More efli-
cient use of irrigation waler is feasible ill mlany areas and 
could result in savings in energy Consuin pt ini.i -Th e inter-
dependence of land-development methods, irrigation prac-
tices. and systemis of culivation and crop prodtuctioni is sel-
dor fully appreciated. Both increased efficiency in use 
of irrigation water and higher cropping intensities can be 
achieved by ( I ) improvinig water-distributioii channelCIs anrd 
providing appropriate drainage. (2) iriMprovilig field lay)'outs.
(3) gI'adirg and levelg the land bcfIrc irrigation, and 
(4) usilrg better irpleiirenits arid methods of waler applica-
tion. Improived inairiteirance and operation of mechanical 
etlipimrcnt can also improve the efficiency of the energy 
used f'or irrigation.I lhwveyr, fragriented landholdings arid 
tile difliculty of organizing tlie group actioni reqluircd Io iir-
plement new projects ofter impede irri gation improvcment, 
The lack of an adequate in fi-ast rciiiie to stipport adi I naiin-
tain mechanical equipment iriay also lirit it, Lfclilit Ise. 

IInmany developing countries lie high capital cost and 
long lead little reqtuired by large irrigation scheucs have 
slowed their development and increased til emphasis given 
to small-scale systems. Many farms in developing counitries 
are less than 2 Ila il size, anid the water table ini some areas 
is within a few meters Of tile gIirid sLi rfacC. While tle 
quantity of' water needed to irrigate a giveni area depeis on
soil type, land topography, cliriate, riethiod of water dishri-
bution, and crop water requirements, the peak ptilpiig 
capacity needed fIOr I Ia is typically i tel rargec of 2 to 
6 Ls ". For water within a few meters o hie groindList'facC 
this may rc(Il ire as little s i1( 10300 W of erie rgy in pti 
per hectare. It is f'or trese s111iaI a rcas rC(IUliiig IOw power
inputs that alternative energy sonirces seei to have tile 
greatest potential, 

People have irrigated small areas ncar watcr soulrces f*or 
centuries and C)Iltiinrle to (o s in i1any developiig COitin-
tries. The work efliciency of humans .,, relatively low, hoiw-
ever, only about 75 W on a sustainled basis, particilary ill 
developinig countries with high temperatlurc and htuniridity. 
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Therefore, while improved hand pumps and water-lifting 
devices coUld reduce somewhat the drudgery and increase 
the irrigated area, other forms of power are needed to sub
stantially expand irrigated areas. 

The use of' draft animals for irrigation is widespread in 
both Asia and tile Near East, where a pair of bullocks 
operating a Persian wheel or other water-lifting device can 
irrigate 1 to 1.5 ha. The efficiency of present methods of 
lifting water with dra ft an imals is often low and could bele
lit from improved water-lifting devices and drive mecha
nisms. better harnesses, and improved animal nutrition and 
mianagement. The additional area irrigated ti rough such 
improvemients is limited, however, since the need for draft
animal power for otlier agricultural operations increases as 
the irrigated area becomes larger. 

Solar-energy resources are generally good iii developing 
countries, and tie utilization of photovoltaic solar cells ap
pears to be one of tlie most promising alternative energy 
Iec .ilologics for walcr pumping. Several types of' photo
voltaic punAing sy steins are coniiimercei ally man ufact urcJl 
and have been operating on a linited basis in developing 
countries for several years. While technical feasibility has 
been proved, photoxoltaic syste-is are ctnrrently too expert
sive for pulming irrigation water ill Most developing cou n
tries. A redluction in tile price of solar cells and iliproved
ssteur designs seem possible, ho\vCVer, arid could niake 
l)hotovol ta ic systeni s economically viable or small-scale ir
rigationi in tile future-. 

Wind power is another alternative. Wind speeds are gen
erally low in tie tropics, where most of tile developing 
countries are sittated. I lowever, warer-pu niiping windmills 
have been used to srpply water for livestock and hurian 
cinsumption ill some developing couintries for many years, 
and most commercially available windmllis are reliable and 
saf'c and scldom require repair if properly maintained. Sincetopographical features can augment wind speed and doub-
Iing tie wind speed increases tile power outpuIt eigh tiies, 
windmills may be ai approipriate source of power for irri
gation water pumping. Ihougi at present they appear eco
noniically viable only at selected locations in developing 
courntries. 

The powe r of Ilow iiig water 1a111also be used to ptLp 
water for irrigation where irrigatcd areas are near rivers and
streais having air average water velocity of (.75 ms" or 

imore. In addition, opportIunities exist ill selected locations 
to substitute petrolenmri firels in internal-coMirbnstion engines 
with alternatives such as biogas, producer gas. alcohol, and 
vegetable oil which can be derived from agricultural prod
ticts or their residLtCs. 

Ioiieet IfutureIfood ieeds, irrigated areas in tile develop
ing cotlitries ItLISt be ftrrther expanded. This will reqrire 
the appropriate application of both conventional and re
ne\ablc sotirces of CeieI'y. The rain Ciriceri nLst be to Cii
sure the enerey needs Of agriciltunre froii whatever energy 
souIrces are available and can be effectively utilized at a par
licular location. 



41. CALIFORNIA AGRICULTURAL WATER MOVEMENT AND ITS
 
ENERGY IMPLICATIONS
 

L. Joe Glass, Department of Agricultural Engineering, California Polytechnic State University, San Luis Obispo, California 

ABSTRACT 

California climate and topography provide for a unique agricul-
ture in the state. Water development and transportation are neces-
sary to grow crops through the summer montis in the Central 
Valley. Nsa result energy is both generated and constllIlcl. A sys-
tern of canals and rivers is used to transport the water from north-
ern California to the Central V'lley by the U.S. uIreau of Recla-
mation as part of the Central Valley Project and b' the Calior'nia 
Department of Water Resources as part of the St ate Water Project.
Some local irrigation districts have their own water supplies and 
hydroelectric power.

Elergy' use and its implication for aglricultLre are projected to 
the year 200. 

CALIFORNIA CLIMATE' AND TOPOGRAPHY 
California is a l"Of The hasland plenty. state plenty of 

people, plenty of water, plenty of food, and plenty of prob-
letus related to its people, water, and food. Problems arise 
in the midst of these plenties primarily because of iisloca-
tion relative to each other. This tnisIocation is largely due to 
the climatic and topographic features of the state. 

The topographic features (If Mountains and valleys in 
conjunction with it Mediterranean-type climate are very sig-
nificant to the stite. Much of tile precipitation, occurring 
mainly from Octoher to May. falls as snow in the Sierra No-
vada. This snow melts iil the spring. and much of the result-
ing water flow is caught in reservoirs built to provide irriga-
tion w trtr for st,niter crops. flood control, hydroelectric 
power, and recreation. The absence of' rainfall diring the sumumer and early fall allm(ks prope r liming of' water appli-( 

cation by irrigation to many diverse agrt iciltIural crops. This 
climate allows tile opportunity to maximize yields atid 
Littality oftlie prodice grownwi ic h wold therwise be dra-
malically affected by untimely rainfall dturig fhe growing 
season. 

Because of the arrangement of the mountains in the state, 
there are several valleys of agricultural significance. The 
iiajor valley i. the Central Valley (Fig. i). It is surrounded 

by mountains, the high Sierra Nevada oil the cast and the 
Coastal Rangce oi tile west. Two of tile rivers flowing into 
this valley are considered the major rivers. The Sacramento 
River is the tiiajir solith-fhowi river in the northern ipor-
tion of, the valley, and tlie San .haqutltin River is tile tiaj or 
north-lhowing riser ii tlie soutlierni portion. The rivers .join
and Ilow into the San [rancisco Bay. whiclh in turn outlets 
through tile Golden Gate into tile Pacific Occan. Several 
other rivers 1(1w into this majtlr valley. but these two are 

used to identify each of the subvalleys within the Central 
Valley.

The mean annual precipitation varies throughout the 
state. The net effect is that three-fourths of the precipitation
lflls in the northern fourth of the state. lowever, the land 

and the most suitable cliimate for the laxilmuml production
of the diverse crops are mainly in the lower three-fourths of
the state. The net effect is that water must be transported
and eergy consT ed to maximize the ptential food and 

fiber prodtction. 

DEVEILOPME'NT OF WA'I'ER RESOURCES AND
 
HYI)ROELEICTRIC POWER
 

Surface Water 
The California Department of Waiter Rescurces (1983, 7) 
states that watIr resources planning and development in 
California have a long and often complex history that dates 
back to the late eighteenth century. The Fr.tnciscan fathers 
began water development by damming small streanms and 
diverting water through canals to their missions. Later tile 
gold rush of the mid- iHoos brought a need to provide water 
from the high Inouintaiti streams f'or washing the gold
bearing deposits. This was provided pitariily by private in
diViduals and companies. As the slate grew from the influx 
of gold seekers, people began to farm. Needing water for 
their crops, the farmers formed groups and cooperatives to 
const ru ct canals for water diversion froin rivers to their 
farms. 

In 1887 tlie state passed the Wright Irrigation District 
Act, which provided the legal mcans for forming local irri
gation districts with the authority to acquire water by devel
optltt atid to btty' Out private irrigation enterprises. By
1930 11101-e than a hunidred irrigation districts were operat
ing in the state. 

By this time the legislature had directed the state engineer 
to make a coimnprCitisivC statewide survey of the water re
soi The state submitted its first water plan to the legis
latUre in I'31. The primary foIcus of this plait was to de
velop water resources for agricullure in the Central Valley.
According to (;ill ct a. ( 197 1. 6), tile plan was aitthorized 
hV tile 1933 legislature, and state bonds to financc the plan 
were aptproved by tile OCrs. ILI tle 0reat I)Cbit becaitse lf 
prcssiot there were hot entoughIt btid liirIchasers. The state 
then turned to the federal gosvern tnt for help. 

U.S. Bureau of Reclamation. In 1937. Cotngress athtlo
rized the U.S. Bureau of' RcClamation to proceed with the 
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Im 

Fig. t. Relief map of the Central Vallcy of California. 

Fig. 3. Overview map of tie state water projcet in Calilforni a. 

sources began a thieC.-phase il'stigat ion of tie state's 
water resources. The final phasC waS publishcd in 1957. 
The Division of Water Resource., had been renamed tile)e
partnient of Water Resources (I)\VR), and the plan became 
the State Water Project. In the clection of November. 196o 
Calilornia voters approved S1 .75 billion for gelneral obliga
tion bonds to beotin tie State Water project (Fig. 3). The 

ajnior works of tie pro,jectintcItIde (I I) tile Orovillc )ai and 
P ,,Iower
Plat, 12) tie Thernialito Aflerbav and Power Plant, 

1and(3) the main line of' the California AqnedticuCt System, 
which includes nine punlping pklts, the San Luis Dat1 and 
Power Plant, the Castaic Dam. the Silverwood Dam,and tile 
Teriniius Dam.Other, smaller works are also included. 

State Irrigation )istricts. Only a few districts have de
evloped water resources and generate hytdroelectitc power. 

E-ach district i: subject to the state only within the gu ide
lines established int itsformation and operation, which were 

Fig. 2. Overview map of the Central Valley project in California. l;id dowin tough tile Wright Irrigation District Act, passed 
by the state legislature in 1887. 

Table I shows tle reservoir capacities and tle capacitics 
plan, which becatue known i:,the Central Valley Ipro jeci. for gencratit i of hydroelectric power of'each of the fedcral 
The major works o the pro ject are shown ill Fig. 2. They and state districts that provide agricultural water. 
include (I) Shasta l)am and Kesw'ck Dait, ort the Sacra
mento River neai RIdditig: (2)1adiversion dai dtlstrt t (1rotd11water 
and tle two associated canals, tile Tllamia-Ctlusa aid (roo dwater cn)isest alppr xitMatclv 35 percent ofIallile 
Corning, at Red Bluff: (3)thte Trinity 1at at1d associtted watcl used for :ariculture illthe state. Its availability varies 
works to transport watcr from the Trinity River to the Sac- throughout the aerinCltural ltareas requiring irrigation. Ac
":Iniento River: (4) Folsoi )ami atnd associated work oti the corditin to Califoiiia Water P~laii Bulletin 16o-83 (1983, 
Anierican River tueMr Sacramnento: (5) l)aiit on tlie 85). the statCwidC overdraft of roundlwdtrt is estitiiated at 
San Jotaquin River, near Fresno. which includes the Madera 2.2 dknI a year. ()verdraft is expected to be a continual 

ile Fi.tnt-Kcru Canal. taking 'romstorage b.ISC tileCainal and water prOblctii ii ollme rCei detlMiand for" water Cx
behind the [riant l);itn: Mid (0) the S111 blbis Utnit (I, et- cceds the Sttpply of acccssihlc water outside the local area. 
operative VC litlre h wee ti tlitOthGetatehtllC the l)elPi rIen IIIC t 11re I 
inent of Water Resources). consisttinj, of Sant I.tis Dam. TRANSPORTATION ()!A( RI('IiI'ITtAI WATER 
tileI)os Anigos Putiipiitg Plaltit. and the Sni l.lis Catial. Witi tileivailability aid developme nt o1 water resoutrCes 
A power IranIstiission systen which included power plants principally illthc nothtierni quarter and the maijor agri
at several of the datins w's, also .t part of the project. cultural ateas ill the lowCr tlree-fburths of the sttte, traills-

State Departmenft of'Water Resources. In 1947, pOrtatiOi1water is tieceiSSt ry. Rivers arc used to transportat tile i 
request ot 'lie state legislature, the Division of \Vater Re- water Iron the Sacramento \alley south to the San Joatluin 
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Table I. Reservoir and hydroelectric power generation capacities for Table 3. Plant capacitie.,, lifts, and eaergy requirements for pumping

federal, state, and districts providing agricultural water. agricultural water along federal antd state canals in the Central Vatley.
 

Reservoir capacity Generation capacity Pump Outptut Energy
Loation (dam 3) (kW) capacity Lift Load 

Shasta (F) 5,(15,000 422,300 Location (n131/0 (i1) (M) 
Trinity (F) 3,020,000 t05,600 Tracy (F) 130 60 100,700

Whiskcyton (F) 297,50() 14 I,4tWt O'Neill (F) 119 15 26,90()
Spring Creek (F) - 150,000 Banks (St 292 76 272,900
Keswick (F) - 75,000 Sai Luis IF. S) 311 88 376,001
Folsom (F) 1,246,0(0 186,50() Dos Aniigos (F.S) 374 38 180,000
Friant (F) 642.00(1 - Bulina Vista (S) 159 64 111,7(X)

San t.uis (F. S) 2,517,500 424,000 Wheeler Ridge (S) 139 73 110,500
Oroville (S) 4,304,00(0 714,6(0) Wind Gap (S) 134 160 246,42(0
"hernialito (S) 101,000)19-.700 I Fdiiio.Iston Sl 125 600 838,200
)evil Canyon (S) - 126,0()O

Castaic (S) 400,000 I1,470,000 "Minimal agricultural v,'ater.
 
McClure M1)) 1,264,000 81,1 00t
 
Ness Don tl'dro tD) 2,50.,0M10 157,000 

(F)- ledcra. (1S state, (I)t - disrict. 

ENERGY USE TREND 
Table 2. Canal capac,ie and lengths forlederal and stati a lcies
 
delivering agricutlimal %tater the ('Central Valley.
ill 


Capjacity Length E
 
Name (Il.;s) (ki) R H
 

AO
Corning iFt 14 54 W uTc~m-'ou W 651) 316 A R
 
Ioloimn South lt 9) 
 111 5
 
(onitra Costa 1: I1 77
 
I)elta-Mendota (F) 130 
 182 
San Luis(FT 371 164 . . . .. . . . . . 
Coalinga IF) 31 19 i I A3
Madera (F) 28Fil-IKern It 58I113 245 
FridilKrn Aqueduct SF 280 520 Fig. 4. Centrtal Valley of California crerg, use trend to the year 

"Caiia length not yet completed.
',rtioni of die ('aliforiiia aquetd,,hct. pumping platt's energy use and its pumnping capacity are 

given in Table 3.The agricultural developtent of the west-Valley. lc:ause Ihc land in the San Joaquin drains to the ern side of Ithe southern portion of the San Joaquin Valley is 
tnorth , canaIs ire tIscd to transpo rt water south throughout dependent on the wa ter firom this aqtltictI. Limited amiou ntIsthis vallcy, of the water transported by this canal are lsed for agri-
U.S. Bureau of'Reclamation culture attcr the water has been lifed over the TehachapiMountains and oitt of thC San Joaquin Valley.
The U.S. lburcaut ofI0'c lam alion has constructed approxi- ENER;Y USE AND PROJECIIONS 
mately 8oo ki ol canals to delver irrigation water to irriga- ;TONU EA ENAR 2000(
lion districts, Which in turn deliver the water It,individttal 
larmers. The capacities and lengths of each cantl are given ElICgy Use and projections are lirtiled to tile agrictiltiral

Table 2. Several putping plants artusted it the total ca-it' sector in the Central Valley. ()f te total agricUltural energy
system. Their energy requiremttnts Mtid I)lttipinug capaci-hial intIlie state, 8o purccnt is used ilt puttli)intg water for cropties are given in '[able 3. production, according to the California Energy Conmis-

State lDelpartment 1'Water Resources sion ( 1984, 56). For the ('Central Valley alone it is probablycloser to 85 percent and isaffected by the availahbility of stir-
The one maj or canal o Ilie I)WR is tile Cal il'ornia AqtdcltCt Iace Fig. 4 slitoiws tihe 1'eslti ated energy Itseaiter. t-ctld 
(Fig. 3). Its capacity tlld given il"l'ablc2. NearlyleIgt a,re for pumping and moving agricultUral water to the year 2ooo.
ialf of'the water transported by this s'stlii is used ftkrirlttl- The Californiia Energy Commission devchlpeud lie pro
nicipal and industrial ptrpose s in southern California. Jected energy use by considering (I ) the eleven major crops

The atlithedlCt systC tll iCLdes sc n ptttping plants grown in Ilie ateal (2) lht amount of water needed per
ahong its main chantel in lie San Joaqttin Valley. IEach hectare For each crop, (3) the percetage ol irrigatiot water 



272 ENERGY AND WATER INTERRELATIONSHIPS 

lox 

ENER6Y USECoMPONENrS 
/ W 


// 


26% 

[]A6RICUL TURAL 
X\.: A L.orponent 

. c0fltERCIt 

0 INDUSIRY 
SIreltted 

21X M]IISCELLANEOUS 
RESIDENTIAL 

Fig. 5. Percent of energy Used by com7ponent in California in 
1981. 

supplied from surface and groundwater sources (and the 

amount of energy needed to pump water f'rom each source), 

(4) the amount of land irrigated by surface and pressure-

required methods and the energy requircments of cch, and 

(5) the future crop acreages by crop type. 

To suggest the significance that agricultLre has on energy 

use, which is primarily water movement, Fig. 5 shows the 

percentage of energy use for each component of the total 

energy used in the state. As can be noted in the figure, agri-
cultural energy use is small considering that it is the largest 
single enterprise in the state. 

The percentage of energy use by agriculture varies de-
pending on water conditions. When limited precipitation 
occurs during the winler nonths, the availability of' surface 
water decreases, and groundwater pumping is, increased. 
The amount of the increase depends on the reservoir ,'orage 
carryover from previous years. The drought conditions ill 
1976-77 increased groundwater punping by about 20 per-
cent. The percent of energy use increased slightly because 
of the lower groundwater levels. 

Because energy is a nonrenewable resource, its costs will 
continue to climb and further stimulate conservation and 
more efficient energy use in all sectors, including agricul-
ture. However, because of the uniqueness of the climate in 
the Central Valley for growing a wide variety of crops, 
many of which have a high cash value, a continued use of 
water transportation and energy is anticipatcd. Tihis vill oc-
cur as long as the crops grown can produce a margin of 
profit. Other lfactors, such as drainage and main nalice of a 
certain level of water quality, may have t more significant
effect on agriculture in the Central Valley thai. will energy 
costs and water avai lability, 

Energy costs to agriculture depend on whether federal or 

Table 4. Water costs inthe southern San Joaquin Valley. 

Water Charge 
Location ($/daml3) 

Entrance to Kern County $13 
lPast Buena Vista PuMpi ng Plant 20 
Past Wheeler Ridge Pumping Plant 29 
Past Wind Gap Plumnping. Plant 48 

or payback for the construction, the operation 

and maintenance charge,, and the energy costs in water 
tral:;portation t) lie user's turnout. The first two costs are 

to the user's annual water entitlement, which wa;
contracted before the construction of the system. The third 
component is a variable char.e depending on the power cost 
to the I)WR. 

Until 1983 the DWR contracted with the Paci G.s & 
Electric Company (PG&E) for a fixed energy charge begin
ning with the start-up of the sys',.nm. When the contract was 
completed, rather than being forced to negotiate short-term 
energy contracts through PG&E because of' the rapidly in
creasing energy costs, the DWR became a bulk power sup
plier and user in exactly the same manner as i public or pri
vate utility company. Now the DWR negotiates with many
other suppliers, buying and selling electricity in the same 
manner as the utility companies. The energy cost to the 
water user of the State Water Project may vary dramatically 
from year to year depending on the ability of the I)WR to 
generate or purchase least-cost electrical energy. The present 
cost for energy charge is approximately 30.3 mills/kWh. 
This translates into the water costs shown in Table 4 for the 
southern San Joaquin Valley as related to the number of 
times that the water is liflted through a plmping plant on the 
California Aqueduct. 

These water charges include the charges that the individ
ual water and irrigation districts assess the water user to oft
set their costs in transporting the water fromii the California 
Aqueduct to the individual farm. On some farms where ad
ditional pumping lifts are required by the district, the costs 
may be as m1uch as S 00/dalm '. These costs dramatically af
fect the choice of crops grown. The crops are generally tree 
crops-fruits and nuts, grapes, and vegetables. For these 
high water costs the market prices for the crops must be 
good, or the farmer cannot continue to grow them. The land 
will revert back to predevelopnent barrenness. Only areas 
where lower-cost water is available will continue to be agri
culturally productive. 
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42. RECENT EXPERIENCE IN THE APPLICATION OF SMALL 
HYDROPOWER AS A PRINCIPAL ENERGY SOURCE IN RURAL 

AREAS OF DEVELOPING COUNTRIES 

Jack J. Fritz, National Research Council, Washington, D.C. 

INTRODUCTION 

The dependence of economic development on low-cost 
energy supplies was established with the oil-price shocks of 
1973 and 1979. Many economics came to a halt as an in-
creased fraction of their f,)rcign exchange had to he allo-
cared for imported fuels. Unfortunately, half of tile world's 
energy is consuled in the form of' wood collected at great 
cost to tile environment and individual productivity. Elec-
tricity available in more prosperous comnmnitics through
either grid extension or small diesel generator sets, is cx-
pensive inl capital costs (extending tile grid) and operating 
costs (diesel fuel). Both of these approaches are well repre-
sented in the foreign assistance programs of the World Bank 
and tile U.S. Agency for Interrational l)evelopment (AI)). 
A possibility barely under consideration is small or mini-
hydropower, particularly in those countries blessed with 
adequate water resources and favorable topogrphy. 

Traditionally, large irrigation and hydropower schemes 
have been developed simultaneously. Examuples include the 
damis at Aswan, in Egypt, and Tarbicla, in Pakistan. In both 
of these projects water for irrigation remains the first pri-
ority and water for iydropower second, indicating that food 
production is of the highest importance to both Egypt and 
Pakistan. On occasion problems arise if water needs for irri-
gation do not coincide with the requirement for firm power,
leading to the use of'thermal power plants that consUML ira-
ported fuels. 

However, such large proojects henclit f'rom economics of 
scale, low and essentially constant operating costs, and 
nondependence on f'ossil fuels. At tie time these projects 
were constructed, the above attributes were the key factors 
in making them competitive with large-scale petroleum-
fired power plants using low-cost and readily available 
fuels. In recent years, however, high construction costs, en-
vironmenlal concerns, and long delays in planning and con-
struction have reduced tile attractiveness of such larpe-scale 
projects. 

Small hydropower facilities situated near load centers ci-
ther on irrigation canals prilmarily in control structures or 
on Mountain streams can provide and regulate scarce water 
resources and power to the more isolated communities. This 
approach is appropriate for areas far from the grid or at 
some distance from traditional transportation systems ca-
pable of providing diesel fuel. Although clearly not a sub-
umitute for large-scale systems such as Tarbela or Aswan, 

small hydropower facilities can be considered as comple
ment-s, especially lor those areas that tile government is 
seeking to develop. 

In rural areas recent technical advances in water-turbine 
design, construction, ard efficiency, combined with in
creasing petroleum fuel costs, have enhanced the competi
tive position of smaller hydroelectric projects in relation to 
diesel-powered generators of similar size. When compared 
to large-scale projects, small hydroproejcts can be planned
and built in less time and are less likely to create exten
siye environmental problems. These planls are reliable and, 
within the limits of the water resources availah!e, can be tai
lored to tile needs of tle end-use market. Although the unit 
cost per installed kilowatt of generating capacity is higher
for small-scale projects, the benefits are casier to identify. 
These characteristics make small hydropower projects par
ticularly attractive for developing countries in which near
term installation of dispersed energy systems isessential for 
economic and social development. 

THE TECHNOLOGY: SOME COMMENTS 

Potential Energy in Falling Water 
On a global basis the usable potential energy in falling 
water as it makes its way to the seas is considerable. Annual 
pecipitation over the earth's surface is between 4 and 
,x o m ', one-fourth of which falls on land. Of*this,
approximately 3.5 to 4 x returns to the oceansto" il' in 
the lorm of direct runollf Much of its potential has already
been tapped with large-scale water and hydro projects.
About 23 percent ot electrical generation capacity, or ap
proximately 375,oo MW on a worldwide basis is provided
through hydropower. In the developing countries only about 
to percent of available hydropower resources have been 
developed. Because of the availability of large rivers, hydro
power development along small watercourses has been 
principally a function of local demand, distance to the near
est grid, and availability of diesel fuel. The economic real
itics of the 198os have made tile developmient of' mini
hydrcnower once again attractive. 

The power potential Of each cubic meter of water falling
through a distance of I n s I is 9.8 kW, or 13 I-1P, assuming
negligible efficiency losses. Ideally this same flow over a 
period of' one year could produce approximately 85,ooo 
kWh or 3o6,0o0 MJ of' energy. 
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Determining Power and Energy Production 

The two important determinants of power and energy are 
the vertical distance through which water falls, or "head," 
and the quantity of water passing through the turbine per 
unit time, or "flow." Mini-hydropower installations, in par-
ticular turbines, are specified in terms of "head" in me-
ters, "flow" in cubic meters per second, power capacity in 
kilowatts or megawatts, and annual energy production in 
kilowatt-hours. Clearly a turbine generator will not operate 
at peak capacity throughout the day or year. The portion of 
power produced as a fraction of power capacity is called the 
"load factor." The load factor is always less than one be-
cause there is little probability that power will be drawn to a 
maximum capacity by energy uses simultaneously. In fact, 
the annual energy production of mini-hydro installations 
may only be 15 to 20 percent of its total potential. 

Expanding upon the above, if our cubic meter per second 
of flow were to drop through 20 inof head, as might be typi
cal for a high or medium head site, then our capacity would 
reach 194 kW,which is sufficient to service a community of 
about I.OO consumers, assuming a load factor of 20 per
cent. Therefore, each additional meter will ideally increase 
capacity some 9.8 kW. 

The well-known relationship defining power as a function 
of head and flow is: 

P = 9.81 Qhc 

where ) = power output, kW
 
Q flow, nis
 
h = net head, i
 
e = systcm efficiency
 

For rough estimates of potential at a specific site, and as
suming a system efficiency of 82 percent, the above equa
tion simply reduces to: 

P = 8 Qh 

Description of a Mini-Hydropower Installation 

The hydraulic components of a mini-hydropower installa
tion consist of an intake structure, a penstock, guide vanes 
or distributor, generator, turbine, and draft tube. as shown 
in Fig. i. The intake is designed to withdraw flow from the 
forebay, or canal, niiiiias efficiently as possible with maIl en
ergy losses. Trash racks are commonly provided to prevent 
ingestion of debris into the turbine. Intakes usually require 
some type of shape transition to match the passageway to 
the turbine and also incorporate a gate or some other means 
of stopping the flow in an emergency or for turbine mainte
nance. Some types of turbines are set in an open lue; 
others are attached to a closed-conduit penstock. An effort 
should always be made to provide un iform ity of the fl ow, 
which affects the efficiency of the turbine. For low-head in-
stallations the diameter of a closed penstock must be quite 
large to accommodate the large discharges necessary for a 
given power output. Determination of penstock size is a 
compromise between head loss and cost. The select ion of 

ale
 

Intakegl 

Penstock
 
f 

G...w, ...
 
Va
 

A,,Co,block 

Fig. i.Typical mini-hydro scheme. (From Fritz, 1983). 

Fig. 2. Medium-head mini-hydro plant in Ecuador. 

/
 



Small Hydropower in Rural Areas 275 

4. . 

WinM
 

Fil 3 I lcad plm t .'n irrigation Canal in Calif ,rnia's Imperial Valley. 

tile actua l penstock confr 'uration depends on [lie location of' plant in a hilly region ol' Ecu~ador. Fig. 3 shows a lOw
tie powelhouse with respcct to the dan or headworks. head plant on an irrigation canal ill the Imperial Valley of 

For ollot t'PC' , of r-elclion tuhrbincs tile %saterl is intlro- Califlornia. 
dUcCd to the tun'biuc tlhroreldh Casine2S or- flImnCs which Vatryide riilln tlcsii Thie tplICtIlNyc o1"C'.iilg is dependent REILATIVE EC()NO M ICS 

onl the turbinC si/C and hCad. [:0r sIMll heads and p)owCr out- Fig. -1 sumiurarizes tile results of all analysis pelmforellld 
pit ompen flumrel's are Corr ionly emphyed. Steel spiral cas- by the Intermediate Technolo y )evelopment Group eolli
in2S arc Used It*r hiiherIlctheads. aid the Casing is designred paring aI micro-hvdIro N+lvsel of 40 kW to a diesel genera'tor 
so that [he tangential velocity is cscltially conslant at of tile salc capaicity installed in Nepal. The figure illus
consecutive sections around the circrifllerence. This re- trates the lrrit-cost electricity characteristics of boh sVs
qfirellict necessitates t Changing cross-sectional area moit terns. Ihe total annual ope ting cost is basically Constant
the casing, it,0"the ivd to systerIn, itrcspcClivc of the percentage of ca

l)ischarge Cointrol lotl. sonic reaction turbines is provided ipacity tltiliCId bccarse rcovry of+ tie Calital in\cstmcnt is 
by adjustable gutidC vanes or- wicket L.aItes rllOtrld the outler tie ir11j i ciientll of lite cost. The total a tal cost for 
cdgc of the tutrbiue rtrrrncr. The vanles are tied toLcther with tile lnusCd (liCsCl ysteriC (rro electricity ptrdtMctiMmidr). i.e.. 
linkages, arid their position is rcenlIatCd by ag-ov'rror. Flow tIre cost of, recove rill the Caprtal. is lower IIall that for tie 
v'cloeilv at the ucmntrarre anrd exit is a fluntiorll oftIc positioni hvdro sVStrrr b'eLasoftI'le Iri' trnit Cost pter kilos alt in
of the tlide vlre. arid. tier'lefe, tire elficiecy mlthe ti(r- Stalled for tire diesel. AS electricity is rodirhcCd, the anl + 
bine also chan cs. Wicket tes cant also be ulsed to shut OrfI Cost of tre1diCsl unit iIIcr'CdssCS il a liter'la" I':ihiOnl, r'ellecing
the flow it, tire turhirrc in errierncics. :o \k ithmnt :trrbirrc, theCst f (Ile Iuel coIsuril. Anual costs f'or' tire two sys
s icket gates varionus types of shlutoll valves are irstalled up- Icins intersect at abourt .2 .o00 k\Vh. o- aboutnt I percent of' 
streallil life turbines,. The \water exits by way of tlre draft caplacity tutiliiatior. This i,, rnotewortliv since ill many de
tube. Fig. 2 shows aItypical IrICdiurnl head Illilli-hydr' pwer veloping Countries initial dnIlarid for clectricity may be 

I) 
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Total Cost 
(Rs 1000) 

7 
300-,
 

Total Operating Cost (Diesel) 6 

3 
100. Unit Cost (Diesel) 

Unit Cost (Hydel) 1 

32,000 kWh 100,000 200,000
I1 

300,000 350,000 Power Generated (kWh)I I I 

10 20 30 40 50 60 
I I 

70 80 90 i00 Capacity Utillsatlon (%) 
Fig. 4. Annual tolal cost and unit cost against power gcncrated and apacity utilization for 40 kW diesel and hydroelectric installations.
(From Holland et al., 9g80). 

high during specific periods (such as for lighting at night)
and very low during the remainder of the day (minimal ser
vices), creating a high peak demand but low capacity factor. Hydropower is one of the most promising options for de-
As is suggested by the data in the figure, under such circum- centralized electricity production in the villages and secstances the diesel system remains economically attractive. ondary towns of Peru. A large number of potential sites areThis is an example of site-specific conditions (in this in- near inhabited areas in mountain regions, primarily on thestance market demand) which could reverse the validity of western slopes of the Andes. Mini-hydropower develop
general statements suggesting that hydropower is more at- tient in Peru is coordinated by the Ministry of Energy andtractive than diesel. Analysis of typical demand patterns Mines through ElectroPeru, the national electricity utility.in villages in India suggest that capacity factors of about Plans call for the construction of fifty small hydropower30 percent might be achieved. Under those conditions by- projects by 1990 at a cost of $12 million. Since i98o for
dro systems appear more attractive than diesel units as eign-assistance programs in this area have been initiateddemonstrated, primarily with the United States and Germany.


Hydro systems have the obvious disadvantage of being re-
 Peru's census data for 1972 suggest that there are morestricted to specific sites, which may be distant from the end than 3,o0o rural villages with a total population of over user of the energy product. Electricity distribution must 4 million. About a hundred of these villages are settlements
then be added to the cost of producition, thereby reducing with populations of between 6,ooo and t o,ooo. Ninety-fivethe cost advantage of hydro versus fossil fuel-fired systems. percent are without electricity. Of the remaining 5 percent,The data in the figure nevertheless suggest that under f'avor- I percent have hydropower stations and 4 percent utilizeable conditions, i.e., proximity of sourcc and end user, suf- diesel or gasoline generators. The total installed capacity oflicient capacity factor, and high prices for petrol'uill fuels, these communities by the year 2000 with a large milni
small or mini-hydropower systems are viable alternatives to hydropower program could be 120 MW.
diesel systems. As previously mentioned, electricity requirements in 

HYI)ROPOWER PROFILES OF SEILECTEI) rural areas are generally characterized by low capacity fac
iIVELOIiN(; COUNTRIlES tors, in the range of t5 to 20 percent. This is also true forPeru. Agricultural demand derives largely from irrigation 

In a number of developing countries significant progress water pumping, a highly seasonal activity, while domesticis being made in the implementation of small to mini- demand is linked primarily to lighting, particularly in the
hydropower systems. Many countries atre developing Itniquie initial stages of electrification. Assuming an annual capacapproaches suited to their cultures, energy demands, and ity factor of' 20 percent, the total electricity consumed basednatural resources. Comparison of these efforts yields valu- on a 120 MW installed power will be about 21o GWh by the
able information regarding the opportunities and limitationts year 2000, or 0.75 x tV'5 J.
surrounding this technology. Peruvian officials expect the installation cost of mini
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hydropower systems to average $500 (1978) per installed been estimated at 370 GW with an existing installed capac
kilowatt, assuming an abundance of local volunteer labor to ity of only 70 GW. China's program in small and mini
complete the necessary civil works. Site-specific capital hydropower can be traced to 1949, when only about fifty
costs, however, can be expected to vary considerably, ce- small plants with individual capacities of less than 6 MW
pending on the head and the size of the installation. The low had been installed for a total capacity Of 7. 1 GW. A 1979 
cost of $5oo/kW is based on actual experience in installing survey reported the average-sized plant to be 61 kW, operat
a micro-hydro (4 kVA) Michell-Banki turbine at a pilot plant ing with a plant factor of 20 percent.
in a rural community. To further reduce cost, local mnufac- The major push for the cv'nstruction of small hydropower

ture of equipment will be encouraged and coordinated plants in China occurred during tile
1950s in conjunction
through such groups as the Institute of Industrial Technology with rural small-scale industrialization programs. By tile
Investigation and Technical Normalization, whose job wvill end of 196os installed capacity had reached some 520 MW.
be to develop plant designs and equipment-manufactuing By 1966, however, many plants were retired when electrical 
techniques, distribution syste-ms were extended. During the 1970s wide-

Indonesia 
 spread construction of small plants was resumeLd with in

stalled capacity growing from 500 MW in 1969 to 3,000
Hydropower development in lndonesi., dates back to the MW in 1975. 
early twentieth century. Units installed by Dutch engineers Early plants were built with local finiancingi, material, and
before 1940 and ranging in size from 35 kW to 3 MW, are labor. Equipment was manufactured in village shops, wood,
still in operation. By the mid-1940s hydropower accounted for example, being used for turbine runners. l)ams were
for more than 8o percent of total electricity generation. built of' earth and stone, and penstocks were construC'ed of 
Since that time, however, this fraction has steadi'y declined ce ent, wood, and occasionally banboo. The readily avail
despite continual increases in capacity. By 1968 the annual able labor and the large number of rural industries made it 
hydropower energy o¢utput climbed to 941 GWh generated possible to build low-cost plants. but they required frequent
from an installed capacity of 283 MW.In 1976 capacity has repair and maintenance. As they began to be interconnected
 
risen to 532 MW. Tday's 552 MW rcpresCltS only 20 per- into regional grids, alleviating typical control and outage

cent of' the total electricity-generat ing potential utilized by problems, irrigation, flood-control, and water-supply belie
the public utility, the National Power Agency. Most of this fits from these projects began to accrue.
capacity is inJava, where it is used primarily iII conjunction China's leaders are currently seeking to expand rural clec
with irrigation and water-supply projects. Currently ex- trilication by consolidating planning and construction. The 
ploited hydroelectric capacity is estimated as only 1.5 per- new policy limits the local, self-help approach in f'avor of 
cent of' Indoncsia's total hydropower potential. greater collaboration and system standardization. These

Most opportunities for small 1o mini-hydropower appear steps appear to f'ollow a pattern of rural electrification simi
to be in remote areas of Sumatra, Kalimantan, Sulawesi, lar to that which developed in the United States in the early
and Irian Jia-areas not served by a central grid. This po- twentieth century. 
tential is essentially unexploited and has been only cursorily
explored through general geographic and rainfall data ob- INSTITUTIONAL, CIALLENGES 
taied for recent studies (Fritz, 1984). Ill teos if precipita1- One of the major impediments to widespread use of mini
[ion and the ratio of mountains to lowlands, Kalimantan and hydropower systems is lack of expertise inorganization and 
Sulawesi are tilermot attractive for hydropowe r develop- iiianrage ment of planning, construction, and operation.
mnt. North Sumatra and parts of Java ;liso appear attrac- Such efforts could be organized in various ways with the 
tiv, but Irian Jaya may be tile mnos t ceonomical I'or develop- costs shared al ong rsers. 
merit, though the use of small-scale hydropower there is An approach suggested by the Intermediate Technology
limited by a very small p)opulation. Development Group, of' Great Britain, is to identify indus-

From recent analyses it is estimated that approxinlawely trial and agricultural users of electricity first. Thus both 
9 million people illrural Suinatra, Kalimantan, and Snl awesi capital and operational costs cal be economically justified
could be served by small-scale hydropower in the next fif- through the increased productivity of certain enterprises. 
teen years. With a per capita caparcity of 5(0 W, 150 MW These systeris can be built with extra capacity to serve tile
could be installed requiring about 3,000 units. Althouglh comoimunity as well. l.ocal residents pay only a marginal rate 
there is currently no large-scale utilization 0ofsmall hydro- for tile them.additional capacity needed to serve 
power in Ihdonesia, there appears to be a widespread recog- The use of' microcolputers for arralysis, design, arid op
nition of its potentiatl to achieve the gove i i crnints policy oration is becoming standard practicc in the developed
goal of developing rural energy sources especially in the countries. This approach coupled with geographical inlf'or
transmigration areas. mlatiol systems and ili new softxware environnilcns canl 
People's R,epublic o1 Chinla easily be brought to the developing countries I'Orlocal application. Several firms are also developing feasibility-study
With more Ifian 5,000 rivers. each with drainage areas of approaches using microcomputer-based methods (World 
more than moo kil -, as xvell as abotrt 2,000 lakes and 8o,ooo fank, 1984: Broadus, 1981: Crawford, 1981 ).
rcservoiirs, the People's Repuhlic o1 China has aburdant Today various international donor organizations sucLh as 
water resources. The exploitable hydroelectric potential has All), the World Bank, the United Nations l)cvelopment 
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Program, the inter-American Development Bank, and the 
Asian Development Bank have begun to consider mini-
hydropower as a erious option. Planniig and execution are 
slow processce,, owing in part to lack of information on the 
appropriate application of this technology in rural and agri-
cultural energv, schemes. Today, however, as mnany countriescuelutinoterural energyprschemes.sTodayhow r, sma c trs 
seek solutions for their rural energy problems, small hydro-
power is emerging as one of them. 
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ABSTRACT 

Information is provided on the worldwide scope of irrigation,
and an ovcrview of the energy use in irrigation is given. Energy 
use is divided into several categories: the energy (direct and indi-
rect) which must be expended to provide the water supply from 
either surface or groundwater sources, tile energy required to pro-
vide the on-farm irrigation system, and, finally. the energy to op 
erate the system. A procedure for estimating the potential energy
savings from irrigation improvements is also provided. 

Curves are given to show the total annual energy inputs for vari-
ou.s types of irrigation systemnis, incltding surfacc, sprinkler, and 
trickle irrigation and a new systcm called low-energy precision ap-
plication system (LEPA). Amethod ofcalcui,t ing the potential en
ergy savings from improved practices is developed.

Alternate renewable energy technologies for irrigation in less 
developed countries (LDCs) are summarized from the standpoint 
of costs, dcpendability and risk factors, state of the :chnology
and its suitability f)r LI)C conditions. tle supply f raw iateri-
als, and competing uses. Finally, ahiough irrigation is energy-
intensive, it is essential for high crop productivity in many devel-
oping countfIes. This fact must be recognized by government 
policymakers as a mtional energy policy is fornihlted, 

INTROD)UCTION 
This chapter is taken from a study for the U.S. Agency 

for International Development (AID) that resulted in a co11-
prehensive report (Stierdon and llilcr, t98o). In t98 parts 
of that work were sutiitiarized in two papers (Snierdon and 
Ililer. 198 t a, b). For more details on the background inves-
tigatiotns supporting tie work, the reader is directed to the 
t98o All) report. This chapter updates that work and intro-
duCCs new irrigation approaches designed to save energy. 

WORLI) IRRIGATION 

The world contains appriximately 13.40 Million ha] of 
land surface with crops occupying about 1,439 Million ha, 
or about I t percent of t hi and area (Fratnji and Mahajan , 
1969). About 40 percent of the cropped lind is in hutmid 
regions, about 40 percent in subhumid regions, roughly
15 percent in semiarid r,'gions, an"d 5 percen: in arid re-
gions. The irrigated lands of the world exceed 210 Million 
ha (FAO, 1983). This atnotnts to approximately t ' percent 
of the world's cropland. In addition there arc Iotc than 
500 million ha of poteatially irrigable land itt the world if 
water can be provided to it. Of the world's irrigated land, 
wore thant 15( Million ha are in the developing countries, 
fh people ill many Of thcse countries are heavily iepen-
dent on irrigaion for their food. 

The annual energy required for irrigation in all develop
ing countries, excluding that energy required to provide the 

water supply, has been projected to be 161 .6 X Io " J by
1986 (FAO, 1976). This is a 55 percent increase in the irri
gation energy from that used in 1973 and is equivalent to 
27 million barrels of oil per year (I barrel = o. 159 mr). 
Most of tile energy used in irrigation is for pumping. 

On a global basis only 15 percent of te cropland is irri
gagobut it 30sis f the worlds food30 percent It ilso 
gated, produces o 
provides food security against droughts such as those that 
have occurred in recent years in parts of Africa. The impor
tance of irrigation in food production is clearly evident. 

ENERGY USE IN IRRIGATION 
Energy in irrigation includes that required for construct

ing tie water-supply source, providing te comeyance 
t ng thees l srri din te onteance 
works, installing the field irrigation systems on the farms, 
and operating and maintaining the system. Both the direct 
and the indirect energy uses must be considered. The indi
rect energy requiremlent includes the energy for nantufactur
ing the materials in dams, canals, puips, pipe, and equip
ment as well as the energy for constructing the works and
building the farm irrigation systems. 'T'he direct energy 
uses, which are recurring energy expenditures, are those for 
pumping and operating the farm irrigation systems (Smer
don and lliler, tgXo). 

Energy for the Water Supply 
When surface water can be used, dams usually must be built 
and canals constructed to deliver the water to the fields. 
From analyses of thc cost of constructing typical irrigation
supply reservoirs and associated canal sytems and tie total 
energy required for this type of construction, it is possible 
to determine the total energy that must be continitted to 
providing a snLrface-water supply for irrigation (Snierdon 
and Ililcr, 98o). Expressed as the antual energy required 
per hectare of land to be supplied with irrigation water from 
surface sources, tie energy requirement for developing the 
surface water spply is 748 MJha per year. (Energy is 
herein expressed in joules I I or megajoules IMJ. Conver
sions of otlier units are as follows: I MJ = 1 J = 239 kcal 
Ikilocalorie] = 0.278 kWh = 948 Btu's = t.7 X to ' 
barrels oil-equivalent = 3.4 x ti ' kg coal-equivalent. 
Conversions to oil or coal are approximate and depend on 
tile source of tile oil or coal.) 

When groundwater is to be used, wells must be drilled 
and pumping units installed. Considering tie energy re
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quired to drill wells, manuacture, and install pumps and 
pump motors, a corrcsponding eneigy requirement to pro-
vide irrigation water fron groundwater sources is deter-
mined. The figure for groundwater sources, again expressed 
as energy required annually per hectare served. is 1,727 
MJha er ycar (Snlerdo and Ifiler, r98o). 

These figurcs are ior representative conditions fOr irrigt-
tion in the world. They consider the expected life of tie 
xariuus components in the irrigation water-supply works, 
and the energy requirements are, thctfl'orc, recrLIrri ng an-
nual energy needs. Thei efore, fbr typical watcr-sulply sys-
term; it takes an energy investment of 748 M.l'ha Iper year
and 1.727 MJ lia per year to provide the waler supply f'lrom 
surface water and groundwater sources, respectively (these
val'Ies are eq uivaleIt to 0. 1 and (. 29 barrels of oil per 
hectare per yezr). 

Eniergy to Provide Field Irrigation 
Farm irrigation systems Include suLr;IcC irrigation of 'i-
OLis types, sprinkler sytenis. and suiietinres trickle svs-
tens. To determinie the ienery req ui red to provide a surlface 
irrigation systeni requires a deterniiiiatiun of the energy re-
quircd to construct ditches, level fields, manufactur arid in-
stall the necessary equipiucit. aid provide other input,s. For 
a sprinkler or trickle irrigattion systCmlie energy to niariu-
fkcture all Ih,.' coinponents ind instirll therii Must also ;)C ic-
teriiined. '1 iese calcufation huave bee n ade fiOr ilic co,11-
mon types of irrigation systeis (Batty aind Keller, i 980). 
The resolts f ir four typicad ficld irrigation systeis are 
as I lows: strfce irrigiation, 46f Ml'i I per year; sur-
face irrigation with aid irrigation ranolT recovery system 
(IRRS), i,2 i9 M.ia per yeir; hand-move0d sprinkler, 

8o8 MJha ' per year; side-roll sprinlLer. t,155 MJ'ha 

per year; and trickle, 4,2 15 MJ' a Iper year. 


"ltable I. Annual enerY etli cdIe l irrieatnon. 

Sillace \\ater SUtppl 
Irrigation [n1Stal- hi'erny 

Type for
Syste N hati-i Putll gt 
(4IHlicicnc I tlier V\ Supply Filier vV ilere' 

Surface (501) (.17 M75 4.7' 5.9 
Sur' cc (701 (0.1,7 (0.75 3.4 -1.0 
Surface 185)L 1.22 0.75 4.0 (.1 
Spriinkler (751) (W81 ((75 55.5 57.1 
Trickle (90), -1.22 ((.75 31.0 35.( 
I.'A (90)1 I 211 (.75 I-1.3 60.2 

eltct 1!%1 t l 
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hi nechanical energy ol 25 percull 
"'ii tliyo plvite f IIly l i, \\clh iti ;i %'%l ldi ' 50 ll I Icll n_ lilt'll ell %k;ls, qUrli( t'd iwkith ,Ill
I11)0-11) hmp
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\v;lier it) Ile l lvl the hI, ' ll.II clIll Si111 I.' \i l 'illi \kl'ael IS xipiiicdl iicxi elexaiillii Ion li lllt 
file Inlldesi ;Illllllll t I cli.rev letl Ihek hrires %%li ill tll\ii ImigatI, irnll tt i c c io\ x't ,iii INtnilOS 

I' . i a;i aleid pipe '.iiihce ,.S'.icii \ilhi a puiiipedl IMRS. i"hxCC d lkit cLii .dIi he iel l r it ',uiee, ,.\'.tci 
\ hilld-Illoivcd ,,l)riIIkler N\SlcIli 
t)".i netd ilt OlCiirld L'iip
 

'tti-cnciirgv precision, ajplication ',\ eni (iI T A). 
 h ha', ;li olerating prexurc f 14(0 kWit attco mmiiinand p 

I Ili nel im lirg1,Ill. 1lui1 CelIlci.:Cvi'.I ',iiil ho ie' IS 5() peCCniI Mid puil; potter []li[ is ;suznied to lim. a lie[ ellicievlli inllillt clecgs' 

E 
Energy to Operate Irrigation Systems 
The priniary energy requirement to operate irrigation sys
tens is that Iar pumping water. When the water supply is 
groundwater, pumping is always required, and the energy
increasts in proportion to the depth of the supply. Also, 
when pressurized systems such is sprinklers or tricklers are 
used, additional pulping energy is required. This pumping 
energy is in addition to that required to provide the water 
supply and conmstruct the field irrigation systei discusscd in 
the preceding sections. 

It is not possible to have an irrigation system without 
s;onc water losses. TheS;e losses ocCtir in seepage and leak
age, evaporation, and iercofition in the fields below the 
crop root zone and beyond reach of the crop. The greater the 
amouni.1t of' water lost, depicted by a lower irrigation efli
ciency. the greater the wastcd energy. Therefore, properly
operated systems designed to have high irrigation efficiency 
sav'c energy as well as water. 

Simiiarly. eclicicnt pin pirg systeis save both ,iioney and 
CiegV. Irriiga tion puiiips theoreticall imay have ptiiip efli
ciencies of greater tIian 7o percent, 1but field tests of irrigl
tion piips in the United States show typic;i punlp eflicier
cics to be between 50 arid 55 percent aid are ,lten lower 
(Coble rid L."ld 19)74). lump elicieriies inori. 'Irigatior 
developing counties are unlikely to be higher than those in 
the United States aind prolbably di not exceed 50 percent.
This cfficincy could be increased with properly designed 
and operated pu iups kept in good rcllir. The eficiency of 
converting the Iuelenergy to ii cchan ical energy is about 
25 percent for diesel engines and ,'lectric systems (when the 
efliciency of power gieneration (33 percent), electricity 
transinission (85 percent). ind ecl,', ric motors (88 pCrent) 
are considered). This gives a typicad combined efficiency 
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2C0 moving sprinkler system (side roll or center pivot) modified 
to distribute water at low pressure from drop tubes instead 
of high-pressure sprinklers. The water drops into small 
basins created by miniature furrow dans established with a 
special machine in the cultivation process. The pressure re
quired is about 140 kPa for a 57 L's 'system. The installa

150 -tion 	 energy isestimated to be 1.2 MJ, similar to that for a 
side-roll sprinkler system (Batty and Keller, 198o). The en
ergy savings in experimental work with LEPA irrigation 
system was reported to have ranged from 43 to 86 percent 

7 compared to conventional sprinkler systems (U.S. Depart
,. /-- ment of Energy, 1982). By comparison, 	the figures from 

•' - Table i give a total energy savings of 36 to 72 percent corn
_, 	 pared to sprinkler systems supplied from groundwater vith 

" *7- 100 M lift and surface water, respectively. 
.,, -/ Surge irrigation is itrecently developed surface irrigation 
.-.,/, +, +, / /. . m ethod w ith considerable potential for saving both water 

, -and energy (Walker et al., 1982). It is well suited to condi
/ tions in developed countries such as the United States, 

where fields tend to be large with long irrigation runs. Its 
"" " -,applicability is judged to be somewhat less in developing 

- /countries, where many farms are very small. Nonetheless, 
an estimate of the energy requirement for surge irrigation is 
presented. Surge irrigation uses gated pipes and requires 
extra valves to control the on-off' pulsing of flow to the fur
rows. I lowever, the installation energy and pumping energy
would be similar or perhaps slightly less than the gated-pipe 

P 50 10 surface system with irrigation return system used in Batty's 
,.. l f, calculations (Batty et al., 1975). The expected irrigation

Fig. 'Totaf annual energy requirement to provide i in net irriga-	 efficiency of 85 percent for the two systems is also similar.t . Tlheref'ore, the satme energy-use daita for the surf'ace irriga
tion I'm different irriglation systems'with irrigaltion cfliciencies as Teeoe h aeeeg-s aaI h ufc riain rdifednprentheses. oP 'wiNiaS eience ~ irrigation runoff recovery systemi sytie tio 	 tion with is appropriateindicated in parentheses. Pump efficiency isassumed to be 50 per-	 frtesreirgto seTbeIadFg ) 
cent and nt power unit efficiency (thermal energy to mechanical for the Surge irrigation (see Table i and Fig. i 
enerly) to be 25 perccnt. It is evident rom Fig. i that the total annual energy re

quired increases markedly with increased water lifts. This 
illustrates the importance of pumping lifts, including the 

(pump and motor) of' 12.5 percent for pumping units in con- operating pressure of pressurized systems. in irrigation
verting fule (thermal) energy to lifted water for irrigation energy considerations. in a comparison of sur-Also, tile 
(mechanical energy) (Smerdon and Ililer, 19 ia). face systems, the curves dramatically show the importance

Using the data on total energy to provide the water sup- of providing well-designed systems with high irrigation
ply, install tie farn irrigation system, and operate the sys- efliciency. 
tern permits curves to be drawn relating the total annual en- PO'INTIAL ENERGY SAVINGS IN IRRIGATION 
ergy required per hectare to irrigate with water provided
with diffcrent pumping lifts for various kinds of irrigation A general equation can be developed showing the energy 
systems. Pumping lifts for systems supplied with surface savings of' improvements in individual components of an ir
water would be small and in some cases zero. Table Iand rigation system (Smerdon and Ililer, 1980). This equation
Fig. Iillustrate the results for typical irrigation systems de- for potential energy savings (PES) from improvements in 
signed to provide t in of net irrigation annually and satisfy the irrigation system, is 
a peak water use rate of' 8.4 mum per day (Smerdon and I-li
ler, 1981a). The six irrigation systems illustrated, with as- PES I--- i . ioo% 
sumned irrigation efliciencies in parentheses, are hand- I N) H E, I,-,',, , , I., I 
moved sprinkler (75 percent), surface (50 percent), surface 
(70 percent), surface with IRRS (85 percent), trickle (go per- where 1)is the dcpth of net irrigation required by the crop;
cent), and LEPA (see below, 9o percent). PuMp efficicncy is II is the total head (pumping lIift) required of the irrigation
50 percent, and pump-engine cflicielicy is 25 percent. 	 pump; E represents the efficiency of the various components 

of the irrigation system (including the pump efficiency, the 
The low-energy precision application irrigation system efficiency of the watercourse in conveying water, and the 

(LEPA) was introduced in t98i by Texas A&M U.iniversity efficiency of the irrigation application system on tilef'arm);
(Lyle and Bordovsky, 1981 I. Basically it isa continuously the subscript b indicates conditions before improvements; 
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the subscript a indicates the conditions afterward; and the 
subscript numbers outside the parentheses denote the indi-
vidual components in which the efficiency is improved and 
any number of components, n, may be included, 

As an example, assule tile following: tile net irrigation
application is reduced from 8oo to 700 Ilm, giving D,/I),, 
= 	0.875; the total head is reduced from 50 to 30 in, giving
I-IJI-, = o.60; tie efficiency of the punip is increascu fronl 
0.55 to 0.67, giving (E,,/.,) = 0.82 1; the watercourse con-
veyance efficiency is increased from 0.50 to 0.70, giving 
(E,/F.,)= 0.714; and tie efficiency of water application 
in the fields is increased from o.65 to o.8o, giving (E,,/E,), 
= 0.812. 

The combined effect results in the Ibllowing potential en-
ergy savings: 

IES = {t - (0.875) (o.6o) (o.82 1) (0.714) (0.8 12)} 100'k 
- (I - 0. 25) 1oo% = 75'7 

Therefore, in this hypothetical case 75 percent of the energy 
originally used can b saved by this combination of' ill-
proveinents in tile irrigation practices. Stated another way,
only one-fourth as much energy would be required to pro-
vide irrigationt as before. Although it would seldom, ifever, 
be possible to nmake all these ilprovements in a single :sys-
tetrn, tile equation can be used to assess tie magnitude of the 
energy savings resulting from each improvement, individu-
ally or collectively, 

flow might these savings occur in developing countries'? 
lt is possible through the use of improved crop varieties to 
reduce the water requtircd by crops, 1). The total head, il, 
required may be reduced by providing low-prcssure irrigt-
tion systems where lighi-prcsSUre systerlis existed before. 
Irrigation ptilIPs ill tile field often have low efficiencies ,nd 
can be repaired or replaced to markedly improve theii ef-
ficiency. Watercourses carl be renovated and the water-
delivery efficiency there[)y improved. And, finally, fields 
call be leveled and better on -farm irrigation practices can be 
installed to decrease tile water losses that result frort poor 
on-farm irrigation practices. Some of' these ilprovements 
are usually feasible in developing colulntries, restltino in en-
ergy savings. 

I 'EOTIAI I R(ENEMAEN 
FOR IRRIG;ATIiON 

D)evcloping CoUntries derive more than half their total en-
ergy front wood ;an( a[grictlral Or alinll wastes (World 
Bknk, 198o). The predominant power sources fOr irrigation 
have been oil and gas used in interni afl-colmlbustiol n cnities 
and electricity. IHydroelectric energy is important where 
sites suitable for hydropower ai'e ava ifable. In tile long teril 
local applications0f biOl ass, sofar, Wind, and ot her forms 
of renewable Cnergy may hold ilro1iSC Of ll01-C litdant 

TLE SOURCES 

energy, but the Ccoiornlic costs shltl not be tilleresti-
mated. A brief assessmen 1f tie advantages and shortcorli-
ings of each technology is presenlted here. 

At tile outset it Must le eilcphasizcd that as of this tulle, 
none of these alternatives is economically competitive with 
energy from fossil fuels (oil, gas, coal), nuclear poxvcr, or 

hydroelectric power, where it is available. This is particu
larly true for an operation such as the irrigation of agricul
tural crops in which the amount of energy required for 
pumping can be very great, as shown in Fig. j.

Much of tile developing world has ample solar energy and 
a considerable potential for bioniass resources (Stout, 1979). 
These fesources are best suited to helping meet the wide
spread need for small, decentralized sources of energy in 
places whcre, because of lack of conventional energy sup
plies, renewable sources could prove to be economical ear-
Her than in tile industrialized countries (World Bank, 198o). 
Ivowever, it must be stressed that tile economics of renew. 
able energy resources for pumlping irrigation water in de
velopin, countries are dependent on many yet unproved 
factors. 

It is difficult to generalize abou tile cconoill ic feasibility
of alternate fuels. The economics of bionrass fuels are site
specific and depend heavily on feedstock cost and avail
ability, end use, transport distances of fecdstock, and a host 
of o'her factors (OTA, i98o). Solar- and wind-power costs 
are also very sitc-specific, depending oil aiundance of solar 
or wind resources. Given that solar, wind, and biomss re
sources are available in abunldance, rankings are made 
regarding energy prodtction costs based on currently avail
able technology (Stierdon and Ifilcr, 198o). These rank
ings. which consider tile likelihood that a technology will be 
suited to developing countries, are ( i ) wind (40 to 24o kW 
range), (2) bionlass (all tecIllologies), and (3) direct solar 
energy. Within biomass tile ranking is as follows: (i) di
rc1 combustion , (2) gasification, (3) methane production, 
(4) 	plant oils, and (5) ethanol production. 

Pyrolysis is not technologically developed to tile extent 
that a meaningful ranking can be made. l)irect solar conver
sion with current technology is 111LuCh1inore expensive (five 
to tenl times) than any of tile other conversion technolo
gies, though research and development breakthroughs could 
change this. It should be reiterated, however. that in general 
none Of tlecSe technologies compete well with present con 
ventional energy Sources (fossil fuels, nuclear power, and 
hydropower). An exception might be wind energy at ideal 
sites with consistent winds ol'greater than I9 kin per hour. 

For irrigation purposes tile Source of power mlust be lepCndablc because the entire crop can be Io!.t if water is not 
lpplicd at critical growth stages. Usually boil: solar- and 
wind-power depend on iltermittent sources of energy, and 

so.ne encrgy-slorage mechaism is needed ifthese are to be 
tile soIc Sources of p1.ver for irrigation. 

Research and develolpment effolrts ar continuing flor all 
tile alternate c;irgy ICchinologies. Wind conversion and di
reet coillbiustion technologies are the most advanced at this 
time followed by rnetha C proluction, gasification, eth1an, I 
prcd uci 11. and solar-power technology. Plant-oil extra
tion is a simple process, hl Iit as Mich research iil dcve 
opllent effort has beIen male in this area using simple s.ew 
presses. This technology co ilod rapidly niove ahead , t' tile 
others with appropriate research and development eipha
sis. but illuch rellains to be :,ccollplisllcd before the tech
nology cal be generally appiied. 

Very few of tie Iltcrimtc ,,cergy technologies score well 
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in terms of suitability for developing country conditions. Two of the systems judged to be the most probable are solar 
Direct combustion, gasification, methane production, and ponds, which could power relatively large irrigation pumps, 
windmills would rank highest on a "suitability" list, with and small solar photovoltaic systems. It is not farfetched to 
plant-oil extraction having great promise, but all still have think that the cost of solar photovoltaic arrays may have de
many problems to be solved. The "solar pond" technology creased in price to between $15o and $250 (1980 U.S. dol
coupled with photovoltaic cells and wind turbine generators lars) per peak kilowatt by 1995 or soon thereafter (1-lalcrow, 
is fairly complex and likely to remain very expensive. Etha- 1979). This is still quite expensive as an irrigation power
nol production comes next on tile list. pyrolysis being least source in developing countries. 'fihe photovoltaic collector 
suitable with tile current technology, arrays should be more durable and dependable by that time 

Solar- and wind-energy souItrccs, Where abundanrtly avail- and have better-adapted motors. In our judgment the bio
f.,le, have adistinct advantage over bionrass energy sources mass energy uses will still not be overly promising owing to 

in that they have rio competing uses, such as for food and the competition for biomass materials and the continuation
 
fiber. If a surplus exists or more biomass can be grown over of tile food-fuel conflict.
 
and a ove tile needs for human and aniial diets, they may li looking it energy in irrigation in developing countries,

be considered for fuels. But if bioniass is used for fuel, its three issu,.s are of primary importance. First, there must be 
impact on food prices a1d avail ahbiklitiimust he very care- t clear undcrstanding of' tlie magnitude of tile total energy
fully considered (OTA, i980). requirenients in irrigation as well as tile critical nature of 

MaNryl rlfrms of hiomass are riot edible by human1.1lrS aId are tile timing of these energy demands. Second, tle level of 
tnde sirAlIc as aniimal feed or tibcr. Also, somiie waste hO- technological sophistication required for on-farm irrigation 
iIIaSs plroducts , sucI is Iunicipal solid wastes and f'ood- powered by alternate energy sources ]u]st be carefully as
)lOCCSsing wasts,,, require an expenditure to dispose of sessed so that systenms do not fail because the technology,
tICi, alnd corivcrsiorI of sutch wastes to useful f eCs shoull and all of' its potential problelmis, wvere not understood. 'i
be cxp~orctl, I lo:eeer, in devehlping countries sucI wastes,I srally, tie total economic costs Must be carefully considered 
MVi.e kt xte urnLt fedr It'l , Or toiiensure that s'steirs are irot proposed that are well beyondI cxtertl rhead v ie yecled, 

threrwise Cosirmed. Morcover. 'mairy Iby-products or iesi- tie reasoirablc eccionoiic reach of flarrlers ilr develiping 
dues are put to alterIate ristUes. such as bcirre returned to tie countries. 
soil for phlit irueriClrts anl Closioll cotrol . It' bior)iirss is to 
he Lel 'or fLuCl. its vaIlie Is a fuel [))ULst colripeie with alter- CONCLISIONS 
iate tI.s., l itill II', foodl a critical issue in any fthOd- This report provides data oi tIre general m1agnitudc ofen
deficient nat io. ergy requirmenrirts for various types of irrigation systems 

The probahiity is not high that in the next fifteen years supplied fromri Su1t ce-waler or groundwater sources. 'l'he 
there will be siLiificant changes in tile source of energy sL(p- surface irrigation Ssteis require tire least energy to oper
plies thalt stlpp rt ir'iui ation in tire developing nations. ate anid are also the least expensive to construct. Therefore, 
There will be exminsion of" the experimental irrigation ill developing counitries, when soil and topographic condi
pumping systleiis usii solar eriergy and other renC\ewable tions permit and when tie system is well designed and inan
encergy sources. Thele are tliai. sixty small photovoltaicollore aged, surface irrigation is tire best choice frori both energy 
pa orPing systeli,,ove r tile world (I leroiw. 19793). Tihe water anid in letary-cost consider.itions. Above all, tire water
Orttptit of these solar pumips will likely cot1nintle to be small, losses ii irrigation should be reduced as ruch as possible
oil the order of' I (o Ill ' per day or- less, and lof local iripor- so that tire enelg' inIvested ill providing the stipply arid 
taHIce hutliot of suflicienit iraoiritudc to rve iry' signiicuiMt ptin iirg tire water is riot wasted. Althouigi urltenlate re-
VorldwidC irirpact. It is qLestionable that solar pUlrpirro newablc energy sources rm;i Serve irrigation in developing 

techiology will hLve alvanIced within the next teli years to countries, mairy technological and ectonomic prob Ilems re
make the systems econormically justified uinder free-market main to be solved before widespread use of alternate energy 
Conditions except ill rare ci'ctiinilrCeS. sOtirces Call be expectel. 

Sunpplies of' bionlass energy soalrces ill devCOnpiii2 cotii- The energy derlianids for irrigation, ofr other aricultural 
tries ws'ill coitinue ill short sl')ply in arid arid Selrlillid Irl- nreeds, iii a developing c0nttry carirott be viewed in isola
tiorns. This factor, coupled with tire Irod-ftlel conflict, will tioi froii tile other energy reltlireiirtlIs of' tire nation. li 
rcstrict use of bi0',iss fuels fo0r irri.-:tio on ; widespread arid nations ofr ill aaltiois with h0tg tlhx scasoirs irrigation is 
basis even though tie tccniiiology will have advarced to quitc likey air essCiitiAl iil)tit Ior irrecasilr oo) prd uOctin. 
make it lractical in 11nai1y settinigs. Wiird CInerey will be Uli- This very circti'staice exists ill iruch of the de\'eling
lized to a grcater extent ill locations whre adfcqtmte wind worti (Ilarorcaes. i977). Governmenct policyniakcrs must 
resOIturces are 'aihkl)1e. rCalisticallv ass" ,s the encrg'y which their nation's agricol-

Although there will be Iriarry dVaInces ill irrilmitiOri ill the ture ( incltdilr irrication ill requiri to irnect tie fod
[text Ihllen lleas. tire iost likely actions to rdtlIce Clery produtctionI gWals. F"irsUrini energy for agriculture may be a 
use in irrigatiorn durinle tis theriI will be rcdtucing irrigItiori rost critical policy decision. or irricatinir, hogiial steps to 
water lhsses and iriplrovirg ie eflicienucy o Ilre irrigaliori achieve tire goals Shotld ie identified and Iollowed. The 
systeiis, first and iost imptortait is to imrove faiii irriLatioin s\'s-

Ili the period from lifteen to Iltl'V years hence there will teiris to ininimiie wasle ol watcl andil eniergy. 
likely be scverl practical solar-powered pti[tipinrg s'stCIIs. 
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44.ENERGY REQUIREMENTS AND MANAGEMENT FOR PUMPING 
IRRIGATION WATER 

James R. Gilley and Raymond J. Supalla, University of Nebraska, Lincoln, Nebraska 

ABSTRACT 

The energy Lised fOr pumping and distrihtting irrigalion water 
has an impact on a signilicant portion of the iigriia!ed land illtile 
United States. In those areas where irrit ion is requLi red for con-
tinious agrictltural production. the cnergy usC fIOr irrigatiolimay 
appr aCIich otial enerV dellil ands of crop produC-75 percent of the 
tion. The relatively large energv demands of irrigation systems 
supiplied with water X0C1hi[IIusI he phnILpd (gmuIidwater) t id ileI 
rapid cx pals ion of prcssiriicd irrigation systems have provided 
impctus to tIle of inproveI ianiageinc at oldevelopaiCMt energy 
currelt irriatioii svste s as cIisidera-it %efllincrea,,d eneri.ev 
tions in tlie designl itewsv'te11s. 

PFotential enegy-Ce scrv oigpractices include reductioiis il the 
vOIlutlliC of w;tcr tLIliipctf, redtlCions I ill totd ianiilliC ficad. and 
iinprtoveicicit s i theli ffeICiCs he pup. drive, aid power 
trits. Mally potential areas of' improvement are Ihot realistically 
ailalel 101exiStili' s\-stems,' and nlot all] thle praiieS are ectinmi-
eally viable in all situations. However. depCiidifg ofi the iinitial et
ergy clhciecny of irrigation s\stems. several procedures are ceo-
nomi'cIlly attractive a-d rc being underlakci at(ie present time. 

INTRODUCTION 

With modern irrigation eqIiipne laindtl Il'l'elt irrigation 
n agement tcchiology. Itis potsible to apply water pr-

cisely and at the correct time. Yet tie inc tporatilon of this 
technology often rtquircsLii significant expendituare of eti-
ergy for its effective use. lBccause of intensive energy re-
quireiients the prolitability of ptmlped irrigation is highly
sensitive ioenergy prices. 'Thilts, f'licient energy utilization 
is an itptrtanlt consideration in the managnement of irri-
gated agriculture, 

Many of the etiegy-saving practices available to irri-
gators require capital investnieiIts to improve tile opcration 
of' tilesy TIis tile I0 inicorporate these pracitcn. dcCision 
tices itiust consilder not only the energy savings froIn a pari'-
tiClar' cliaIge or ada t ielllns bat also the cCOniOniCt fe asi
bility of such alternatives. The primary purpose of this 
chapter is to cvaluatc alternative energy-saving practices, 
given a range of irrigation-systlcm characteristics. More 
spccifically, the objectives are to (I) estimate the energy rc-
quirenients for irrigation puniing platits, (2)estimate the 
potential energy savings froni selected ianageliieI.t,and 
(3)atialyze the econoillic feasibility of selected pr'actices. 

ENERGY REQUIRENIE'INTS FOR PUMPINC 
PLAN'I'S 

Whenever irrigatlion witer is l)litpCd. cnergy is coli-

sumed. The aMiioint of energy used depcnds itithe cf'i-

ciency with which water is pumped, distributcd, and used 
on the farm. The energy required can be calculated as 
follows: 

,=(CII) A) / (1,F F,, E,) 

rnergy 

il Iegal oules H is the total dvnalin head on the punp, in
 
where P1E, is the plunping p1lint input tie q.quirement, 

meters (I1= L + (. IL ) I+ is the pumping liIt plus tle 
colInlin and dist ibhation pipC IIIUOther friction losses. in 
ieters; ) is the ;ystemin pressure in Kilo PascaIs: I),,is tlie
 
net aiiioa1lit of' irrigation water applied, ill millimeters; A is

the effective irrigated area. illhctares;F,is tile irrigation
 

cfficiency., 0i' the f'rIct iiof the pu ped walter that is stored 
in the crop root zone, expressed as idccinial (H,= D,,/D ,. 
1),isthe t ptllllp)Cd, illlnilliross a of irrigation \V'ItC" 

sligrsamtitfiritiiiwerpipd.nnilmeters; F is the pumIp cfliciency, decimal: B,, is the efli

minc of' the gearlicadnd drive shaft, etc. if preseiit. tleci
iiial: . is the ef'fieiencv of the otor),
decimal: and C , is a conversion factor to account fOr the 
Units. 0.0979. The amliounit of f'ael required to drive the irri
galtioi puLping plant cart be found by dividing eqlltiol ( I ) by tile energy content of tlie particular fu'elused (coLlun 2 
of'Table I )anid is iven in column 5 0fTable I 

'loprovide means o th tslconiparing
rcS lts0fliddItl 

of Pu ni ngi p 1 ) Pand power Unit), ScIilCasCnCiir and 
Salek (I 5)) proposed a erf'forlma.nce criteria l'Or each of' 
tile
fuel types. Nlcasurenients of the parameters E,.and E, in 
eqiluation (I)were combined with an assuined ptinip efli
ciency (F, 0.75) t0 calctlate tihe fuel requireilnts of' an 
average pumlling plant. These results are given as le per
l'Ormaep criteria in Table I (K,). Thus le el cquir
ients of' any irrigation pmii pui gl nt can be flound by 

FR --C, I ).,A/E, K, RI) 

where Fr is the 1t1til fuel uscd. in fItel Units Iliters. kilowatt
fiours, cibic ncters I K, is the Nebraska performance crite
ria given ili Table I. iti niegajoules per unit (if fuel; and R is 
the perf'oriaticc rating of the putmping plant, expressed as a 
decimal. 
The perf'Ormance raling is furtler defilled as 

R = FR /FR 
where FR, is the aiinlit 0f fuel used by a pumIiping plalit 

meeting the criteria: alitl FR, is the actual fuel used by the 
pumiping plant. The performancc rating. R, is an indicator 

1'y 
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Table 1.Energy content, power-unit output, and performance criteria of irrigation pumping plants.
 

Representative 
Fuel Type Energy Content 

Diesel 39.02 MJ •L 
Propane 26.34 MJ 1 7' 
Natural gas 34.46 MJ/in' 
Gasoline 34.56 MiJ•1. 
Electricity 3.60 NIJ- kWhi 

Power Unit Brake 
Energy Output per Unit 

of Fuel" 

11.81 	MJ. L-[ 

-
6.51 MJ -1 

7.79 MlJ/in 3 


1
8.16 MJ - L
3.26 MIJ - hI 

Fuel Used per

Performance I ,000-1n 3 

' Criteria Volume and 
(Kf) 100-in Lift 

8.86 	MIJ 1, II1L 
-4.88 MIJ 1. 210L 

-
5.84 Mi/in 3 168 m 3
 

-
6.12 MJ L 1601L 
2.45 MIJ- kWh -' 40 kWh 

"Nebraska performance criteria, water energy per unit of fuel,modilied from Gilley and Watts 
(1977). 

'uel requirements of a pumping plant with a perfornmance rating of I (pump efficiency of 0.75). 

of the efficiency of a pumping plant; that is, if R = t, the 
plant h.s a fuel consumption equal to that of a pumping
plant meeting the Nebraska criteria. If the value of R is less 
than unity, the pumping plant is using more fuel than the 
criteria. 

ALTERNATIVE ENERGY MANAGEMENt 
P~RACTICES. . . . . . . . 

The fuel requirement of irrigation pumping plants is cal
culated by equation (2) and is dependent on: ( I) volume of
 
water pumped (). A/E); (2) total dynamic head (H = L + 

0.102 P); and (3) punping-plant performance (R), which 

includes pump, drive, and power-unit efficiencies (E,, E,,, 

and Ej). Reductions in fuel requirenents for pumping water 

can be achieved by improving the performance of the pump
ing plant, reducing the volume of water pumnped, and/or re
ducing the total dynamic head. A thorough discussion of 

these improvements has been presented by Gilley (1983)

and is summarized here. 


In addition to the topics described herein, three other 

possible cost- and energy-saving arcas related to irrigation

are off-peak irrigation scheduling to reduce peak electrical 

demands, reduction of nitrogen losses through reduction of 

deep-percolation losses, and reduced tillage practices.

Improved Pumping-PIlant Perfornance 


While sotne energy is required to operate or propel the irri-
gation system, tnost irrigation energy demanids are for the 
pumping plant. Thus an efliciently designed and operating
pumping unit is necessary to minimize this energy require-
ment. The specific fuel requirements for a pumtping plnt
with a performance level that can reasonably be obtained by 
pUMpS, engines, or motors and drives that have average or 
above-average eflicicncy are given in Table t 

Many of the pumping plants in the field have fuel efficien-
cies far below those given in Table i. The pritnary causes of 
pool'fuel perf..:rmance arc reduced pum1p, driver, or power-
unit efficiency, including pumps mismatched for either flow 
rate or total head; improper maintenance ofpunp and powcr
unit: improper sizing of power unit; and excessive wear of 
pump and engine, 

.
 
.
 

- . 
r 

F . 

. . . . 
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Fig. i.Irrigation pump field eficiencies (data from Lundstrom et 
at.. 198o; Schroeder and Fischbach, t983). 

Several field tests on irrigation pumping plants have been 
conducted over the last few years and are summarized in 
Fig. i.The data were collected with the use of a torque
meter, which permits distinguishing between the punip- and 
power-unit efficiencies. A good design and installation
yields a pumip efficiency approaching 75 percent. The field 
data given in Fig. i indicate that impt'ovcment is needed and 
achievable. 

Criteria similar to those given in Table I were used by 
Sclleusener and Sulek (1959) as a basis for appraising the 
field performance of 209 pumping plants. The average per
formance rating of the pulmping plants was 0.75. Lundstrom 
et al. (1980) found average perlortnance ratings of pumping
plants of o.87 in North Dakota. Schroeder and Fischbach 
(1983) suminarized the results of field tests taken from 198o 
to 1982 and found an average rating of 0.77. 

Reduced 	Pumping Volume 
A reduction in volume of water pumped (A D,,/E) will 
yield a corresponding reduction in fuel used to ptulp irriga
tion water, even if no other changes are made to the pump
ing platt or irrigation system. Reductions in total water 
pumped (gross irrigation depth) can be achicved through
improvements in irrigation efficittncy (E,,/E.,) or reductions 
in net irrigation applications (D ./I),,). Separation of the 
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benefits of these two components is extremely difficult in trend to replace surface systems with sprinkler systems be
the field and for discussion purposes will be combined, cause of improved efficiency and reduced labor require-

The net irrigation requirements of a particular crop are ments. Efficient well designs and pipline distribution sys
relatively independent of the type of irrigation system. tens to reduce head loss should be used in all irrigation
However, the amount of water that must be pumped (gross systems, and yet modification of these components in exist
irrigation, D,,/E,) is dependent on the type of irrigation sys- ing systems is extremely difficult, and replacement is costly.
tern (Batty et al., 1975) and the particular irrigation water In established systems these two energy-saving practices are 
management practices used by the operator. The efficiency limited to replacement wells and pipelines.
of a particular type of irrigation system may change during Reducing the pressure of sprinkler systems is another
the growing season. Thus it is difficult to specify completely method which can be adopted to save energy. Conversion of
the irrigation efficiency values to be used in the preceding conventional high-pressure sprinkler systems to reduced
equations. pressure systems may require redesigning at a considerable 

There are instances in which selection of an improper ir- expense, and management practices such as set times or ir
rigation system coupled with inadequate irrigation water rigation depths will also have to be changed. In all cases the 
management has created reduced irrigation efficiencies. In energy savings resulting from reduccd pressure must be
these instances significant improvements in irrigation efti- greater than the cost of additional equipment and the extra
ciencies can result in reduced energy consumption. A shift labor required for more frequent moves of the systems.
in method of irrigation from one of relatively low effi- Reducing tile pressure of center-pivot systems will also 
ciency to one of higher efficiency will, of course, depend on save energy. I lowever, there may be management problems
the economics of the given situation. As energy costs in- caused by increased runoff and soil erosion caused by the 
crease, such systems may become more attractive in se- higher application rates from reduced-pressure systems.
lected applications. Gilley (1984) presentc I a general guide for allowable irriga-

Irrigation scheduling procedures calculating both the tion amounts on different soils and various reduced-pressure
amount and tinc of the net irrigation have been used to re- systems. This guide indicates that because of small allow
duce tile quantity of water pumped without yield reductions able irrigation amounts, sonic low-pressure devices may not
in several locations (Stegnian and Ncss, 1974: -leermuann et be practical for some soil and slope conditions, especially
al., 1976). These studies have indicated that water-balance on fine-textured soils. If, however, the soil surface can be
methods of irrigation scheduling could save between 15 and increased by artificial means or if the spray systems are
35 percent of tile water normally pumped in semiarid to modified by booms to provide wider spray patterns, spray
subhumid climates. More complex irrigation scheduling nozzles can still be used. Microbasins (Lyle and Bordovsky,
methods incorporating plant sensors, remote sensing, and 1979) provide the artificial surface storage needed to store
other procedures nay further reduce the average annual irri- the water that is applied at rates exceeding the soil in
gation requirement when compared with other, simpler take rate. 
scheduling procedures. Although tile total area Under some The costs of converting a center pivot to a reduced
forn of irrigation service is relatively small compared with pressure system must be evaluated. In some instances costly
the total area being irrigated. the concept of improved water changes in the pump and power unit may be necessary, and 
management has been shown to be beneficial and is rapidly these costs must be included in the economic analysis of re
increasing in iiportaice. duced-pressure systems. 'Fhe energy requirements of the

Additional savings of water Ind energy are possible if the end-gun booster pump, While small, should also be added
irrigations are limited in such a way that the crop will suffer when reduced pressure is considered. 
some moisture stress during part or all of the growing sea
son. Stcgman Ct al. (1981) suggested that it is usually p)os- Coiined Effects of Irrigation Managelent
sible to select an efficient schcdefiing process to produce the The energy savings from various combinations of reductions 
maximum yield for the attaina' ole level of water use. Ilow- in volume of water pumped, reductions in total head, and 
ever, only a relatiely few ir:igation management regimes improvements in pump performance are shown in Fig. 2. 
are of primary interest becluse net profit is frcluently maxi- Depending on tile initial conditions of the various compo
mized near tie maximum yield level. nents of equation (i), tile application of these energy-
Reduced Pumping Head reducing practices can result in significant energy savings.Annual energy savings of between 15 and 5( percent for 
Reductions in total pumping head can be achieved by (I ) re- surface irrigation systenis and savings of between to and
duced-prcssure sprinkler systems, (2) replacement of sprin- 45 percent for sprinkler irrigation systems are possible, de
kler systems with surface systems, (3) substitution of stir- pending on the initial conditions and the energy-rcduction
face water for groundwater, (4) piteline modiliCations to proce10rs used (Giley and Watts, 1977).
reduce friction losses, and (5) design chal gcs in irrigation
wells to reduce head losses. Many of thes,; methods will not ECONOMIC EVALUATION OF IRRIGATION 
be feasible in all situations. !oiparticular, the replacement of'ANGEMENT PRACTICES 
sprinkler systems with surface syteis may not be possible Many of the energy-saving practices require capital in
because of costs or topography. In fact, there is a growing vestments to improve the operation of the irrigation system 
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or pumping plant. Thus it is not sufficient to consider only
the energy savings resulting from particular modification,; 
or adjustmer ts; the economic feasibility of each modifica-
tion must also be considered. An economic analysis of al-
ternative irrigation management practices for both surface 
and center-pivot sprinkler irrigation systems was developed 
by Gilley and Supalla (1983). While (he data used in their 
analysis centered around conditions found in the GreatPlains states, the procedures they developed can be used 

determine the economic feasibility of various energy-saving 
practices in other locations. 

Sprinkler Irrigation Systems 

Gilley and Supalla (1983) analyzed the major energy-
conservation practices available to center-pivot irrigators, 
including (t) improved irrigation efficiency, (2) reduced 
pumping volume through improved water management (irri-
gation scheduling), (3) reduced-pressure systems, and 
(4) improved pump performance or replacement. The energy savings resulting from incorporaion of these practices 
depended on the conditions under which the existing irriga-
tion system was operating and the magnitude of the in-
provements which could be made to the system. Likewise, 

the financial savings depended on the energy savings, tie 
price of the particular fuel used, and the costs associated 
with the various modifications. 

In general, however, it was found that iirigators wishing 
to conserve energy should first reduce the pressure require
ments (accompanied by a pump adjustment), then incorpo
rate irrigation scheduli;tg, and only as a final action attemptto reduce water application through improvements in irriga

tion efficicncy (Fig. 3). It should be pointed out, however,that the irrigation efficiency did not change with reduced 
This analysis also indicated that it paid to make allthe available adjustments only when lifts or irrigation water 

requirements were high. 

Surface Irrigation Systems 
Gilley and Supalla (1983) also analyzed the economic feasi

of these energy conservation options (except for low 
pressure) for surface irrigation systems. As with sprinkler 
systems, the specific results depended on initial conditions 
and price:;, but in general it was found that improvements in 
pump performance were nearly alw:.ys economically attrac
ftive. Second on a scale of financially attractive adjustments 
were improvements from irrigation scheduling.e teei po e rm irg Improving
irrigation efficiency was much less attractive in all situa
tions and did not become profitable until lifts were rela
tively large, and then the gains were small, especially if the 

pump performance had already been improved. 
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45. WIND-ENERGY SYSTEMS FOR PUMPING WATER 

R. Nolan Clark, U.S. Department of Agriculture, Conservation and Production Rcscarch Laboratory, Busliland, Texas 

ABSTRACT 


For centuries Asians have used windmills to lilt waer for grow-
ing crops, while Europeans have used windriltls to pump drainage
water for land reclamation. Americans have used wind power pri-
marily for year-round water SUplly for livestock aid dlorllestic 
needs. The type of windmill used depended on tle pumping appli-
cation and the design of the pump. Screw and paddle-wheel pumps
used in drainage pumping required large mills with rotating shafts, 
while deep-well pumps required smaller mills with reciprocal-
ing shafts. 


Wind-powered pumping systems with reciprocating pumps are 
used with the American hibl I it oll'ersailed desien beause a 

high starting torque and the sellh-rcguhi ii high winds necdcd 

by tile piston pu nip. Even illou1 se,ral improvements have been
 
imiLde in the windilill, the purrip' is 1l1DOt iderltici.l to ones tsedf a 

century ago. Rotary- or scoop-paildle punips are used in pumping

irrigation or drainage water where lits are less than .5 In. 


B3oth
electrical and mechanical wind-powered pumping systemstha oerteinconuntineecri uiliy r ieelengineitth 

that operate inl conjlc~1tioii With tielectrCic tility' or diesel Ciil,ild isstand-alone systemls have been developei. The electrical 

ssterrms both utlility-irereonected and stand-ahe. are better 

than the mechanical systems because they will allow rlore Ilexi-

hility ill optimiizing tile wiidrill output. 


INTI'ROD)UCTI'ION 
The origin of tilewindmill is unknown, but Cretans and 

Asians were the first to use a fixed-sail type to pump water 
and grind grain. Most of these early units were smiall, less 
than 5 Il in diameter. with sails, reeds, or boards for rotors. 
Europeans began using wind pover about the thirteenth 
century and by the I700s had Lcvcloped the post and tower 
mills. The l)utch are f'amlOUS for their use of windmills to 
reclaim land for agricultural productior. l)utch wiridnills 
were mostly made of wood, and the sails were made of carl-
vas stretched over a wooden frame (Fig. t ). Rotor diameters 
were approxirnately 25 Il,and water was lifted I to 1.5 Ill. 

Windmill (eviopment in tileUnited States began with 
duplications of'the European designs, but these machines 
did not provide the flexibility needed to withstand the fickle 
weather of the Midwest and providc for deep-well pumping, 
The first Anierican-designed machines used sell-rcgulating
paddle-shaped blades that pivotcd or feathered as tilewind 
speed increased. Major changes in wind rotors occurred 
during the early tgoos with the development of metal fars 
and enclosed gears. These drag-type windmills have proved 
to be a reliable and low-cost means of pumping water, pri-
marily f'rom wells. These inUltibladed units have a I'an di-
ameter of between 2 and 6 in and can lift water in excess 
of 1oo Ill. 
The water-flow requiremients for different agricultural 

uses vary from 0. 13 L's Ifor range cattle to niore than t.o 

L's ' for irrigation. Domestic uses normally require lessthan 0.3o Ls ' for a household of fewer than live members. 

Because of similar flow rates and pump designs, domestic 
pumping and livestock pumping are usually treated to
gether. Wind-powered punps for dc-nestic and livestock 
water have primarily been the piston type, whereas the 
screw PLiiil) or paddle-wheel pump has been used I'r wind
s crw p ripo add raiage up . been 01' used 
powered irrigation and drainage. The type of puip used 
has dictated the design of the windmill rotor and power 
transfer shaft, creating a unique water-ptumping system.
The Dutch windmill and the American multibladed wind
mill are good examples of a total pumping systein designed
for particular applications. 

RECIPROCATING PUMPS 
The piston puiip is tile COtrlinor0 type of reciprocalnMosit 

ing pump used with windrnills. This pump consists of a 
plunger with an internal valve moving uip and down in a 
fixed cylinder. The diaiieter of the cylinder and the lengthof the plunger stroke are the major f'actors that determine 
tie vol umre of water ptuped. Cylinder sizes range from 47 
to too in and are usually one size smaller than the drop 
pipe to allow easy access of the plunger through the pipe
into the cylinder. A check valve at the bottom of the cylin
tier holds water in the pipe so that water is pumped on each 
stroke (New Mexico Energy Institute, 1978). This column 
of* water creates a large starting torque requirement for tie 
windmill. 

The piston pump is normally used to lift water from 
wells, with pumping lifts from a few meters to more than 
too ii. Typical flow rates using a 47-111111 cylinder and 
a 3o-r lift L's ' in wind speeds abovewould be 0.25 
5 m's '. The puMp is used primarily with the multibladed 
windmill, which produces a large torque at low rotational 
speeds. At high wind speeds the damping effect of tie pump 
rod working up and down in icolumn of water sonev, at 
retards ovcrspeeding of' the windmill rotor. 

Windmills like the one shown in Fig. 2 have been used 
since the 193os to provide water for livestock and domestic 
uses. Some type of storage reservoi is used to provide 
water during times of low winds and maintenance. These 
units are manufactured primarily in Argent*ina, Australia, 
South Africa, and the United States-many with almost 
identical designs and constructed entirely of' metal. Through 
the years these units have proved to be a reliable and eco
nomical means of providing water, especially where clec
tricity is not readily available. 

Researchers and Inanuflt.urers have attcnptcd to in
crease the efficiency of these multibladed water pumpers by
adding counterweights, springs, and cams to reduce the 

4'
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Fig. j. Seventeenth-century Dutch water-pumping windmill used 
for hind drainage. 

1-7. ' :~ S . : 

Fig. 2. Multibhldcd windmill ticd to ptimI-, water froin deep wells 
for livetock and domestic uses. 

starting torque. The purpose of counterweights and springs 
is to offset the static load on the windmill from the weight of 
the pump rods and the standing water in the discharge pipe 
(McKenzie, 1984). These efforts have reduced the wind 
speed required for starting, but the extra costs have not 
proved beneficial. The automatic stroke control has more 
promise than any other recent modification. This device 
helps adjust the pump load to better mteh the windmill out
put. Additional work is needed before this device is ready 
for widespread use. 

Wind-powered pumping systems using the all-metal, 
multibladed windmill and piston pump have not been 
adapted worldwide because many areas cannot afford the 
high cost of an all-metal, imported machine. Several groups 
have been working on developing low-cost, locally con
structed water-pumping windmills. They include Consul
tancy Services Wind Energy l)eveloping Countries (CWD), 
of tile Netherlands; the Intermediate Technohogy Develop
ment Group (ITDG), of Great Britain; and Volunteers in 
Technical Assistance (VITA), of the United States. CWD 
has been successful in developing a low-cost machine that 

Fig. 3. Windmill designed by CWD, Netherland., for nmanufaclture 
and installation it developing countries. 



Fig. 4. Nilti ibthied windmill used Itopunip water ii Peru. Warer is 
lifted 2 ill by this Imon- u-diatlinctler p1um11p. 

wVill produce (.75 to 2 l.s ' aea1inst a lift of I to 5 in 
(Fig. 3). Much of' this lie\,effort has been directed toward 

the countls of southern Asia and Africa, where many 

pumpling lifts are less than to in (Veldhuicll, I 981).

LOca) groulps inl 1a1V c01(1ii triCs ha\vC dcClpd Io0w-co st,
locatlly IiailC windmills similar to the (lie showii in lie. -. 
Metal and Wood are the plcdoninant materials for the Iiml-
mill, tld almost all of' the punmps arc made of brass or sirni-

ifmetal. Countrics with few co 
 istructiom iliaterials ani ill-
dividuals with few inantfaf'titrin skills have built units 
Lonstruced of' wood and canvas. ups arte LULll3, of the 
rolary rather than the pistli type. 

OT'AR1 PUMI S 

The screw, paddle, gear, and vane purlipS arc examples of 
rot ary pu inps. but 111\1tile s crw anidpadldle -sc IIip Pit ips 
are primarily used with wilmills. Many old l)uich wiril-1 
lills use tihe screw pumpl to liftthe Water front one canal to 

aimtier. Oftcntimcs severad screw, tUllipS are used ill series 
to lift the water from a polder to a reservomir alta higher level,
Each ptli p Will 1ll'1;ally lil'twater about I.5 to 1.75 Il at a 
rate of' noon l.s 'in a moderate wind. The screw and the 
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paddlc scoop are not used much today because they require
large wind turbines that are more costly than large engines 
or electric motors. However, they have proved to be an 
effective means of providing drainage pumping where there 
is some flexibility in pumping times. 

Some developing countries are constructing wind-driven 
rotary pumps using flaps made from old automobile tires. 
The rubber flaps are rotated and act as scoop paddles, allowing small windmills to be used (Nelson and Caldera, 1984). 

CENTRIFUGAL- OR AXIAL-FLOW PUNIPS 
Centrifugal- or axial-flow pumps were developed to oper

ate with electric motors and internal-combustion engines
that operate at a constant speced. When these punips are op
erated at a constant speed, they Ihave a Much improved effi
ciency over reciprocating or rotary lIuMPS and allow users 
to pump large volnines of water from at -i,iet), of pumping
lifts.These pumps are used almost exclusively for irrigation 
and municipal punpi ingin countries around the world where 
either electricity or petroletu in products are available for 
fuel. Two operating characteristics that are impoirtant when
these ptumps are considered for use with wind energy are the 
low startinrig torque and tile rCqitlie-mlict for constant speed.
Modern windmills with sliiline rotors produce little torque
in low winds and call easily stall whell the -lireoverloaded. 

The USl)A-Agricultural Rcscarch Service, F3ushlanhd, 
Texas, has been examining the feasibility of using modern, 
high-speed wind r0tocis to p Wer Centrifugil- type irrigati on 
Puilps. con-Thiese syste ins include puii1ps that incorporate
ventional power sources with wind l power and are called
"wind-assist" and -stand-alone'" wind-powercd pumps.
lBONit ClCctricAl arid mechanical )'stcrls using horizontal
axis and vertical-axis units have been examined. In each in
staneC at Iclst 2(0 I .'s were p)uii pCd to irrigate crops, with 
plUnlpilg lifts
varyinr.fromt 5 1to1(5 Ill. 

Electrical Wind-Assist Systems
 
A wind turbine operating il a.i
wi rd-assist Mode will sitpply 
pover to the loads. ile excess heing passeil through the rue
ters into the utility system. Ifadditional power is needed, it 
is supplied by the titility. The main advantagces of the windassist pumiping concept is that it allows for coistant-speed
 
operation of the pomp, 
 and watcr can be pumtipeid regard
less of' the wind speed. A disadl.antagc is that it requires a
 
Connection 1t tihe electric utility with 
 associated dean.d 
charges. 

lcctricity-gcncr'ating widl matchiics uisually lIav' either
 
alinduction elltr ltI' r ilSylCh(1111lls inverter whichillr
faces with the electric utility. Inl1984 More tian 90 percent of
 

thC electrical wind machi[nCs sold were (f the inductiongenerator type (Fig 5). Because the induction generator
uses the utility line for its excitation, the generator operates 
at a constant speed, tihuii si ilf in trig tile wild rItor at riear
constant rotational speels. The mfin cllncponents of the 
systeln ire wind rotor, gcearbox, gelltr.liltlo, roller, andC 

brake. With this generating syteni any electric pUtiiip can be 
operated without rililicatiOl. 

Data fronm machines operated1by the USI)A-ARS indi-
Cale that the wind generator nlust have a ratcd capacity as 

A'
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Fig. 5. Modern elecirical-generating wind machine used to pro-
vide electrical powcr for centrifugal irrigation top~llS, 

large as that of the pump motor to provide a significant 
enough amount of cnergy to make the system feasible, un-
less the system is used for more than seasonal irrigation 
pumping. Machines normally operate 5,500 hours I year, or 
64 percent of tile time, in regions where the average wind 
speed is 6 r's ' (Clark and Vosper, 1985). Electricity-
generating units with induction generators average 20 to 
25 percent of their rated capacity. 

Mechanical Wind-Assist Systems 
Two mechanical wind-assist pumping systems have been 
developed and tested by USI)A-ARS, liushland. In each sys-
em a vertical-axis wind turbine was mechanically coupled to 
a combination gear drive, which in turn was used to power a 
deep-well linc-shaft turbine pumlp. The first experiment 
used an electric motor in combination wih the wind tur
bine, and the second experiment used a diesel engine. An 
overrunning clutch was used to synchronize the speed ofthe 
two power units and prevented tie engine from transferring 
power to the wind turbine. The wind turbine reduced the 
load on the engine rather than replacing it, reducing the en-
ergy consumption. 

The energy provided by each component was measured 
independently and was compared to the energy required to 
purnp the water. The engine load remained constant until 
the wind speed exceeded 6 nvs I and then the load was re
duced as the wind speed increased, reaching a minimum of 
9 percent at a wind speed of 16 rn's ' (Clark, 1984). Actual 
fuel consumption was reduced by 50 percent at wind speeds 
above 12 In's ', but predictions of seasonal savings were 
less than 15 percent. A mechanical wind-assist system must 
be operated more than 2,000 hours I year to be feasible. 

Electrical Stand-Alone Systems 

The operation of an electrical wind machine that is inde
pendent of the electric utility has the advantage of not 
having to be situated at the water source. Many times the 
location of the water source is not the best windmill site; 
therefore, the overall performance can be enhanced by plac
ing the windmill on aInearby hill. A method developed by 
USI)A-ARS, lBushland, used variable-voltage, variable
frequency electric power directly from atthree-phase perma
nent magnet or self-excited alternator. The wind turbine 
used with a permanent magnet alternator operates at vari
able speed and uSually has so;,., rotor-blade pitch control to 
prevent overspeeding. 

The output fron the permanent magnet alternator varies 
with the rotational speed of the wind rotor. Power varied 
from 0.5 to 7 kW, with a frequency of 30 to 65 liz and a 
voltage of8 i to 210 V. The voltage to frequency ratio (V/f) 
was 3 to 3.2, slightly less than the 3.8 calculated from the 
motor namneplates. While operating a centrifugal pumlp, thle 
pump motor varied in speed from 8oo to 1,94o r/min, and 
water-flow rate varied from 8 to 20 L.s ' (Vosper and 
Clark, 1984). System efficiency, including motor and pump 
losses, varied from 44 to 54 percent, almost the same as 
when operated oft the utility power. Keeping the voltage
frequency ratio constant is the key to making this system 
perform satisfactorily. Also, the system will work with a 
conventional three-phase electric motor and pti mp. 
Mechaicl Stand-Alone System 

A small vertical-axis wind turbine was mechanically coupled 
to a progrcssivc-cavity pump to determine the operating 
characteristics of a stand-alone, mechanical irrigation sys
tcto1 P'ower was transferred from the rotating shaft through 
a gearbox to the punp, and a clutch was used to unload the 
wind turbine for starting. The system worked satisfactorily 
in moderate and high winds but easily stalled in winds of 
less than 9 nvs ((Clark, 1983). The progressive-cavity 
pump did not have the operating characteristics needed to 
interact with the wind turbine efficiently and provide self
regulation. 
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46. CURRENT DEVELOPMENTS IN PHOTOVOLTAIC IRRIGATION 
IN THE DEVELOPING WORLD 

Richard McGowan and George BtUrrill, Associates ill Rural Dcvelopment, Inc., Burlington, Vermont 

AISTRACT 

Recent technical developments anrd significant reductionis in 
equipmenrt costs have expanded the potential for tie use of solar 
photovoltaic (11) water pinipi lg for irrigation il tile developingworld. The last seven years have seen an ever-widening awareness 
of tihe inherent advantages of PV ptlnips and their consequent
increased use. This article discuissestIhlise advanta ces and theliilities of te use of 'V fr irriatin ical stem c-ie 
fivurations and coimponent uioptitum, ' and Capacity limitations f,
commercially available equiiipmenit. T rblem encountered in 
the Pist-LenerationI V plinlips are diutssed, s well tlu-s a s tie 
ti0nS to those problemns,. liiclh have resulted ill the decreCa,Sed 0nSand increased efliciency and rcliability of the c'urrnt gctration ot'
se't in, an ciri tionlilsi'ctii ivis''smiis. A life:-cycle cost atialysis coiiparingi repreCset1iati%iienal. yeptieie-
SCI. winid, Mid P\/ irrinliln s,',eiv, is Liv,'en. Finally. policyisse,s which could have a signilicait eflcct oil the Ilte of, ide-
spread acceptance of the deveoping cnoloy are disussed. 

WllY CONSIE1)R SOLAR PHtOTOVOITAIC FOR 
IRRI(ATION? 


'Iraditionally, irricatioin s-,stMen; at riiite" sites itt the 

Third World have.bee
h11) owered by hullial beings, ani mitals. 
wind, or diesel engiines. Although diesel, wind, anld pli0-

tittta W t slurery.t emaveiigh-isalitVttlvoltaic 01V) ",,lis hav' ILicIh i,-,hr Clwital Costs than
Ihutntiall- aild anilIal-driVCn piiIps ,the laller ate 
 v'ery labor
intensive arid are utnable to ineet irricatioln dmcllanls beVolid 
those of' vetrysmall fields. With tlc advent ofl relatively lo-

costin nitodls rti ,, eatimv hd tdrie's te be,-
1 einrs 

gintiing to look at \1as an alteinative to diesel I't-liw-

to imediuni-capacitv irrigatiol 
 nceds. Reiewable clicrgi'
iriven llp ,lips normally bv hil initial
are characlerized 

capital costs 1lw n
and 10lL-lello ermureeu tiei : itt anid 
nmaintenane Cots. Typical I.Costs per tlliiitenaicuosts Tnecail cs er of \ lte" (' liveredititof wd 
are discussed in detail Ina latem' sectioh. 

The use o lTV il Silall-scale lw-head Slaid-a1loiC iiri a-
lioll syste l s has s . ral dis linct adva ta es over the co t-

10r1y(hiel alleatie. TheV Illstl, iportant h thes'e ;fis (lliV0111'ott lilCtittie of'() tI*o .i hc t io 
ioviig parts. Anyone:Z, 'aitiliar with diesel engines in thec 

lield call appreciaic the l'eil ads'atalie of'lhaVimiL no lllovil parts, which nccessitate Imre, ttiti otltraul,, anid ciiistali artil otn. 

PV 'SeliiSa e iiodlair, allOWiie ia'IterS to iticaSc thewatietr outlput f'rtoiia sstetni byi,,siiinfly iticic'asinie the linitub.'l 
Vt,t itdUles ih the array. ib cts i to well-vld contraiits anid 

the (eiaiiig lCii-atc'i of'Ih p10 p selt. 'hisCondulariti 
llho ftig areprecise mftchin of'Ihe ntc'Thsof the 'aityt 

in the low etid of the rainge tl" power-sulipply equipient (die-

sel costs per installed kilowatt increase markedly inthe ,2 to 
3-111 rInge for which IN irrigation is currently considered
economical). PV systems require very little operator inter
actiol, .and Users lreqtluenlly mention their appreciation of' 
tile silent operation. The skilled labor necessary for tie sticcessl'ul long-term operation and maintenance of' diesel en
gines is not required. Unlike diesels. PV pumps are not in

vagaries of rural trasportation 
ietworks for a contiltliUS supply of fuel and spare patstlie cost of which ill the long terill can gomiwhere bit up. 

The prinary disadvantage olf tie tlse of' small-scale PV 
Irrigation s'ystes is their comparatively high initial capital
cost, as well as tie expenditure (Ws with diesels) fl' precious
Ireehatilc. [his haslbrei1 Cii 111e 1 resulted il(iin the impression thatI 11I 
(tieinitial costs of PV will make the delivered cost of' wateracceplably Iigh over the long lerti. Farmners and govern
inelt decision inaike rs are often not trulv aware of hlie nag

iiilutdte of the long-term recurrent costs associated with the 
Use of diesel punips. 

The reliability of PV sxstems is no Ilnger tihe concern it once Was. Aii estintated t e000 operating inSolar Ptilll pS arethe Third World . () tihe basis of ihis experience ianit ffab
reshvdvlodhii-ta'-ndcm 

develohaved svStenlS ind 
nns 

t .'oililelstswhich are iuchlmore eneryel'-cficielt adnd reliable than tile 
flrst-teeation equipment. which did little to establish con-SUlter ColfidClice in PV. PV systels have devclopcd to thepoint that their outtage rate is less than tht oflmost electric 
lUtilities. This has led to their ise as power sup)lies for crii

cal loads such as reiiole-site telecotmiiiiniications for which 

Fome s .lll iot be tolerated[.
 
Extensis itt'lhclcclr.cal ate sti-tis ci
suggested

as a possible alterillive ito diesel or PV I'llr irrigation. AiUniber of' studies in ildi:i have indicated that the extrenielv
 
low load facto'rs re q uently c ico [ltitered in liany rutral elec
trilication schemes 
 iaike the cost per kilowalt-hotur gene'
a ed muh or eex ensi e than i itially la ned I'r I1ha ia,
 

1984). Slanid-altc systelms. whether(here suf'ficieti PV, diesel, or windwind and solar r'adialion occur) merit 
Closer eXa.inlilliltiol) un11der .SLlIh C'irCIItlS~ant~eS. 

Appropriate Applicationis oh' PV hi Irrigationi 
Iiigaiioi watet ticeds) te i'or crops are based oil several 'aclors:the of'c'op., the itietihod of' \'aler' appl icationi, atnd soil 
and c.[liet iaic conitiolesi such as the eap oitati sllpira.ltoil 
rate. Te costim t he ie y input tcqItiledvais funition ofl 
the vThtinctii tleClltd, the total iuinIpiin head ( inclding 

atny head losses in the distribution system). and the applica

'i
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tion schedule. The schedule is important in PV systems be-
cause of storage considerations, which are discussed below. 

PV pumping is most cost-competitive where levels of so-
lar radiation are high and water requirements and pump-
ing head are low. Pumping low flows from shallow sources 
such as springs, pools (natural or man-made), ditches, cis-
terns, andl low-head wells are appropriate applications of ' 

PV. Such sites would normally use surface-mounted ceil
trifugal pumps, which are relatively inexpensive and easily
serviced. Suction pumps are limited to sites with suction 
heads of less than 6.1 in at sea level and decreasing with 
ahitude. Centrifugal suction pumps are fihe most likely can
didates for PV irrigation pumping because of their high ca-
pacity at low head compared with other common types of 
PV pumps. 
The tnexploited potential for PV pumping on sin1all plots 

in tile hThird World is immense. For example, many of the i 
small farims inNigeria are intensively farmed plots of 2 to 
5 ha. PV ililpS can be used for ptmnping from river valleys 
into small irrigation canals, a liftof 2 to 5 in. Conmercially 
available systems could pump as much as I,000 1'per day 
uinder good solar-radiation conditions, enough to satisfy a 
wide variety of crop demands. 

Matching Irrigationl [)erand aiI Solar Energy Supp)ly 
Large variations inwater dcmand as a function of tiine ire 
an inescapable fact of irrigation practice. III addition, 
a large perce ntage (as much as 50 percceit) of the water 
pumped is lost because of inefficient distribution networks 
and application methods. With tie use of' PV,wasting water 
through inefficient irrigation practices means iiore than 
simply adding fuel to the tank and turning on the engine for 
a few more hours. Flood irrigation is not appropriate for use 

with PV owing to its low application efficiency. Sprinklers, 
while more efficient in their use of water, require consider-
able pressure head to operate properly. Trickle irrigation 
also requires some pressure head for proper water distri-
bution, but much less so than sprinklers. anid tileuse of PV 
is appropriate, given the high efficiency of trickle tcch-
niques. Similarly, channel and fiow .JistribUtiOn is riiode r-
ately efficient with low-head losses, and it too can be i4sed 
with PV. 

While PV systems normally deliver ruaxinInI oLtput 
concurrent with peak irrigation demands for most crops 
(when solar radiation peaks in the soiimner), PV cannot s tup-
ply water on deimarrd as diesels can by simply running for 
longer periods. 1V systems Supply' a limited amourint of 
water, directly p)portional to the level of' solar radiation 
aind array and pl1 P size. To smooth demard peaks, provi-
sion must be made for sloragc so that energy (electrical or 
hydraulic) can be ace unrRIl at cd drinig off-peak periods (be-
tweeii irrigations) to satisfy peak loid s, 

toniercially Available Systems 
Most crInItly availAblc COiiliercial pump sets designed 
for use with PV are ii tile fra'tionalI to 3-11P range. Most 
use high-c ficicncy (about 76 to 85 percent I)C permanent 
magnet Motors. ailthIotglh soniC use I)C-to-AC inverters with 
AC motors. Since farms inless developed countries are fr'c-
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Fig. i.)aily water outpo of a 3--IP solar pLrip as a funirct ion of 
pumping head and pulip efficiency ranging between 30 and 6o 

rceni. 

quently between o.5 and 3 ha, with water requirements of' 
betweein 20 arid 8o n 1ha per day, PV irrigation systems 
must be capable of delivering between ioand 240 in'per 
day. The graph iin i shows the range of capacity of a 3-Fig. 
I-fip iIUp set at variiou s cads aIIdII ump and motor efficien-. 

cies. It is appareii that 1V punmps arc capable of delivering 
water for siiall fI'nis over lie 1ead range given in the graph 
without rieccssarily requiring !arge-capacity storage. While 
largei-capacity systems can certainly nc had, the costs per 
unit of capacity are appreciably greater because of the 
smaller number of' units manufactured. 

PV pumping systems normally consist of tie following 
components: PV m]odulcs and tie balance of system (B('S),
which includes array support structures, controls of power 

conditioning units (PCUs), purip/io)r set, wiring, and 
freqlus atly soiie forni of' energy storage, either electrical 
storage (htteries) or hydraulic storage (water tanks). The 
siilpIlest systems consist of PV Modules Mounted on the ar
ray support structure and connected directly to the punilp 
motor. Its low-cost coiifiguration does not necessarily result 
in the least cost of' water delivered. 

Since water must be delivered to crops on a given sched
ule, PV irrigation systemsI i'eetly include soie fori of 
storage, either batteries or water tanks or both. Because of 
the iiavoidable maintenance problems (deep discharging 
and electirolyte hoili[Ig) aid considerable cost of batteries, 
the large energy rcqtfiricinCits in irrigation suggest the Ise 
of water storage tanks. Batteries (or PCLJs) are used with 
t)inpups which require high surge ciurrents to start. 

MoIdiles are blocks of abolut 33 to , inrdividuirali cells 
riiouiited together and eicapsolfated to isolate thleiii from 
harsh operating crivironents.Several types of1PV cells are 
in wide use. There are some differerices inthe performance 
characeristics as well as inthe cost of the cell types, but ,t 
tile watt cornpresent tine the prices per delivered for tile 
iron power-generating cells are nearly idenical. Extensive 

accelerated testing has been performed on all commercial 
cells, and under most conditions of use modules are likely 
to Iiave timics t tenty with lesslife Of iip e years, than 
io percent degradation inpeirformace over that period. 
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This does not necessarily apply to the BOS components are most likely to be cost-effective, designers of future sys(batteries, for example, have an inherently limited lifetime terns will not be similarly hampered. The best sites for solarand must be replaced well before twenty years). pumps have not only high radiation levels but also more uni-Modules are mounted on the array support structure at a form seasonal variations, and thus little extrapolation fromfixed angle chosen to maximize the array outpu[t during the existing data is necessary. For irrigation systems annualcritical months where the ratio of electrical dernand to data are not such a crucial requirement as is the solaravailable solar radiation intensity is highest. The. rmodules radiation level during tile irrigating season(s). The PV sysare wired ill series and parallel to match the electrical (ic- tem is then sized (llalcrow and IT Power, 1984) so thatmand of the l)OUwp motor. irrigation demands can he melt under worst-case conldi-Many types of'pulips are used in P'V sy.stems, each with lions, during tileperiod whcii the ratio of' hydraulic-energyits advantages and dlisadvantages. Irrigation systems nor- demand to solar-energy Suplfly is highest. Well data on1ally use centrifugal p~IlnipS because of1their efficiency, re- yields and depths are critical. If the water level in a wellliability, ald(] Case of' maintenance. SUIface-nmolt ted cen- drops to in during the dry season when irrigation is retrilugals are used for high capacity at low head, and xel ..Cal q ni red, a low-head i)nIll- des igiled w ith wet-season dataturbine centrilugals aIre used for deeper Wells, becauIse they w,'ill perform dismally. lo com pensate, designers can overare relatively inexp'resivC anld easily serviced. Other coin- design a system, but this will greatly affect tile initial cost of1110 pllpllts used with l'\' systems are subinersibles and the system.

p1ositive displacement pt n ps (rot ary,and jack). Positive dis-

place menutiUJin 

Anotherillaitor design problcii was the impedance mis-S aie in0t recolnmendcd I IVVo irrigation matching of tlie power sLup))ly and tie 1(3)S. IN olperation isbecause oflieir high starting torlues, their lower efliciencv characterized by a1current-vollage (IV) curve. Maximiiithatn centrifugal',, adll saindl pIrbemII likely to be ltcOtill- s'Stemi output oCCLirs wihen tie system operates at tile iiaxitered. The PV subsnIersiblcs currently availahblC are nomi- 1111111 power point (MIPP) on tileIV curve. This happensnal i-hII'l ullits, and tIleir capacity is rCstrictCd at present when the imlpcldance of the array and the load are properly(5-II1) units Will S0011 be coI)iilercially availale)., matched. The early Frelch Flnipes (iinard in Africa w\ereControls, batteries, and IPUs can be u,d to increase the particularl., plagued by iilpedaiLnce mismatching, and theirOIt)tlit of the system as allalternative to using a lareer array. Oltput w\,as below expectation.v.,ell As awareness of tie se-All these devices exact a price interms of both p Mver uise riousiless of this problem spread throughout tle industry,and system cost. Battery losses reduce system el'liciency by Il1)lal)Manufacturers begani designing their DC lUinI pS witi
il to 25 percent: ICL(s. 5 to t( percent' and regLlators. less PV-array characteristics in mind, greatly increasing overallthan 5 percent. IiivcrtCrS Used wilh AC Iorilly have about perIormance.

10 ipCICet losses. The ideal s\'steI is that Which uses 
 01e Operation and maintenance problems also included bat
O)ptillllll comiibilation oCollllolclts to give tile lowest cost tery (Iegradatio, owing either to nldCrestilniation of bll11Cr unit of Water StIpplied over the lilCtirriC of tile SYstemi. tery req Liirenienis :ld coiiseqeicilt deep discharging and
Controls Call increase S'stel I efficincy alll safety of op- rapid deterioration or to failure of tile charge controller arind
eratiol. Charge controllers or regulators are used to pleent 
 subsequent boiling aWay of tile electrolyte. Early versions ofoerildischarge Of batterics and to prevent iotor damaige re- .some po,er-conditionIng units had quality-control1 probsuliting froill low-voltage Operation. Soni I tiec('Us I rce lciis. Some systems have experienced varying degrees of
array to operate at its ill mumIlill
powveir point (signilicantly performi ance degradation because of 'andalizirg of Inlotlincreasing system efficiency), as well as to supply starting UlICs, ald goits have shorted more than one circuit by theirslIrgC to0stiff pUrlips. liatleries Call smlooth out the delivery MC llt fOr IIadeqIIa Protected wire inslation. Typiof' 'wcr to tle pump (increasing its Operating efficiency) as cal pUlUl)-Ip-aiiitenaice frObleIIIs such as seal and impeller

well as plro id(C backupL p of1 vhe i ind d nd [rush replacement Occur in PV pumps with
wer water is rqIired dL n, gr ation 

periods of'h,,. ratiatiol, 
 tile sameIfreqL ency sti )I Oii tileas ill al ard p 11(S. vholc,

IV(UIIN OF PV IRIGATI(ON PUMPIN( downillleColpared becausewith diesel installations, PVs ive muchof Ctlipnilelll failure lessor operator error. 
PV irrigation svstem,s are beiL1 US' i Ill Ily 'eas '[his is due primarily to the cxcep+tional re!iability of thear*Oulnd tile world, including Africa: Asia: ('Cetral, South, power IlI idLuleS.
 

and North America: aId the Pacific IshMLads. SyStelIIS I'ai:C

iII si/C fr'oiii an experi ital 25-k \Vp (peak k~ihoxattD)
unit Decreasing (osf and increasing Elfliciency,.ing a 25-11) PlMP to irrigate grain fields in Nebraska in The PV illodulc is by far the most expensixe Con ponent ofla1978 to 320-W1 arraNs witli ,-tI, systells pumlping water pumpirg s'stCII. Significant cost rcdt,:liors have occurredfOr Small 'elt able p)lots illIotswana ald Ziilbabxwe. Over th cieiht years that I1Vs hax beel IlSetd for xvater 
Pro)lems 'incouinered in Early Systems putnllmg. NIodut's that COst S2o per peaik \Vatt (\Vp) ill

1978 MC IIow selling l'r 17 pr peak Watt. The cost of 111d-Many Of the first-,ncrati n PV pLiIpS did not pefrlOrll as Liles is still (lrolOqfig filbeit more slowlxy th1aM)xell as expected owillg was earlier cxto imillatllC tecllilology. S'st.iiis iectedl. Single-crystal cell el licteatics ill(ie lahoralorV arewere desi ned xlthout m11uc.'h e tlhe solIr re-kllowled of nox\ appqroaching 20 PCiCCilt. and Commercial m cl'i/didesOUnrce Of thlc intended site. Since solar radiatioi is now cicilcy is currently 12 i'ceriCllt. Scnnicrvstalline loulLile ef'being monitored in Imany counetries wherc solar applications ficiency is i) perccit. Tile amorphouis I(ASi) modules that 
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are just becoming available for small-scale power genera-
tion have module efliciencies of about 5 to 6 percent and 
bulk costs of $15 to S18 per Wp. The first-generation coin-
mercial IN systems experienced some significant problems 
with module degradation: these problems have been solved 
by virtually all the major manufacturers. Ten-year warrlan-
ties that speci!'y less than ito percent lmaxiiii inl output leg-
radation are now standard. 

Considerable efflrt has been inmade by severia PinP :iAnd 
motor manufacturers (e.g.. Jatcuzzi. MacDonald. Frank-
lin Electric. Grundfks, Ihloneywell, KSB., and AtG Tele-
ftunken) to develop higher-cIf iciellcy punlP sets for use with 
PV. Some of their cTOrts have met with cOIsidcrable stic-
cess. PUMin P sets iiow Oi tile inhlrkel arec considCrabIv more 
e'flicient and reliable thani typical pltiinis thit were rcicewed 
in IIalcrow and IT P' c r (1983). I'ffort hats bccn directed 
toward the development of brushless subm 'ersible)C puips, 
which would elininate iiiaiIItcnaicc costs associated with 
pulling a1down-hole PUnip eVery 0.ioo ltours (or olttenter) to 
replace bru sihes. 'lb'S far. product dCVeIopiiicit has [lot tuet 
maitfactrers' cxpcctations. This has led sotme inantifa';C-
turers to Iti'n to Syttchrt0Onts AC motors with l)C-to-ACL 
inverters for subniersibles. which have tliths far achieved 

iin enviable r'eputation fknr reliahility and sintplicity of 
instal lation. 

NEW ('OMRENENT1'S ANI) APIRAI (ilS FOR 
('OS'T' REI,I)C'T'I(N 

More power lt, be obtainied flOit thle satie UiZarray 1V 
several diffeerrit strategies. PV systems work best wheii 
operating at their nlaxintiIni p wer point (MIPT). Several 
PCUs force the array t Operate at tile MI, thereby consid-
erably increasing the array utptt. Their Ctst varies consid-
erablv (Ifromi $2ttt Ito S.5titt). The iiore expensive ICTLs 
foIllow the NITPl very prec'isely. %hil the less expeisive 
ones nlercly approtxinitate it by irciuig the arra' to opc ratc 
at a preset coistant voltage. Malltllt.ticttmers clai lltil 

t .oltput increases of Lilp to I5 Pcrce ll These illcleacses iLt t 
be balanced aiist the ilicettllctil[ cost of the devices. as 
well as comnparcd to the cost of siinply adding inlorc mttodiles 
to incliCase tile array OtItplit. 

Antother wav to increase pt\\Cr prtidutittn is tO phiy'si-
cally move the atray st til it is al\Nv's, triented perwc-
dicular to iicommtiit solar radiatit. Very' large PV ; rrays 
use cOutt'it-drivein cottinous tracking devices, which are 
quite COliplex ditd Fttr stitall, svstcnls,CXpCnsive. IetioC 
Inainual seastnal adjiustilictt ofI arrays has niel with little 
SiCCess because tisers fIail to adheCe to tll' adjlSitICitt schted-
tile, leaving the arry aNit less thain witha optital tilt anigle, 
the result that aiti1tial alTa' ttt1pIt acttiallly dIops. 

A third and IMore promising apprtotach isapassi\c, gravity-
driven Freon tracker which Iraks the stin ctltitttUsly 
tltroughout the dav and tltcii cttiuis tt its castward-tlfacing 
position Il anticipation of, thte tittrnilt suin. These sinele-
axis trackers are mecha tically very simnple amid have hcen 
used oii a small Scale IOr sev-cal years of tttiublc-freC O CIra-
tiii. increasing array Output as iuch ts 40 perccint. 'They 
are particularly usel'il I'tir irtigatito since the greatest addi-
tional Otttp- t occurs during the sutimCr. 

Conccntrators multiply the amount of solar energy falling 
on individual cells, thereby increasing electrical output. 
The cost of the concentrator can sometimes offset the cost 
of additional modules to generate the same amount of power. 
The simplest concentrators are mirrored surfaces mounted 
alongside standard modulcs, which effectively double tile 
level of incident iadiition. Alternatively, Fresnel lenses in
tegrally mounted in a module above the cells also concen
trate solar radiation. The popularity of this type o' niodu le 
is cvident in its increasing sales, which, though currently a 
small fraction of tie sales of standard filat nonconcentrating 
modules, are steadily increasing. 

For all of these devices tile critical issue is whether or not 
the increase ill systen pc fl'Ormance has greater \,.tine than 
tile coisequtent increased cost and complexity. II remote 
Third Worild applicatitns system longevity has been in
versely proportioiial to colple\ity. In comparing the eco
nonmics of diffcrent syste in optHins, sotue financial value 
iust be assignied to simplicitylof Operatioii and conseqienit 

reliabilitv. Every additional coin poient represents aln addil
tioial opportnitV Ior I'ailure. 

IINANCIAI-CO(1' AN,\IYSIS 
Life-cyclc-cost IL( ) anialysis. which calculates the 

present worth of' all costs, capital, operation and nainte
na.nFce, and rcplaceient prts over tihe lifetinie of' tile sys
tIle. is tscd to COillpare the variotis allcrlatives. A cost/
bcnelit ralio is also calculated, though a benefit valtie per 

uin it ef ater Ptilii cd ltLst be aSStilnied. and this call be 
highly site- and crop-specific. 

For the small-scale systems discussed here, the module 
cost is norniall ' between 85 and oo percent of the entire 
system cost. While it is likely that tile c.ist of' nodules will 
cointiitue to decline (thouih nioit as rapidly as has been iforc
cast frtit i 1)77 to0 I8),5). it is inprobable that 1OS costs 
will droi[p conparably. While there will be certain econo
ittics of scale as the iutibet of inits Itt.antif'atrclde in

cteases. IB()S costs are spread over array strtiCttires, PMIilPS, 
nllott'sls, ad coritrols. The lecillitlogN- ft,0r tnniflactlriitg 

these devices is ittw relatively niaturc. nild it is unlikely that 
costs tof these ctllpoloiIts willidrop significantly. Since the 
cost of the 1)S is a small fractitn ttf the overall sy'stem 
ctist, iiiOdCrte'C lecCiasCs ill 130S Ctosts Will have little effect 
ott svstell IfC. 

'[he iost obvititIs cost ctisilcratitl IOr any irrigatioil 
sciciCie is thll its aititlalizCd cost shotild itot be greatef lll 
the itt'rementntal beitlits that the fitimer can reasonably cx
p)ct I'ltll Cach growing seasoti ats i restilt ol the invcstment 
in itri-atio equimient. Sincce these benefits arc igl site
and crtp-specific. adt since the valie of' water is indepemi
del of the eqiipnintt Uised to SUplly it. oIIly the rlative 
costs tOfStipplVile a gilit ailtolmlit of water at several differ 
cil tIPU1ttiitg ]eads areV calctila.ltdL heC. In Table I lie rle ak
down if costs is civcit Itr0three SvSlCis: diesel, windtmill, 
atnd PV. A graph of the effective water cost is shown ili 
Fig. 2. A detailtI breakdown o all ctosts and assunmptitos is 
available froiln the athlors. 

The costs ctisidered ill this analysis do not iinclude the 
costs of1 well drilling Or develtopuent, the water distribution 



Table 1.Cost analysis of'three irrigation pumping systems. 

Total puliting head (meters) 
Amortization period years) 
I1tunp/motor lifetime(y'cars) 
I)iscoutnt rate (percent) 

Costs: 
Ititial capital ost 
Shipping 

Installation 


Iotal linJtial cost 

Annual O&Nt costs 

NPV olreplacenient-parts costs 
L.ife-cyCle :o*,t 

Ilcnle(its: 
Water pumped per year 1m) 

,Value ofoutput w $1.1115


NPVtiflencli stream 

I:I'ft\'e COc ,,(lSr$ l 

li ienilclst ratio 

Ihotovoltaic Ptump 

5 1n 15 20 5 
20 20 20 20 20 
7 7 7 7 2 
I1 10 0 10 10 

$24,2001 $24.200 $24,2001 $24,200 $12.5001 
1,200 1.200) 1.2(1( 1.20{0 2.50(1 
700 700 700 700 1.MX 

$26,11)) $ 100 S2, 11) S2 $16,000$26.100 


$10 $10, $010 $100 .S4110 
$2.3,X $2.368 S2,36S $2,36x $2.216 
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system, or slorage tanks. System conponents Iltat are cotm-
ttot 	to all tile It was assu,med that vil-systems are otnitted. 
lage drinking-water supply over the entirL year would be 
supliiCd by the irrigation puiIp, an1d the benelits inclttde 
this. All the example systents suplply approxitnately tile 
Sit amOnt of water at tle indicated head. The costs ofme 
this example cotparison are actual costs for systems in tile 
Yemen Arab Repu blic McGtivantnd Cassain. ,0)85). It 
i old be borne inmind that YlmemII has stme of the highest 

solar-radiation levels in tile world. The \\indmill is a,Ken-
yan Kijito (with ati assumed average \%i.td speed of' 3.5 
II's '). and the PV is a veruical turbine centrifutgal with a 
IDC mtor'. The diesel is standard CqoipIteitl. Assumptions 
of I'eclconsoi p1ion and n ainte iialce schedules are start
datd. From the table and graph it is clear that I'V is coli-
petitive with dieseI for the conditions of 1%w head at low0 
and high solar radiation assuted intlhisexample. Varying 

the assunption s certainly has sotte effect on the relative
 
ranking, but the point is that the cost of the systeIls exam

is quite shtnilar utider the current costs. As the cost of
 
diesel fuel rises (as it surely will in the long term) and the
 

o1l[3V cotiInoS to drop. the comnparisoti can only be
come more l'avorable to PV and windmills. 

ic-Cost Considerations 

Ecolonic alalvses attempt to place t 'true" valtte on \'ari
cost components, which is not neccssarily) what these
 
w\ould be in the marketplace. They atlt))pt to LIItanti y


h real costs to tileaatiolial econolV aIsli cost of gov

erinerit subsidies (hidden or otherwise)h anomlalies if) the 
marketplace, imbalances it) exchange rates, and scarcity in
tile fforeign exchange. IllYellel, ltr instance.avtiilability ot 


diesel price isaout O27 per liter. Given current
 

world prices for crtde oil of albott S2() per barrel and allow
ing $o.12 per liter for refining and transporlation costs, tile 
price of diesel should be $o.30 per liter. Thus there is a sub
sidy of aipproximately ill percent of the real cost. Iitrtiaty 
areas this subsidy is mucn greater. This would not matter tot 
consumners but should be taken into account by government 
planners whot are concerned about the scarcity of lore ign 
exchange, much of which is caused by importation of lossil 
foelI. Sitil arly, depCIdence n feI soupplies from politicallyne 
volatile areas, centralized electrical grids of varying re
liability. and uncertain future costs o fielimost be consid
cred when planners are making policy choices that will af
fect the lonL-terto economic and social goals of a cotntry. 

Ilicy Issues 
To'o address fle cost issue, several countries are initiating 
local itult,factluring of sonte or all of. tile components f'or 
IN systems. Charge controllers are being mnanoufactured in 
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Botswana. PV irrigation systems, including everything 
from PV mnodule ; to batteries to controllers to small DC-
driven jack pumps are being manufactured and used in India 
with the help of extensive government subsidies, 

Since the principal obstacle to the widespread use of PV 
for small-scale irrigation is the initial capital cost (not the 
LCC), it will be necessary to overcome the lack of aware-
ness of most farmers, governments, and financing institu-
tions of the long-term benefits of this promising technology, 
Many people are simply unaware of its existence or view it 
as a totally experimental technology that is many years 
away from commercial availability. if LDCs wish to take ad-
vantage of the savings in the recurrent costs of energy for 
water pumping and reduce their ever-increasing export of 
precious foreign exchange, some method of financing the 
purchase of PV pumps ir'st be developed. 

In rare instances (in the Yemen Arab Republic, for cx-
ample) there is sufficient rural liquidity and willingness 
to try new technologies that a public-awareness program 
would probably be sufficient to disseminate the technology. 
In most countries, however, individual farmers are unlikely 
to have sufficient assets or be wil!ing to invest such large 
anlounts ofcash on unfamiliar equipment such as PV pumps. 
Thus in most situations it would bc necessary for govern-
nlents, PV Manufacturers, or perhaps agricult ural coopera-
tives to provide financing, given present PV costs. laving 
limited access to or experience with long-term capit:al finan-
cing, Third World fartmers would expect very short p,,yback 
periods and implicitly high discount rates. Convincing po-tential consumers of te reasonableness of balancing higg hgh 
initial costs with reduction of lotng-ternm recurrent costs 
would require a carefully plancd public-awareness pro-
gram, perhaps through existing government agriculturzal ex-
tension programs. A positive government perspective, evi-
denccd by allowing PVs to (foality for favorable import 
tariff rates, would have atconsiderable effect oi the rate of 
dissemination of the technology. 

RECOMMEINDIATIONS FOR PV APPLICATIONS
 
IN IRRIGATION
 

Field research programs in small-scale PV irrigation are 
tinder way in several countries, and one major study, funded 

by the World Bank, covering first-generation PV pumps has 
already been published (Halcrow and IT Power, 1983). 
Comparisons of the economic and technical p:rformance of 
diesel, wind, and PV systems are going on in Africa, south
east Asia, India, and Central America (McGowan and Ash
worth, 1984). Engineers, economists, and water-resource 
special sts should take advantage of the results of these tests 
to make decisions about allocation., of financial resources 
for the development of' small-scale low-head remote-site ir
rigated agriculture. Photovoltaics have an important role to 
play in this development, which can be implemented by 
government policy decisions that carefully weigh the advan
tages and liabilities connected with the range of available 
pumping technologies and that take inio account the true 
costs associated with the widespread use of each. 
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47. WORLDWIDE VIEW OF IRRIGATION TECHNOLOGY 
DEVELOPMENT 

Jack Keller, Departnent of Agricultural and Irrigation Engineering, Utah State University. Logan, Utah 

ABSTRACT 

Considerations related to irrigation development in both the in-
dustrial and the Third World countries are discussed. The need for 
more clearly defining and dealing with tile objective Ior developing
irrigation projects (i.e., for commercial production, for socio-
political, and/or for geopolitical reasons) isstressed. An outline of 
the various irrigation application system options is given,, along
with adiscussion of the advantages of modern irrigation technolo
gies and Ihe pluning options for selecting appropriate technolo-
gi's The framcwvork related to managing traditionalI large-scale ir
rigation systems serving small farmers. which requires managi g
the government's ma1in system, the farm cornmmu inity's iniddle sys-
ten, and the farmer's individual application system, is presented.
And linally, some thoughts on using modern irrigation technolo-
gies to solve some of the mMagenrent and start-up problems asso-
ciated with traditional irrigation systems are presented. 

INTROI)UCTION 
Irrigation has been considered mainly as a means to 

bridge annual drought periods and to water desert lands. 
Since variability in weather and climate is becoming an it-
creasingly important factor inlluencing national and re-
gional food situations, it is recognized that extending the 
area with an assured water supply has become particularly 
urgent. Through modern tuchnology, irrigaton can stabilize 
and increase agricultural production and employment op-
portunities for the rural poor so they can partake of the in-
creased production. But irrigation call do tnore it permits
optimum utilization of fertilizers, the introduction of highly 
responsive seeds, and advanced tillage techniques and prac
tices. The lack of an assured water supply has been one of 
the main bottlenecks in the successful introduction of high-
yielding varieties. Irrigation thus has become an input of 
agricultural product ion-where natural conditions un-are 
favorable, the most important one. Investment ill irrigation
work must, therefore, be regarded as basic to aricultutral 
development and, consequenutly, to hring-term goals for so-
cial and economic development. 

From a worldwide perspective, irrigation development is 
progressing along numerous pa'hs throughout industrial and 
Third World countries. Irrigation development is, in a sense, 
like an organic process, continutdly evolving from whatever 
state it is on along a path of'events consistent with the whole 
environment. The socioeconomic aspects of a system or 
project's environment !~r' as important as the physical as-
pects, yet they are less well understood. In fact, it is tile in-

sensitive '.rans,-r of irrigation technologies from one farm 
to another, or. more important, from one region or country 
to another, without adequate consideration of the socioeco
nomic aspects that has led to agreat many disappointments.
Obviously, careful consideration must also be given to the 
physical and biological site conditions in arriving at good
irr.gation designs and management practices, btt this isnot 
suficient in itself. 

Industrial Countries 

The thrust of irrigation development in the industrial coun
tries is concentrated mostly oni techniques that Will sys
temize management decisions, reduce labor inputs, and 
provide tiore precise and timely water applications. Tie so
cioeconomic factors driving the evolutionary process ire 
the need (desire) to reduce labor, management, and resource 

input expenses while at the same time increasing agricul
tural output.

The new irrigation application machines and new tech
niques and control systems that are evolving for managing,
conveying, and applying water achieve these goals. They
provide automation, which reduces both mnagement and 
labor input needs while delivering precise and timely appli
cations of water. 'The consumption of resources is reduced 
by designing to minimize energy input and providing uni
forti and optimally scheduled irrigations to minimize water 
and fertilizer losses. Furthermore, with optimum applica
tions of water, crop production per unit of land atca is well 
as per unit of water is significantly improved. 

Third World Countries 
The thrust of irrigation development activities in the Third 
World couintries is concentrated mostly on increasing the ir
rigation potential by investments in new infrastructure, and 
more recently, oni improving the utilization of the existing
and new potentials created. For the most part, in the public 
sector the system or project design standards and concepts 
are too similar to what has been utilized (often with disap
pointing results) in tile past. Ilowever, some significantchanges in both the design standards and the variations in 
the conveyance and application technologies are being tried. 
Furthermore, some limited attention is being given to de
signing public systems to Make them more manageable. On 
tile other hand, where crop returns are high, Third World 
private developers often are relatively quick in developing
groundwater resources and in selecting and adopting new ir
rigation technologies that appear promising. 

'['le real problem witi underutilization of the irrigation 
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potential created by public systems has now been broadly
recognized and is the subject of much study. Where farm 
units are fragmented and small, the outlets on public canal 
systems are typically sized to serve rather large groups of 
f'armers. The f'armers are expected to organize and partici-
pate in maintaining and managing the delivery of water 
from the public outlet to the individual landholdings. Ten to 
fiftecn years ago this f'armer participation aspect was essen-
tially ignored. When the shortcoming was discovered and 
revealed, the true nmltidisciplinary nature of irrivation de-
velopment was broadly accepted. More and more attention 
is now being given to farmer particilation, but this in itself 
is not suflicient to overcome Underitilization. 

The most recent blind spot to be revealed in the manage-
ment of canal irrigation systemirs is that of "ma ii system 
management" to enstire reliable and timely deliveries of 
water to the public outlets. This, coupled with an emphasis 
on organized, as well as individual,I'iarmer participation ill 
systeii operation and iiranageCnllt, holds the proiiiiSe Of' 
significantly i inproving tile Utilization of public pro jects 
wlierever the microcconomic and Licrocivironmental con-
ditions arc favorable. These arc some pre liminary signs that 
attention is now being directed to designing new systcms
and miodernizing existing ones to frcilitatc belter main sys-
tern manageiient. I lowe\cr, this trend is still ill an cmiibry-
onic stage. 

l Svendscii ( i985) points out that there is increasing con-
cern with the high cost of new projects bascd on reservoirs 
and traditional surface irrigatio ,ystcii develotpment . le 
also notes that the benelits derived from the high-cost sys-
teis have bccn disappointing in too riiny cases, and goes 
on to say that ill view of this tihere is increasing interest ill 
small-scale and C iiin;iiiuiity-operated systt ins. This interest 
is ba,,d on tilie realization that such systems are less ian-
ageilient intensive (frol the government's point of view), 
qutrick yielding, anl less costly to construct Or iin prove. It 
also reflects tile recognitiori diat there is a wealth of positive 
experience with such systes in Asia and Latin Anicrica.N 

i)EVE.OPMEINT OIICTIVElS 

Ani initial lotk t tile subject of irrigation dcvelopineit 
makes it apparent tfat iany irrigation proflects are dev, I-
oped and Icsigned ini tile absenec of i clear concept of the 
obijective. I can sec t forthree somiewhat different vbjcctivys 
developing an irrigation project. lhese arc: for commerciala 
piroduction, for sociopolitical, and/or for geopolitical rea-
sons. A commercial proiduction obijectivecrfer,, to a project 
where tire principal purpoise is to prIOLicc forod :nil fiber for 
mnarkets. A social benefit objective rcfers to a project that is 
directed principally at improving lie well-being of' a large
number of' farmers with small landholdings. fly geopolitical 
I refer to projects that arc initiated for security Or iuirely po-
liticaI reasons ratliei than for either of the a ove rJiroscs. 

Obviously, Most projects cOIntIiI eli Sents Ifll three Ob-
jectivcs. Iowcver, it appears rSCefulI to delineate the main 
thrust of tile objcCtivc at the rtrtsct sti that it cail be Oi-
timized, rather tIhan to nmake ll pro jects appca r to lie corn-
mercially oriented using standard benefit/cost analysis tech-
niques. Clearly, for commercial projects a relatively high 

discount rate is appropriate. However, for sociopolitical 
projects, directed essentially to providing social benefits to 
peasant armers and landless laborers, a much lower dis
count rate may be in order. On the other hand, a geopolitical 
project that isdeveloped for security reasons is an undertak
ing similar to a military operation, in which the economic 
benelit/cost analysis is inappropriate. 

The above does not imply that a project with a principal 
objective of social benuLfits should not be productive and, in 
t sense, economically feasible. However, at the beginning
of the project the principal interests might be institution 
building and improving the well-being of the local popula
tion. with the commercial economic benefits being delayed
until these have taken place. Thus, the project might be de
signed to optinize the social benefits at tile outset ill such 
a manner tfat the project's productivity Supports tile build
ing of nCdcd institutions. For such projects, a maximum 
aiiioulnt of corn iiiiity self-ieIp aiid involvement is essen
tial. An alternative to iiSiniig reduced discount rates inight be 
to allocate a portion ol'the project cost to a subjective evalia
tion of social beniefits. This could be done in a anncr simi
lar to that used in allocating environmental hetieits within 
projects in dcvclopCd nations. 

Shiiting io the socil or geopolitical objectives shoul not 
be used as an excuse fOr careless planiing without rigorous 
technical and ecoit nimic aniialyses or a lack of attention to 
broader social, environmental, and econtomic :ocqeL.ieiices. 
if there are social or pitliticAl 'alIt's, these ought lo be ac
counted for by surrogate valfues ill tile decision process and 
the best conmicrcial project built inder thLse circuiriistances. 
The principal argume:nt here is that all projects shonld not 
be designed, itmplemented, and iniaged as though tihey are 
commercially viable. Wen tiis is done, the management 
task hecorics practicldly iiipIs silfle. Thus, tiltirmatc project 
perl'torniuirce is apt to be considerably worse than what 
iight have been achicved had more realistic appraisal tech
niiqtres hcci utilized. 

NATIURE OF IRRIGATIION SYSTEMS 
The matroily of an irrigatioi schlce iiay consist of"gi

gaiintiC daills to i inpouind anti Storc water, large pumping 
plants and extensive canal or pipe systems to distribute 
water to tile lields, and elaborate mchaized irrigiioun sys
teis tor apply tile water to the lard, or it rn ay be rucely a 
fir-iii pond and a clay jar. Blt irrig ation rcqnires an irrigator 
and tile dcclopmienUt necessary to SIulpplv water to the field 
and service tie irrigation systeini. Thus, a functioning irri
gation systcm is first a mental inage, which consists oL'the 
irrigator, his tools (i-q iiiring a al)I), endlessijtu and labor. Ai 
niiriibcr of tradC-olfs cr lie Made between nianagement, Ia
htr, capital, and energ.y inputs, ntlI, through man's inventive 
genius, inucrotus irrigation techliquesI a evolved. 

Inl con traSt to traditiOli irrigation systems, there are 
coillpetely automatic systems, where tie irrigator's job be
comes deciding when to punch the "start" and 'stop" but
fois (schedtilii tire irrigatfions), keeping energy supplied 
to tile iunp and drive systems, and servicing tile machincry 
and equilmlent. A professional service cal be employed to 
Miake the scheduiil]iig decisions, or the farmer can rely en
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tirely on moisture-sensing instruments to turn the system on 
and off. By mechanizing the system, the mental images and 
certain management skilis of the inventor, engineer, and 
technicians who designed and installed it are transferred to 
tile farmer through the irrigation hardware. Obviously, an 
irrigator with a mechanical system can handle a larger area, 
perhaps as much as 1,000 times more, than an irrigator with 
a traditional system. But when the army of people involved 
in tile nianufacture, sales, service, and energy supply net-
work for the mechanized system is included, the numerical 
contrast is much less dramatic, 

Maj oir advantages of modern systems over traditional sys-
terms include greater ,cease of management, reduced labor 
costs, less drudgery, less skill required to operate efficiently, 

nild more precise ,vater appli ation. Iu rtlierimore, mechl-
nized systems can be made to operate effectively in sandy
an'] hilly lands that are impractical to irrigate by traditionIal 
methods. Thus, through innovative irrigation tools, we are 
able t expand our ca pac i ty t prod lice 1od a'il. ifithe iest 
of the farming is done usin, traditiona iil ehods, to increase 
and stahili/e rurail eiliilhyiclit MpporltuinitiCs. I-or eaiiple, 
ceiiter-ti.ol sprinklers that cail pro vide daily irrigations 
have reduced the leCt 1lW the soil to, hold Water ind have 
inmade tile "aid hills iftlhe (,.S. Midwest intoiaai iajor lieiz 
producing region, and tric kle irrigation, which can he Lised 
oni alimost aily terrain, has iiade the 50 to 6o percenlt niioin-
lain slopes il Sail Diego CoLuiity. Calilorilia. into prillie aVo-
cadio-gri iwing areas. 

The iodern irrigatii ii applications have their disadvail-
lages, especially ill Third World Co untries. 'lhcy requtiire 
enc rgy lo r piiiipiig all d S ial siUpp ort systells m provide 
repair parts and inechaniical services, is wc I as fuel aind off-
larill nlainlenanc'c fIiciilies. While ilhe fariiis who utiilize 
iluIv iot need inlitch specific trainiill to mniaage and operate 

them, the technicians providing the sippiIrt ser''ices do iieed 
special training . 1-iurlicrnlore, tile f'il., repair, aind ili:linlte-
iae iCcrequired to operate imoiidern Vslyll, cii.(st illlloney: thus, 
tle farlnelS iii List be iivl lved ill a cash ecoinoy o r be con-
tinti itisly proyvided with foel and iechanical services ti 
public ixpense. 

Il conirast tio lloderii systeis, traditional systeis can 0C 
Constiructed, or at least iiiaiiiaiicd. Wvii thie iiiigenll i, 
capacity of Third World Coilinitics. Coinnierc'ializationi 
is not needed, filfor once public resouirce tran.fcrs have beemi 
made to construct the sysemn it cail he Maiitainied with little 
ir not oiL:;ide inpti. 

One point worth noting is tIhi a11a1out1 oie-t lirid o1 tlie 
woirld's irrigafion iiUiSt depend oil viter pliiiped frioniii wells, 
rivers, tanks, aid canials. Where ill eigiie- oi"mioltir-dlriven 
puLp is employed the systcni lha, the disadvantages of rimid-
ern irrigatioii, even if traditional lechniques are used to 
dis ribtlte and apply the water to the fielils. Thus, where 
punlipsets are einpluycd it becoles a relatively iilinor dlep to 
utilize modern watr distributiioi arid applicaionl tech-
niiues, especially for uplaid crops. 

The hiiglier the relative vailie o f irrigation water in terlls 
of net added crop vaItie per unit of waler, or the highertlie 
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water supply development costs or pumping lift, the greater
the cost incentive to utilize modern irrigation systems. This 
is especially important in view of the rising awareness of the 
difliculties in developing irrigation projects and achieving
cost-effective operation using traditional systems. Some 
advantages of using these new systems are: tile speed of de
velopmlent, which produces quicker returns; the relatively 
simple training needs for "controlled' irrigation, because 
the systems have what is often called "built-in manage
ment"; and the elegant simplicity of both the systems tlieii
selves and the new infrastrtcture needed. 

By utilizing modern irrigation techniques, tile eflici
ency of water deliveries to the crop root zone can often be 
doubled. Feor example. a recc.:t diagnostic analysis of tradi
tionaJ irrigation systems tiilizing srl-faCe irrigation and till
lineu :ertiary and field channels in Egypt (EWUM P, 1984) 
and Pakistan (Clyma el al., 198 1 ) indicates thaf typical over
all "on-farm" irrigation efficiencies are in tile neighborhood 
of 20 to 50 TereeltThese low overall efficiencies result from 
the combined series of eflicieincies, ranging frolli 55 to 85 
prcent in the tertiary canals (watercourses serving groups 
of' larms) and 8o to 90 peeent in the field channels between 
the tertiary canals and farm fields, along with lield applica
tion e liciencies firoin 3(0 to 8o perceiit, depending on tile 
degree of Lider- or overirrigation, aind preparation, and 
Atil conditions. Wilh niodern irrigation using piped distri

bution s.ysteis, the tertiary conveyance losses ire nil, and 
potential on -farii efficiencies raiinge frOiii 70 to 90 perceit. 

In addition to tile imlproved overall efficienc with lie 
mianageminent hiuilt into mlodern irrigation systenis giving 
rise to iore tiniel) and accurateliy contro!ed applications,
 
tle yield per unit of water received by tlie crop can he iun
proved coilsiderably (perhaps by 50 percent). For exaniple,
-
in the traditional systenis of northwe:t India anid Pakistan, 
rolational deliveries are often schduiled at wo-week (or
Inorier) initorvals, which is not frequent eii !.igh for- optiliilill 
prodicti on of' iiloSt _ips. Oi tlie other hand, a niodern sys
tell such is a1Ceitel, piv it coul d he cOnve nieitly scheduled to 
apply irrigaliins daily, or as frcjuenii tly as needed for op
[ii iuiLil produl it'i . Tlics', two factors 01' iliproVed sChedul
iiig, efficiency and appticaion uniforniity coibine to give a 
tot ai increase ill pr ditiviy Of perhaps 300 perlc'2nit froiii a 
given inivestimient in water supply capacitv. 

Typically, \valci resource developmeiit costs range from 
$i .i i to $ o i i . Me receitly CoistrLctedt S ncr hectare for 
aind/or planned irrigation proiJects eipl1 oyiig traditional 
Stilrface irrigat ioii. The added cost of replacing a traditional 
sySteli with a iechanicai application systemil for upland 
crops ranges front S510o 500Per5i heectare (Keller et al., 
1981; Keller. 1985). Therefore, irrigaliii prI'eCts Litilizing
modern irrigation technlologies having a 2:1 efficiency ad
vantage over traditional tipland surfac-e irrigation ssteiis 
imay be considerably less expensive per unit of land ir
rigated. For example. assLiie ai water resoLUCce develop
rli'nl cost Of "3.13000 per lectare for i traditional systeni. If 
I I !)T I Ocener-pi'l costing .1 per hectare were titiS.Slellislized to irrigate twice as iutch area 'vitli dIe s ne water 
supply, le totIal VeeIpnlrent cist would lie reidiced tIo 
$2.50i per hectare. Iurtieriiiore , with twice as imLch larid 

PL 
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irrigated, agricultural production as well as employment
would also be doubled. 

Planning Options 
It is this phenomenal increase in realized production poten-
tial, along with rapid fiul! utilization of irrigation water re-
source investments and the possibility of even lowering 
investment costs per unit of irrigated land, that makes ilod-
ern irrigation technologies attractive despite tie relatively 
high equipment cost and complexity. A principal dilemma 
in the strategy for improving the performance of irrigated 
agriculture by utilizing modern technologies in developing 
countries is the apparent inconipatability of those technolo-
gies with the management skills and lack of conmercializa-
tion associated with tie small farm sizes and the diversifica-
tion of agriculture so importanit to the small landholders, 
Our chIlenge is: [ low can we creatively take advantage of 
the cc ,,nomies and benefits of modern (and perhaps large-
scale) irrigation delivery and application systems while pre-
serving the vitality and hiiin ,n-iiiiti ative adViitalgcs of 
small-scale, traditional irrigation farming enterprises? 

A partial list of' modern irrigation technologies iclI ude s 
hose basin, gated pipe surge flow furrow, and precision-
leveled border or basin irrigation systems; hose-fed, hand-
move lateral, plerioilic-riiechanical-iiiove latcral, and con-
tinuous-raoviIIg center pivot sprinkle irrigation systems: 
and point-and-line source trickle irrigation systems. 

T'heoretically, most of these systems (except the mechaii-
cal-move and center-pivot sprinkler systems) are divisible 
and can be designed for practically any size or shape of 
field. But since all the systems tilize piped- or lined-
channel distribution net works, their economic practicality 
and effectiveness are considerably reduced where large-
scale water supplies serve many individual small landhold-
ings. Oil the other hand, pipe- and hosc-fCd surface, sprin-
kle, and trickle syteiis are particularly attractive where 
both tie water Supp!y and tie field tolbe served are small-
scale-for example. t to mo l..s'water supplies serving 
(.2- to 2-ha farm units. 

Some interesting planning arid design options for using 
modern irrigation technologies in Third World developing 
countries were suIaIIIIIlrizeI by Keller ( 1985) as follows: 
1.Large-s'alemoder, irrigation with hirge-scale.f,',Ms. 

Fields of 20 to 50 ha or more must be developed where both 
large-scal ,niodern irrigatoi (such ais center-pivot arid surge 
flow) aind large-scale farming are to be ltilized . Thus,Lill-
populated areas such a tile deserts of' tile Middle Fast inust 
be selected for developmet, or existing small holdings must 
be consolidated into large cooperative units. Furthermore, 
state or cooperative management structures are needed to 
carry out large-scale operations. But such enterprises typi-
cally fail because of the 'state larm ieitality" or the short-
comings of the "law of the conminors.' unless there is slrong 
(aind often expatriate) inanagcient along with sufficient ill-
centive . Furthermore. the people (farmers) usually resist 
consolidation to tile point of its beinrig p0oliticilly Untenable 
unless tlie land is already o1wned by the state. 

2. Random small-sc'ale modern irrigation with smlll-
scale farming. Small-scale modern irrigation systems such 

as hose-fed sprinkle and trickle can b, designed to fit ran
doma existing boundaries asm,!iated with small landhold
ings. This allows farm boundarics and most farm practices
to remain traditional, lowever, such systems require very 
complex pipe networks to distribute the water to each plot 
and are very costly and complicated to operate and maintain 
except where the water supplies are also very small, as in 
the case of' shallow tubewells, dug wells, and small springs. 

3. ('onsolidhtted sinai/-scale Modern irrigation with 
small-scahrming. Unpopulated lands can be settled or 
random small holdings can be consolidated and distributed 
to give farmers small rectangular plots complete with miod
ern irrigation systems such as h;and-move lateral sprinkler 
and trickle. This has been done in order to maintain the 
fully independent nature of tile irrigation systemson-farm 
oil small holdings (as ill Option 2 above) while at the same 
time reducing irrigation development costs and manage
ment difficulties by simplifying the pipe network required to 
deliver water. Rightfully, farriiers often resist consolidating, 
for they feel they get "'cheited"by losing good land and/or 
diversity (which gives them a degree of insurance over coi
plctc catastrophe) to gain relatively uniform (and usually 
smaller) rectangular plots of land. Even with such land re
alignment, serving individual small rectangular llots isquite 
expensive, and recent experience in Morocco and Jordan 
with the overall productivity and manageability of such 
schemes has been somewhat disappointing. Furthermore, 
the operation and maintenance of the distribution system
(arnd even the on-farm components) often remain the re
spiisibility of the irrigation department. 

4. larg,-scale modern irrigation with ranldom small
scah' fl, ming. One cost-effective way to achieve this would 
be to install large center-pivot sprinklers (4Oto 8o ha) on all 
land falling under aI irrigation scheme arid to provide 
timely irrigation as a service to the farmers, rather than 
oily to suPply a source of irripation water for tieii to apply. 
Such a development sclieie might be refer-.'I to as "con
trolled rain." But there aire questions concerning the prat
ticality of such a sceiere: 

* Ilow Can this be practical? The'\,arilus crops and lields don't 
allnced wrater on ile sanic siedtlc. 
•What about farm fields lyiiig outside of IV :ircular irrigated 

areas. 
[low can f'arrners diversify or raise rice? 

•Who would operate and maintain rlie systelis?
 
IlHaven't
large piublic wells been a failure'. So. why won't tl'e 
same types of' iablinot M'ur wiiita corier-pivot scheie? 

Option Seletior 
To take full advantage of' large-scale modern sy.iteiis such 
as center-pivots. either Option I or (htnioii 4 is most appro
priate from the engineering point C,e either beview. But can 

iade to work? ,Vith small-scale iiiodern systems (such as 
trickle, hand-movc sprinklers. and piped surface syste iis) 
all options may be feasible, but Option 3 is undoubtedly the 
riiost praticalI for large-scale water supplies, anrid Options 2 
aind 3 are nMost suitable for sniiialI-seale supplies. 

For the rlmost part, tile recent extensive irrigation develop
iert projects inSaudi Arabia have been accoml'lshed 
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using center pivots and Option 1. Most of the systems have very important role in irrigation development. In many
been installed in arid areas that have not been farned pre- situations the surface water lost to seepage and deep perviously; therefore, land consolidation has not been neces- colation recharges the groundwater stored in shallow 'iqui
sary. Furthermore, since labor is scarce in such regions, fers. Individual farmers and/or groups of farmers can con
there is incentive to utilize mechanized large-scale farming struct wells and pump water when they need it, provided thepractices. necessary fuel is available. Thus, the aquifer serves as both

Essentially all of the almost 6 million ha of center-pivot- an auxiliary water conveyance and a storage system. The
irrigated land throughout the world is irrigated and f rried stored groundwater provides the farmers with a standby irunder Option i . In most of the more developed countries rigation water supply that is independent of the vagarieswhere center pivots are used, the individual farms are rela- of Surface water deliveries. Furthermore, the groundwater
tively large (50 ha or more) and are either privately or state affords an important means for proviL;ng more equitable
owned and farnied. As far as I know, Option 4, using center distribution of project benefits between he~d enders and tail
pivots with random small-scale traditional farming, has not enders. 
been tried. I have heard, however that onc surplus pivot 
systems from Libya ,ire being given to Nicaragu, frfoanagement
sible use, as in Option 4. 

One note of caution, which was alluded to earlier, is in 
order where modern irrigation technologies, which require
fuel and other purchased inputs to maintain the systems, are 

being contemplated. That is that the implementation of such 

projects must be contingent oil the development of a market 

(or commercial) economy with adequate prolitability, so 

that farmers can purchase the needed inputs plus reliable 

physical and technical services for maintaining tie systems 

and supplying the needed inputs. 


TRAI)ITiONAIL SYSTEMS 

In large traditional canal irrigation systems with many
small (ip to 2 ha) farn units, it is very expensive and coin-
plex to have a burelucracy and water delivery network that 
can deaf effectively with cach farner. Thus, farniers are in-
duced to organize into groups so that they can deal colec-
tively vith the niain systeminiaagce rue nt . and tile niain sys-
tern iianageient, in turn, needs to deaa with only relatively
few collective groups. 

Traditional systems servicing small laidioldings arc 
easiest to operatc id seeri to work fest for paddy rice irri-
gltion. This is because in large flooded paddy areas a con-
sideNIbIc ariouit of paddy-to-paddy dist ritintion of water is 
practical, and tile nI.cd for sMaIf distribution chalnnels serv-
ing individ ual Ianiidlhiol dinrgs is rdUced. Furthermore, where 
stanrding water is maintained, the nced for precise Iand level-
ing is eliminated. 

One of the principal concerns of ftarmers is the reliability
of tile water supply (Chanibers, i )2). Without a reliable 
system, farmers view irrigaition more or less the same as 
natural rainfall and act accordingly. They arc reluctant to 
level their land for tradilional irrig ition or add the othei 
high-cost inputs thfat are necessa rv to obtaii tlie benefits 
needed to justif) irrigation development. So. too o(ften the 
water that is delivered Ii iii it \';evlue to the fairic-1ers* arid 
they spend little effort in utilizing it efficicntly. Such sys-
teris increase neither production nor cini loyulnt ppor-
tutiities to any significant degree. Moreover, equitable water 
allocations are achieved omly within well-ianaged systeins, 
With inade,.luate iuianiagemruenit. "head end" farriuers take i 
disproportion ate share of water, leaving scarce and tiuprc-
dictable supplies for "tail nders." 

Conjunctive usC of surface water and groundwater plays a 

There are three potential management levels in traditional 
irrigation systems: the ma:n system, the "middle system," 
and the farmer system. Typicaliy, in the United States the 
farm systems are so large they encompass what might be 
called the "middle system." That is, water is delivered di
rectly frot the main system to the individual farmer's hold
ing. In fact, the main system typically delivers water to sev
eral outlets serving a given farmer's contiguous holdings.
Thus, tlie i1,ia in systeii actu ally forms part of the on- farm 
irrigation infrastructure. and there is only oie management 
intcrface-that between the farmer and tile main system.Furthcrrnore, there are relatively few farm systems; thus, ihe 
main system needs to communicate with only a few users. 

On projects involving main systems in developing coun
tries, where tile farri sizes are small. there is a need for 
nmanagement of middle system. T his is because the bureau
cracy operating the main systei can hardly be expected to 
conuilnuicate and deal with all tihe farmers. The best solution 
to this problem is for the farrners themselves to organize into 
groups so that the iiaini system managers can communicate 
with groups of farmers. This gives tile farmers access to 
local miariagenient and allows the main-system rianagers to 
deal with relatively fev largc-system subsets. 

Growing attention is being giveii to "main-system nanage
iient" (MSM), which combines coiiiu ter-assisted mil

age irent techniques arid improved water control structures 
and mechanisms. "There has been a recognition of tie fact 
thut NISM and what we have called "on -farn w:vitcr inil
agernlit' depenrd critically on each other. '[le need to :.c
celcratc the development and testing of MSM tools and to 
underst.and better the nattuc of tile crucial interplay betweci 
farmers arid s)sIcItiianiagers is als recognized.

Farer management of the iiddle systen is also iiipor
(ant from tile St. ripoint of iii irte i anice. I orexauple, iftthe 
bu reatcnICicy ope rat iig tle iiia iin systeii enrdeavors to deal 
direcly with ch fa:uer, it also overtly assures tile re
sponisiiility of maintaining the entire canal network down to 
eachi farni holding. Thus, an i, ordinatc operation and main
tenance burden is placed on tie iurelaucra-v. Without costly
subsidies, tile bureaucracy usuially fails in this area, and tile 
n iddle systemcbecomcs a no-rian's zone with diceriorated, 
incflicient tertiary watercourses. Unfortunately. it is also 
diflicult to orgailnize flarmers, and it is coi',tl y0for them to 
work together to operate and maintain this iiiddle systeiu. 
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In addition to the direct costs of operation and maintenance 
are the costs associated with organizing and with the rigid
rotational water schedules often imposed to achieve equity. 
Much of the irrigation research, training, and rehabilitation 
activity is directed at dealing with tie complexities and al-
most universal poor performance in terms of equitable water 
distribution, maintenncc, and efficiency of the middle sys-
tern (Barker et al., 198 4 ). 

For farmers to increase their water use efficiency at the 
field level in traditional irrigation systems, they must in-
crease the labor, capital, and management inputs. Thus, it 
costs them more to use water efficiently than to misuse it. 
This extra cost is not necessarily offset by additional belie-
fits from higher crop yields unless the water is in short but 
reliable, supply. Increasing the price of water actually allows 
the farmers less leeway for providing the additional on-farm 
cost of using it well. 

An Example Alternative 

Except for a fully automatd mechanical system, irrigation 
is essenti:011y a "happening." A tr, ditional system does not 
irrigate--it is merely a network of channels feeding pre-
pared fields. Iluoman enterprise does the irrigating. Further-
more, the control and allocation of tihe water to the fields 
also requires continuouls and direct In otherl hLrialn action. 
words, irrigation involves people and their 1<As. People 
provide the labor and management. Capital and ci.-rgy must 
exist to obtain hardware and energy to operate. In addition, 
for successful irrigated agricultural production other physi-
cal inputs such as seed, fertilizer, and pesticides ire re-
qu ired. These, ill turn, take additional management, labor,
capital, and energy. 

The delivery of all of, the above must come toge ther in a 
more or less optimnum mix in order to, achieve high prodtlc-
tion. The nioderni technology developnient (Option 4) liti
lizing center pivots to provide controlled rain to otherwise 
Undisturbed coiimuitiCs (if small flar'ms nlight be one 
miieans oif greatly enhancing tile probability of acct mplish-
ing this objective. Farmers wou'd continue to ctiltivate their 
existing fields with ensured fa'vorable moisture conlitions 
and could concentrate their efforts on opltitiizin prodtLeC-
tion and income. They vmiod be relieved of organrzing and 
corln Pctinrg I'or their individual irrigation supply anrd tle 
very difficult task of effectively using it. h'rigltior bureau-
cracics could coIceCnit rate on tile proven -irdcost-elfectivc 
iridusi rial-type process of operating center-pivot projects to 
deliver controllIed raiii to coIrii ntiities of falllrre rs. Opcia-
tion ind maintenance of the center pivots cold', L_ handled 
by the irrig ition authorities, farmer groups, or privaic op-
eration companies. 

Option 4 P-'sernts intriguing possibilities riot only for 
doubling or t • i tripling prodit ixity per Unit o1' water de-
velopd but also for increasing cmiployient ofpportLnities, 
especially for the lanlIcss arid very small landholdcrs. 13y 
combining modern irrigation with traditionil farming riciot-
ods, labor requiremenits xxill increase along with produc-
tior. Furthermore, highCr--Value, more labor-intensive crops 
can be grown With liiited but miore precisely applied irriga-
(ion. Thus, noderni irrigation applied in Third World devel-

oping countries not only may provide an important means 
for improving food production but also increases the er
ployment opportunities for the rural poor so they can par
take of the increased production. 

Obviously, irrigation developments utilizing center pivots 
to provide controlled rain will eliminate many management 
and operation difficulties. These include difficulties related 
to the following: the interface between the main and middle 
systems, collective farmer operation of the middle system, 
communication between farmers and the irrigation supply, 
efficient conveyance of' water from tile main system to the 
field, cfficient water allocation in the fields, and equitable
(uniform) distribution to all plots. With a center-pivot 
project, the irrigation bureaucracy's responsibility would be 
to supply controlled rain uniformly and efficiently over the 
entire irrigation command area. Controlled rain would 
be scheduled to meet averge crop water rcluirernents, and 
the individual farmers could concentrate their efforts onoptinizin_ production. This ,hould be quite workable, 
since crop water requirements are similar for broad ranges 
of crops. 

Admittedly, some flexibihity Would be lost in terms of 
controlling irrigation in individu If fields and the selection 
of crop mixes and planting dates, but there will still be more 
than 20 percent of the gross area lying outside the irrigated
circles. This should leave ample area for a diversity of' other 
farming and irrigation practices arnd u;es, such as rain-fed 
farming, irrigation of' alternate crops (such as trees) from 
small wells, farmsteads and h.')ousing, etc. We believe tarm
ers vill consider themselves fortunate to be within (he 
controlled-rain areas and gladly submit to farming ,thder
"ideal" rainfall conditions even with the implied restric
tions--tiat is, providing tie controlled rain is reliable and 
predictable. 

CONCLUSIONS 
\We began by noting that tile vast Iiajority of irrigation 

systeris fall short of expectations as a rsilt of poor system 
r.I riagerent. With only about half of the targeted basic irri
gation development now in place, there is ample scope for 
rehabilitating old systems Ind constructing new systems to 
make them more manageable. First, however, the public 
planning ob jectivcs of each system, be it for conlrnercial 
pr)durction. sociopolitical, anid/or g-opolitical reasons. 
must be more clearly delincd and systemimialyss and de
sign pursued accordingly. 

'Tl'e objective of tile farmers who are tile beneficiaries of 
public irrigation systems is to maximize their net benelits 
from irrigationIby maximizing the prodUcti\,it:' pcr unit of 
land. which is usually their scarce resource. Fo! arn individ
ual farmer, water rnay not be his scarce resource unless it is 
raitioned, allocated, and distribut, d eqii bx'. Therefore. lie 
is riot usually conctrncd about water use efficiency or fair 
and ClUitablc (listIribUtion of water to other farmers, al
though tlese are ilie typical operational objt-cti\xes for pub
lie irrication systems. This dichotomy between the opera
tionial objectives arin the private beneficiaries of public 
irrigation systems is tile root of miniy problciis in inaniag
ing them. 



Contrary to conventional wisdom, modern high-technoi-
ogy irrigation techniques not only are feasible but may be 
preferable methods of irrigation in a variety of circum-
stances in Third World countries for both recently commer-
cialized agriculture and traditional agriculture. There exists 
the promise of increased employment opportunities, lower 
per-unit-area irrigation development costs, lower organiza-
tional costs to be borne by small-scale cultivators, a cur-
tailed bureaucratic system, increased flexibility for farmers 
to respond to market prices, and even decreased comp':ti-
tion between cultivators for limited water supplies. Quite 
possibly center-pivot irrigation systems, with their elegant 
and cost-effective simplicity, or other modern irrigation 
techniques may be found at the forefront of the charge to 
develop irrigated -igriculture around the globe. 
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ABSTRACT 

Irrigation technology has a major impact on water resource use 
since irrigation is the major user of water. Current irrigation tech-
nology practices, trends in technology adoption, and research di-
rections are discussed. Sprinkler and trickle systems can achieve 
higher efficiencies than surface systems, primarily because the ir-
rigator caln more easily control the delivery of' water to tile crop.The actual irrigation efliciency is affected as nu.ch by scheduling
and management as by the delivery systenm.The i)ublic perceives 
that if irrigation ei'liciencics were increased we would havC Sub-
slant ial additional available water. This is a misconception, since 
most of the water lost to stil'ace rtnoff and deep percolation is 
available and often appropriated by downstream users. The major
benelit of developing and improving irrigaltitm techology is to ill-
crease production, improve net retirns, decrease water (quiality
degradation, and to a limited extent make more water available for 
other uses. 

IRRIGATION T!CIIN()I()(;Y 

Irrigation technology has been pri..' 'ed around tile 
world for several thousand years, inluu.:., n tihe American 
Southwest since long before it became tile United States. 
Many of the irrigation projects and systems currently oper-
ated in the United States began in tile mid-i8oos. The irri-
gated area in the United States in 1984 was about 25 million 
ha ( 1984 Irrigation Survey, 1985), 15 percent of which was 
added in the last decade. The mid-70s saw a more rapid
growth in irrigated area than have tile 8os. The southwest-
ern United States and the Central Plains showed a slight in-
crease in irrigated area for 1984. Small decreases occurred 
in the Southern Plains, with larger decreases in the south-
eastern United States, attributed primarily to Florida. 

Early projects werc irrigated almost exclusively by gray-
ity methods. Today, approxiniiately 36 percent of tile irri-
gated area is sprinkler irrigated ( 1984 Irrigation Survey,
1985) and of this two-thirds is irrigated by center-pivot sys-
terns. The largest concentration of center pivots is in tie 
Central Plains, followed by the Southern Plains and Pacific 
Northwest. Trickle irrigation, a newer technology, irrigates
approximately 2.7 percent of tile area in the Southwest and 
4.9 percent in the Southeast. The major development of 
trickle irrigation systetns has occurred in the last live to I 
vears. Generally, trickle irrigation is best adapted to and 
most successfully used to produce high cash-value crops
where water is expensive. 

*Contribution froni USDA-Agricultural Research Service in coopera-
tion with Colorado State Uriverscy. 

TRENDS OF IRRIGATION DEVELOI MENT 

The first irrigation developed in the western United States 
was adjacent to rivers and streams. Many individual irri
gators and/or cooperatives devloped small-scale canal sys
terns which diverted water and delivered it to the irrigators'
head gates. The water, transprted in farm ditches to indi

vLdua lie ds, was then diverted to lurtows through cuts in 
the ditch bank. Tlhe major tool for irrigation larimers was 
the shovel. 

The U.S. Bureau of ReCl amation (USBR), established in 
19(2, brought about an expansion of' Ilie irrigated area by
designing ald conStrUcting dans and canals to store and 
distribute water to areas for a more seasonally stable water 
supply. Most projects were irrigated by surface gravity
nethods and developments were concentrated in the arid 
and semiarid \Vest along the lajor rivers. Many small pri
vate irrigation companies still provide water for crop pro
duction; some of them receive supplemental water front 
USBR projects. 

The Inajor iniroveme: is iti the on-l'arni irrigation system
in tile 1940s and I950s included replacement of'the "cut" ill 
tile ditch bank with siphon tube-;, use of ditch linings to pre
vent seepage losses, and burying pipeline with risers at the 
head of a field. 

Gated pipe systems, introduced in the 1950s are currently
used by many irrigators, particularly where water is pumped
from groundwater sources directly into closed conduits. 
Gated pipe can be moved from field to field to facilitate op
erations, thus reducing equipment costs, or can be installed 
as solid sets to reduce labor costs. Gated pipe improves tile 
control of tile irrigation witer and increases tile irrigation
efficiency. Application efficiencies are highly variable but 
are estimated to be an average of 50 percent for surface irri
gation systems. 

Groundwater developnent in tile Central and Southern 
plains and inthe southwestern United States, which also used 
gated pipe systenis. was the next major area for development. 

Center-pivot sprinkler systenis became popular because 
altonlatioti provided the ease of irrigating large areas (53 to 
200 ha tinder one pivot) with mininal labor inpiit. Center
pivot development began in the mid-1t96os, with rapid ex
pansion into the 1970s not only in the Southern and Central 
plains but also in the Southeast on sandy, droughty soils. 
)uring the same period, large-scale private projects were 

also developed in the Pacific Northwest with water pumped 
l'ron the Snake and Columbia rivers. Current economic
conditions, increased punping costs, and declining water 
tables are forcing some areas to revert to either dryland or 
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limited irrigation. This is particularly true in the H-ligh 
Plains, where the gioundwater tables in the O(gallala aquifer 
have dropped significantly. 

EMER(GIN(; ANI NEW TECHNOLOGY 
Rapid increases in energy costs and the continual compe-

lition for limited water resources have been the impetus for 
continuing research to develop new irrigation systems and 
improved technology, 

Surimae Irrigation 

Level basin irrigation has recently gained greater accep-
lance and adoption because of new tecliiologies for con-
structing and operating level basins. 'he cost and difficulty 
ofcoist mstiucg an1milii a illaining sucI basiiIs were prohibitive 
prior to the use of' lasrer leveling technology. Coupled with 
laser leveling was the devClpMient of reliable automation. 
I laise et al. desigii dDl)edrick and E~rie ( 1978)(1981) ane 
deionstrated the use of jack-gates to anto iiae the diver-
Sion of, large streams. The acceptance of this technology has 
been concenltrated in the soUtIestcrniJnitcd States, where 
large stream flows airc available. Itreduces labor and water 
costs. These syslems can atain irrigation cflicieicies of'o 
percent wlen properly operated.iHth chlse-glrowing and 
row crops are irrigated in level basiis, with row crops gcn-
crilly grown oii beds, 

In tile absence of' large irrigatioi streams. surface itrriga-
tion autoniation requires smaller level basins. Adaptation of 
available farm machinery makes this impractical, and slop-
ing. larger fields are more desirable. I.ascr leveling becomes 
less important and tlie use of tlie autimation devices for 
large flows is not easily tiansfcrable. Many more water coli-
trol points are required for these irrigation s.,steins, thereby 
increasing the cost VkriaLitliit liil. 

A gated pipe sytem caii be autoilated either by installing, 
at risers or infilelateral, pneuiiiatic valves, which canI be 
remotely controlled by rai or wire, or by usiiig iortable 
controllers ti reI-UlatC the distribUltion of watel. Coiiinicr-
cially available valves cani c ltrOl flOw into indiviiLual see-
Iions of gated pipe to irrigatV a Lnube1Cr Of FlurOws. Fa riier 
acceptance of this technolog. seems to be limited. The cost 
and the lack of a complete or iurnkey irrigatiin systei are 
probably deterring factors ti ailptio . Iaise et al. (1198 
developed Valves to control ile Cowxv for each fuixvrw, but 
tiicy have not becoie comniercially available and are ex-
pensive per unit area. NILiIuCof tlie system cost is inie sign
requirements that need technical expertise: thus, profits of 
hardware sales are diliiishei Sprinkler systems, oni the 
other hand, are easier to design and install, with iiiore prolit 
potential f'or systecilconpoents. 

Kemper et al. (198 1), Kincaid and Kenper (1982). and 
Goel et al. ( t982) have leveloiped aiid tested cablegatioll for 
automation of furrow irrigation systems. Cablegation is a 
unique systeni which provides fOr a cable-controlled plug to 
continually move inside a graded perfl'ratel supply pipe 
and thereby change thc set of' furrowxvs receiving water. A 
water brake controls the cable an11dplug speed. A bypass 
system also has been added to improve the uniformity of 
water applicalion aid the simplicity of controlling tile rate 

of plug movement without an external power source to con
trol the time of irrigation. A number of systems have been 
installed in several of the western states. 

Surge irrigation on graded surface irrigation systems 
(Stringham and Keller, 1979) has also attracted consider
able interest by many irrigators. The general approach is to 
introduce a niaxi mum ilonerosive stream intoi a furrow for a 
short period of tite (i.e., until water advances a quarter of 
tie ICngth of fuirrow) and then to dive 'tit into an adjacent 
set of furrows. The stream is alternated between furrow sets 
until it reaches the end of the field, at which time the stream 
is divided. Irrigation continues at one-half. the stream flow 
until all furrows in the combined sets are adequately irri
gated. Advantages include greater uniformity of application 
and reduced rinoIf. These advantages are accomplished by 
decreasing the time required for the stream to advance to the 
end of the irrigated furrow and minimizing the infiltration 
at tie upper end of the lield, thus increasing the uiiiforiity 
of' irrigation. The smaller dischaige rate or cutback stream 
for the latter part of the irrigation period reduccs tlie vol
ittle Cutback irrigation has beeni recoilof surface iunoff. 

nizedi as beneficial but Iias been labor intensive and expert
sive to iiiplceiit.
 

IndtIStry ihs rCsptonLicd to tle dCvelopiiicnut of surge teeel)
ntilogy by supplyilng a iinilber of surge controllers and 
valves which allow the irrigator to select the cycle time and 
frequency for alternating the strca i flow. In tlie Texas liigh 
Plains, where falling groiundwater tables are limiting the 
available water, the miber of surge irrigation systems cur
rently ill use exceeds I ooo. Research scientists still have 
tile
challenge ofileveloping tile recomnended frequency and 
cycle times best suilted for surge irrigation on different soil 
types aid tl0)ogralhy. The re is a Wide variability as to the 
Current reconiineidittiOlS ild practices. 

Stewart ct al. (1981 ) have developed and tested an irriga
tion system referred to as ain IT) system (limited irriga
tion-dryhild). The systeili milinilizes the cost for illping 
water and maximizes tileuse if natural precipitation. It is 
particularly adapted to low-intake soils with high water
holding capacities and where irrigation water supplies are 
insufflicient to mect tlie irrigation 'eiLiirement. It is a Furrow 
Jrrigidon systen where the inflow stream does ilot reach the 
e iild of thle furro\w. The uippIer portion olfthe field has the soil 
profile filled, while the lwew e idoLthe field is leftnonirri
gated. The system uses small furrow danis to prevent sUr
face runol. SuffLicient rainfall must be available f'or some 
iurylanid production fOr the 1Il) system to be effective. 

Sprinkler Systems 
Center-pivot systems have sprinkler heads iounited on a 
pipeline Which is suspended Oi towers, rotates about a 
pivot, and supplies water very uniformly over the field, with 
very little labor required. As energy costs increased, many 
center pivots were converted from nigh-pressure (6oo kPa) 
to low-pressure (30o kPa) impact sprinklers, or even lower 
pressure, using spray nozzles (0 5o kPa) to rcduce pumping 
costs. Conversion to low pressure results in higher applica
tion rates with reduced sprinkler pattern radii and thus in
creases tlie possibility of'runl',Miniiimumi tillage a1nd other 
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cultural practices such as furrow diking increase infiltration ity. Water is pumped back into the drain lines and refills the 
rates or provide surface storage to reduce or eliminate sUr- soil profile with water for crop production. Sandy and/or
face runoff. Researchers have demonstrated that an effective shallow soils are tilemost affected by short periods of defi
way to prevent surface runoff under center-pivot systems cit precipitation. The timing of interrupting drainage and 
is to install furrow checks or pits to capture surface water, starting to pump water back into the system is a key to suc-
Several equipment manufacturers have equipment Conimer- cessful management of subsurface irrigation and crop pro
cially available for that purpose. duction. Drain lines must be spaced close enough to raise 

Lateral-nove irrigation systems have sprinkler heads and lower the water table over the entire field.
 
mounted on an elevated pipeline, with more uniform and
 
lower application rates along the lateral than are typical near IRRIGATION WA'I'ER MANAGEMENT
 
the Outer end of a center-pivot system. These systems can The key to improve water use efficiency is not only in tile 
irrigate square or rectangular fields. The ma. or problem design of the irrigation system but also inthe management
with lateral systeis is that tileinlet continually moves and and operation. Many still have tie misconception that irri
requires a pump to be mounted on the system plumfpig front gation efficiency depends only on tie irrigation system de
an11open ditch. The other alternative is to drag a flexible sign. Each type of' irrigation system has differemt lah-,r and

hose connectcd to a riser from a buried pipeline, management requirements. IHowever, the degree ef water
 
iIPA control obtained with ainirr iga tion systeli is dependent onthe quality of nanagement and on irrigation scheduling.
The low-energy precision applicator (LIEPA) irrigation sys- The best-designed trickle syslem can be operated less efli
ten reduces the energy requirements aid simultaneously ob- ciently than many surface irrigation systems. 
ains very high irrigation Uniforlities (Lyle Mid Bordovsky,
198 i ). The system is similar to a lateral-move sprinkler sys- Irrigation Scheduling Ai)proaches 
tein except that tile Water is dischIarged into drefi tubes, There are a number of techiniques and tools available for ir
which effectively operate as1a traveling surface or trickle rigation scheduling. One technique calculates a water budsystem. The water is discharged just above the soil surf1,.-e get with meteorological data to maintain tie current water
 
into furrows that have small carth dams to store the water 
 status for individiruat lields and forecast future irrigation dates

while it infiltrates. These systems have been demonst"ated 
 aid amounts. lense, I(969)pioneered much of the work iii
 
to ol~cr a very effective \way of reducin,- energy costs and adapting these techn; qucs to coMputers. Many researchers
 
pIroviding high irriation efficiencies (()5'; ). 13V appfyiig have developed various co Inpu te r programs for the many dif
tilewater very ricar tile
soil surface, spray or drift losses are fierent styles Li-orn iiiLterms arid caflIculators now available for
 
nearly eliminated. I-vapIoration loss is lilimitedL to that from implementing this technology. Updating tilewater budget

tile
wetted soil surlfIce, with feedback refIuires other tools aIId devices which can 
Trickle 01til- le stattIs o'soil water or plant-available it water-that is. tCnsionieters, gyps;lm blocks, neutron probes, plant 
Trickle irrigation isone of the newest technologies used by sensors, and thermal infrared sensors. Ani irrigation sched
irrigators. The ma'jor areas of application Soutli,csare tile litlnc and aioLiitile should forecast tile of WiterIiat shOUl 
and Florida in the Soithie st.Trickle systems are econo i i- be applied. If water is available oil demand and can be con
cally feasible with high cash-vahte crops such as fruits arid trolled by a sensor a schedule is not refuiref-d. Where the 
vegetables. Ilawaii ha.i installed trickle system:, for at least water supply comes from direct diversion or storage resei
half of its sugarcane and pincapple production. Suigar pro- voirs, it intliSt oe ordered illadvance and cannot le turned oii 
Iictiou is generally increased by appf roximately iopercent instantaneously as a sensor reaches a set point. Even with 
when compared to surface irrigation. This increase is at- groundwater systems the supply may not be large enough to 
tributCd to better timing of water afplication where water supply all fields based oii field-sensed demnand. Scheduling
supplies rre limnited. The current Cconomies for trickle irri- also needs to be accomplished to avoid conflicts with cul
gation has not favored adoption oftlis tcchnology for many tural practices. 
row crops which have low cash value. Trickle systciis can 
be operated to obtain irrigation efticieuL ics of 9o percent. Irrigation-Seheduling )elivery Systems 
Subsurface There are a number of ways that water budgets and irriga

tion scheduling technology can be used by aii irrigator.Tfhe terni subsr/'u e irrigation is used herein for revers- Nebraiska. has impleiented an AG-NET central computer
ible drainage systems. Buried trickle systems with low- network with a data base that includes irrigation scheduling
discharge emitters are classified as trickle irrigation. The programs that can be operated from terminals throughout
primary ICVel Iopinlent of stibsIUrflace irrigation is in tile tile state. Weather stalioris arc installed at a number of Itica
southeastern United States. The systems reqJuir high water tions and autonatically or ianrually input Current data into 
tables, which may be effectively controlled for crop produc- the central data base for access by an individual irrigator.
tion. In the corn belt, drainage Irob':elis are more pirealent Many private consulting firms provide water budget corn
than the need for irrigation. The nonunifbri seasonal dis- puter programs and technical assistance to recoinmnd irri
tribution of rainfall makes irrigation prolitable in many galtion scheduling dates ald anountMs to individual farriers. 
years, primarily on the soils with low water -holding capac- Most consultants use trained technicians who make fre

l
-v
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quent visits to the farm for monitoring tileactual soil water
conditions. Some water districts employ the services of 
trained technical people to provide irrigation scheduling
service to their irrig.ators. The state extension service and 
Soil Conservation Service provide training and techniil as-
sistance to falrmers for improving Ctheir water manageinlr

Readily available hlmC computers provide a tool which 
can be used by tie irrigator to maintain his own,,,water bud-
get. Cli matic calculating re ference FT are beingdata l'or 
published innewspapers, made available on dial-Up tele-
phone, and broadcast on radio and television. Field sensors 
are also readily available l'or irriglators touse bV individual 
monitor the current soil water status. 

Scheduling for Peak Electrical ILoad (ontrol 
Ilee\ranni tal. (ni94) (levelpt.d alsystemi iat intCgrated 

irri aCi oilirll sc hedl ilng 
trolling peak electrical dleiands. This system includes ira-
dio telemretry sy ste ina rid aiimicroconputer fOr monitrtinng
tirc irrigation ssCiienls, coirollig tile pu nipirig plants, pro-
viding irrigation scheduling., anid iniplerliciting peak elec-
trical load conrol prOg raiis. The sSCeIln has beeiinused SLi-
ccssl'ull x' f ihrce seasoiis aid has beef) accepted by both lie 
suppliers and lhe irrigators. Seveial coiniercial Cnpainies 
ire currenly ianufaerurirr aindl lie. radio tlieirne-markeiin 

Iry-coinputer equipieni which IloVidCs 
for tilc'idoptiori

of" this technolg,. T[le systes inclde weather stari
which ainitriitlloy collect rel-tilue eliiatedati for ise

, 

ii irrigatiron scheduIillig progra is and pro vide recoiilileli-
dation s oLffilurc irigations b:i,,ed il culrrent Water budgets.
The aUtollatiC IeCdbaick of rainfall and irrigations vill Sim-
plify the iirplenrenatioii of irrigation sCICdulillg techirrol-
ogy. The combiiiton of inlprr Ved irlaIiiincl l'it for in-
creased production and reducing electrical demind costs 
provides tire ecrionlic incentive toadopt this technology. 

Frost Protection and Bud )ely 

Irrigation systeis can be used fror purposes oither hian tCo 
provide watC for crOp pr)ductior. MIIV pi'Oduice rs lfye gC-
tables and fi-u its use sprinkler irrtigtilr s'stems to provide 
fro st p ro tecti i. A lflaro et al. (i973) de Irons'rated tile use 
of sprinkler sy stems to delay NO devCh'h].allli. The priyp-

ciple ill using irricai lkeeptOr bud d]'itisto keee frilie 
cooler during exteIded w\'armling spells in late wirer. which 
will cause mny fruit Crees to flower befrirc the frost danger 

C111EM IGATl'ION 
Surface, sprinkler, and trickle systerils are used frOrtinrelv 

application of feitilizers. Center-pivot systems aic aIlsoused 
to apply insecticides ,,d herbicides. The practice is bcCOIri-
ing widely accepted, buLt tle hig Concer ens'ureA.(lli'w is trCiiSrilre 
the sal'elrand irg oflchenricals arid Lo pr'eVCln polltiLn. Pie-

venlrigbackflo;.lltlctul~ininaion(lt l'Ollld ale stll'l's
venting back flow and cohta mninatioir of'grourdwaer Sou ces 
is (ine area f concern. M anyi stiares are preparing legisla-
tion governing tire rise of irrigatioinr i LlilllenLt tour Celiucal 
applicatllin. 

FUTURIE I)EVELOIMENTS 
Current research concerns new approaches, subsystems,

and components to improve irrigation efliciencies in sprin
kler, surface, and trickle irrigation systems. Surface irriga
tion has tilepotential of requiring tileleast amount of en
ergy, often a major operating cost for irrigation. 'lire spatial
and teinporal variability of intiltration has a major effect oin 
the irrigation efficiency with surface systems. Basic studies 
of infiltration theory and field studies of' tillage and crop
ping practices ar- essential to develop and design more el'li
cient surface systens. Real-time feedback froil surface irri
gation systems to control tiledistribution of water is also 
being invCstigate-i. Such systems include the usC of field 
sensors to monitor tileadvance of the strearmi, as well as 
water Measurement devices fof deterimining the ilo w rates. 

a [rtg amprorm ,aiiwithi ifi r coiiThese Signls cal then ibe input to inicricoii.puters to solve 
irmatheniatical nmodels for cointrolling and changing of sets 
for irrigations oil ireal-timre basis. 

A Ii nber of " iidies corrn basic pricples aiid op
tiriruril operating criteria fIr implemincting Surge irrigatCion, 
such as deLCeniniing Cileproper stirca iii sizes, cycle requen
cies, aind cycle durations.Coiiiercial coinpanies are devel
oping Clie niecessary"control valves aiid irrigation controllers
wIhich couId ioplendCeiiCt tie optiinuil Operatliig criteriafor 

surge ssteims. 
iniited research has addressed techniquCs for optinlizing

water allocation (Pleban et al.. 1983). These prograis are 
part ic ularly, iiporlanl where 0Ce Water supply is rlot aVail
able oildeliria id for satisl',ing aIllirrigation requirerlents. 
Field Celinig of 1iodels for rcal-tiire optiminzationi of water 
allocation is needed. 

Models ilila' signiflicaniltl iiir e iiimportati Casbecerc 
witer ,,ul 1iCS Ire-olne limited. Iproved yield response
 
I'LeCiiOls to r limited water conditions at various growth
 
stages are needed. Simifation iriodels can the bei used to
 
deVelOp strategies for planning the best nrethods for using
limited water supplies and imiaxinrizing the use 0f natural
precipit ation. 

The next generation of comirputers and artificial intelli
gence and expert systeis will provide ne,' tools which will 
c rt in l y av e allirn p ct ()Itn e w ir ig tio nsyste m co ntro ls 
and n e mint Stratewsies.ag. 
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ABSTRACT 

All soils require drainage for agricultural production; many
need improved or artificial drainage. Agricultural drainage sy!;-
tens have traditionally kcen installed for three reasons: (I) to pro-
vide traflicable conditions so that seedbed preparation, planting,
harvesting, and other operations can be conducted in a timely 
manner: (2 to protect crops from excessive soil water conditions;and (3) for salinity control. While these objectives are still of pri-
mary importance, drainage should be considered only one compo-
nent of teilwater manacenment system. Thus the design ai.dievalua-
[ion of a1drainage system should consider its cffccts on drought
stre,;s and the amount of irrigation water required, as aswvellthe
primary drainage objectives. Insome cases combination drainage-
subirri, ition or water table control systems be &acan ed to satisly
both drainage and irrigation nee(s. Off-site impacts should also be 
co,.idered as aconstraint in the design of d,i:Iage sytems. Wherepossible, both agricultural production objectives and water quality 
al quantity requirements o'the receiving waters should be considered in th,:design. Water iMMInagcmcnt simulation models and 
new methods for predicting crop response to excessive and deli-
ci,:nt soil water conditions proniise to be efl'ective tools for analyz-
ing ald designing drainage and associated water management svs-
tens in the future. 

Drainage of water from the soil profile is an important
hydrologic component in most agricultural soils. Natural 
(hainagc processes include groundwater flow to streams or
other surface outlets; vertical seepage to underlying. aqui-
fers; or lateral flow (interfilow), which may reappear at the 
surface at some other point in the landscape. In many soils,
the natural drainage processes are sufficient for the growth
and production of agricultural crops. In other soils, artificial 
drainage is needed for efficient agricultural production. 

Soils may have poor natural drinage because they have 

low surface elevations, are far removed from a drainage out
let, or receive seepage from upslope areas, 
or because they 
are in depressional area,,. Water drains slowly from soils 
with :ight subsurface layers, regardless of where they are in 
the landscape: so soils ray have poor natural drainage due 
to restric~ed permeability or hydraulic conductivity of the 
profile. Climate is another important factor affccong the 
need for artificial drainage. Natural drainage at a rate that 
may be sufficient fr ariculture in a section of Nebraska,
where annual rainfall is 6oo mam. may he inadequate in 
Louisiana, where the annual rainfall is 1400 rm. Nowhere 
is this factor more eviden than in irrigated arid and seni-
arid areas. Lands mat have been farmed for centuries under 
dryland cultures often develop high water tables and be-
come waterlo ,ged after irrigation is established. By con-
trast, natural drainage may be adequate in other arid-region 

soils and the severalfold increase in the amount of irrigation 
water applied to the surface will not result in poorly drained
conditions. Seepage from unlined irrigation canals or from
man-made reservoirs may also result in poorly drained soils 
in areas where they did not previously exist. 

In summary, all soils require drainage for efficient agri
cultural production, many need improvcd or artificial drain-

In 
age. osi cases improved dranage practices can be used 
to satisfy agricultural requi,..:ents. Draiage reuirements 
and methods used to design systems to satisfy those require
ments are .. scussed in the following section. A case study is
presented to describe the design and operation of a drainage
system in a humid rogion. The chapter concludes with a dis
cus:iorn of tileneed to consider off-site impacts of drainage
and relat.ed water management praatices. 

DRAINAGE REQUIREMENTS 

There are basically three reasons for the installation of 
agricultural drainage systems: (0) for traflicability, so that
scedbed preparation, planting, harvesting, and other field
operations can be conducted in a timely manner; (2) for pro
tection of the crop from excessive soil water conditions; and 
(3) for salinity control. 

Trafficability 
The effect of good drainage on timeliness of farming opera
tions was discussed in detail by Reeve and Fausey (1974).

Soils with inadequate drainage may experience frequent

yield losses because essential farming operations cannot be
 
conducted in a timely fashion. The result may range from
 
complete crop failure, if planting is delayed too long, to re
duced yields, if tillage, spraying, harvesting, or other opLr
ations are not perh. lied on time. 

Protection from Excessive Soil Water Conditions 
It is well recognized that the mnajor effects of excessive soil
 
water on crop production are caused by ,eduction in ex
change of air between the atmospher and the soil root
 
zone. Wet soil conditions may result in a deficiency of 0 
required for root respiration, an increase in CO., and tile 
formation of toxic compounds in the soil and plants. Under 
field conditions, soil-water-plant systems vary continu
ously. Evaluating the effect of water content and aeration 
status on plant growth requires integration of these condi
lions over time during the entire growing season. One of' the 
parameters that give a certain integration of these factors in 
soils requiring artificial drainage is the water table depth
(Wesscling, [974). Although the depth ofwater table has no 
direct influence on crop growth, it is an indicator of the pre

http:relat.ed
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Fig. I. Yield depression as a ftnction of mean water table depth
during the growing season far two soilk,. After Wesseling. 1974. 

vailing soil water status, water supply aeration, and thermal 
conditions of the soil. 

Numerous laboratory and licld experiments have been 
conducted to detertnine the effect of water table depth on 
crop yields. Probably the main reason yield has been related 
to water table depth is that water table depth is easier to 
measure than other variables such as the distribution of oxy-
gen in the profile. Most experiments have been directed at 
relating yields to constant vater table depths (Williamson 
and Kriz, 97o). An example of' the effect of water table 
depth on yield is given in Fig. I. The result!; were obtained 
froni Wesselin2 (1974) and are based on original research 
conducted in the Netherlands by W. C. Visser. Both rela-
ionships show redu~ction in yield at 'dballow water table 

depths because of excessive soil water conditions, an op-
timum range, and a decrease in yield at deeper water table 
depths because of deficient soil water conditions. Clearly,
the relative poition of curves such as those given in Fig. I 
would depend on climate, soil properties, the crop, and cul-
tural and water managenent practices. Williamson and 
Kriz (1970) found that optintunit water table depths were 
greater when irrigation water was applied at the surface. 

While cause-and-effect relationships for crop yields are 
easier to identify 'or constant water table depths, such 
stea'y-state conditions rarely occur in nature. The ef'f'ects of 
fiu. 'tuat ing water tables and intermittent flooding on crop
yie.ds depend on the frcquency and duration of high water 
tables as well ais the crop sensitivity. Approximate methods 
have been developed to quantify the effect of exccssi\c soil 
water conditions caused by !luctuating water tables for corn 
(Hard joamid jojo et al., 9t82) and grain serghunl (!Ravelo 
et al., 1982). The method employs the SE--W,,, concept
originally delined by Sieben (\Vcsselig, 1')74) and the 
stress-day index method, defined by Ililer ( 1969) in a water 
nanagement simlation model (Skaggs, 1978) to estinivte 
the effects of 'drainage design parameters, soil properties,
weather data, and crop parameters on yields. Results of" the 
model will be demonstrated in a later section of this paper. 
Salinity Control 

It seems sotnehow unjust that the dry lands of arid and semi-
arid regions, when irrigated, often require artificial drain-
age. Luthii (1957) documented drainage problems that have 

beset irrigators since the earliest recorded times in history.
Accumulation of salts in the surface soil layers caused the 
once fertile Tigris and Euphrates river valleys of ancient 

to return to desert. A present-day example isthe annual loss of thousands of acres per year in the San Joa
quin Valley of California because of salt accumulation and 

Practically all irrigation water contains sonic salt. Evapo
ration and consumptive use of water by plants concentrate
the salts in the residual soil water, resulting in a soltution
that is usually more saline than the irrigation vater. Re
peated irrigations continually increases the saliniity of the 
soil water, even if the irrigation water is of relatively good
quality. In order to prevent the buildup of soil water salinity 
to a point that it harms plant roots and reduces pruductiv
ity, irrigation water in excess of the anount needed for
evapotranspiration is applied to leach the concentrated soil 
solution from the root zone. If drainage is adequate, the ex
cess irrigation water will carry the concentrated salt solu
tion out of the root zone. It'it is not removed, the water table 
will rise in response to tie excess irrigation water, the salin
ity will continue to increase in the root zone, and crop
yields will be reduced as a result of high salinity as well as 
high water tables. 

Artificial drainage systems are often needed to remove 
the excess irrigation water frctit the soil profile. Because the 
salinity below the water table is usually several times that of 
the irrigation water, drainage systems are normally de
signed to hold the water table well below the root depth. 
Drains are typically placed 2 to 3 il deep in irrigated lands, 
as compared with 0.75 to 1.5 in deep in humid areas. 

DRAINAGE DESIGN 
Drainage materials and installation methods have been 

tre'nendously improved in the last twenty years. Corrugated
plastic tubing, the drain tube plow, lascr grade control for 
both surface and subsurf'ace drainage machines. and syn
thetic envelope materials represent some of the advances 
that have occurred. Boih subsurface and surface drainage 
systems can be installed quickly and efticiently using mod
ern technology. The challenge, from the engineering and 
scientific perspeciive, is to tailor the design and operation
of' drainage and associated water management systems to 
soil, crop, and climatological parameters and to specific site 
conditions. 

Both surface and subsurface drainage systems are used to 
meet drainage requirements of poorly drained sites. A sche
tuatic of a drainage system is shown in Fig. 2. Subsurface 
drainage is provided by drain tubes or parallel ditches spaced 
at some distance. L, apart. Most poorly drained soils have a 
restrictive laver at some depth. shown here as a distance, d,
below the drain tubes. When rainfall occurs, water infil
trates at the sur'face, raising the water content of the soil 
profile. Depending on the initial soil water content and the 
amount of inliltration, some of ile water may percolatethrough the profile, raising the water table and increasing 
the subsurface drainage rate. If'the rainf'all rate is greater
than the infiltration rate, water begins to collect on the sur
f'ace. If good surface drainage is provided so that the surface 
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RAINFALLORET climatological data. The model is based on a water balance 
I I I I IIII I I It I II in the soil profile, which iscomputed on an hourly basis byDEPRESSIONSTORAGE S =RUNOFF (RO) using approximate methods to calculate infiltration, drain-

SOIL SURFACE age, stbirrigation, and evapotranspiration (as limited by 
S both atmospheric and soil water conditions). The quality of' 

WATR TABLE 
 surface drainage depends on the depth of depression stor
age, which may vary from about i nn for land-lormed 

__________fields that have been smoothed to greater than 30 mnl I'or 
d fields with numerous potholes and depressions (Gayle and 

,,,,,,,,#//,#/7, Il/ 77 I I I IF/Skaggs, 1978). Thus tile/II/l I effect of'improving surface drain-
RESTRICTIVELAYER U EEP SEEPAGE (DS) age can be simulated by varying the average depth of de-

Fil.2. Schematic of adrainage s'stem. The subsrl'ace drainage prLssion storage. 
intensity depends on the depth and spacinpof the drain tubs Approximate ethods based on tile constress-day indexwhile the qunatity of surface' drainage is inversely proportional to :ept (Hiler. 1969) were incorporated in the model (Skaggs
the depth of depression sttll inc. and Tabrizi, t83) to predict tle effect of excessive and de

ficient soil water conditions on corn yields. The effect of 
trafficability is estimated from experimental data relatingis snooth and on grade. most of the surfface water will be yield reduction to planting dte delay.

available f'or runoff. However, ifsurface drainage ispoor,a As an example of the use of simulation models for thesubstantial amount of water must be stored in depressions analysis of drainage systems, rcsults for an eastern North
bef'ore runoff can begin. After rainfiall ceases, infiltration Carolina soil, Rains sandy loam, will be presented. Thiscontinues until the water stored in surfface depressions is in- soil has a nearly level surface, a hydraulic conductivity of'
filtrated into the soil. Thus, poor surf'ace drainage effectively about i n/day, and a profile depth of 1.4 M. It requires ar
lengthens the infiltration event for sonic storms, permitting tificial drainage for traflicability and protection from execs-
More water to infiltrate and prodticingC a :,,rger rise in the .;ive soil water during wet periods. Details of tilesoil prop
witter table than wouhlt occur itdepression storage did not erties and other input data are given elsewhere (Skaggs andexist. Once excess water enters the soil profile, it may be Tabrizi, 1983). Simulations were conducted for several
removed by evapotranspiration from the surface and through drain sparings with both good and poor surface drainage,
the plants: by natulal drainage processes via deep and lat- using weather data f'rom Wilson. North Carolina.
cral seepage: and through niiann-iiade systems consisting of Average predicted relative yields for the twenty-six-year
draiiage tubes, ditLties, or' wetils. ni11lation period are plotted in Fig. 3 as a f'unction of'drain

Nit ruc rois drai0gC theories. based oi both steady-state spacing. Relationships for both good (depression storage,
and transient analyses. have been devcloped (van Sehilf- S = 2.5 "IM)and poor (S = 25 tmrn) surf'ace drainage aregaarde. 974) to relate drain spacing 'id depth to soil prop- presented. A maxiitm average relative ,icd tYR) of0.78
ertics and site coiditions. Ingenera . transient methods was predicted for a drain spacing of L = 20 n or good surhave been preferred in hitMiiid areas. '.'hicre the drainage cri- f'ace drainage and for L = 17 m Ior poor stral'ce drainage. 
terion is olten to lower the water table at a specified rate.
 
Steady-state ruethods ire also nselI in tiunlid
areas (I ithin,
 
1957). as well as inarid areas, where the drainage criterion DRAIN SPACING,ft
 
isrelated to tilevol ri \fwater 1t be teilloved. 
While there I50 300 450 600 750 900
 
re mlanV steady-state and transient nethods available to I
 

treat a Wide range o1 boindary and site conditions, prac- 00
 
tically all are basei on criteria that arc only indirectly re
lted to tile . Sirlnila- s
actual oljectives of a drainage svstem RAINSSANDYLOM

tion Mlodels Lcveloped in the last ten years provide a Itore W 
 WILSONNC. 
direct link between design paraieters and oliectives of' tile 
drainage sys teii. Simutation of tie perloruance of a drain- 60 
ae sVstem over several years of climliatological record Lrn > GOOD SURFACEDRAINAGE.S-2S.be used to determine if a given design v.',ill tr:if'satisfy W40 -.

ficability and crop protection rcquiretiments. Several nodels "
 
have beon developed (Lagace, 1973: 13elmans et al.. 1983). DRAINAGE.S.25en,
POORSUMACE 
The water ruanagemenrt simullation roIel . I)RAINMOI). 2o 

developed at North, Carolina State University (Skaggs.
1978. 1980), 'ill be used herein Itoleiionstrate tile , iap- I I I I I I
proach and to examine fu'rthuerthe interactions and effective- 50 i0 S5 200 20 300 
nCss of1 SLr'Iace and snbstrface dlmailliace. DRAINSPACING,. 

The reader is referred to the references for detailh, of the Fig. 3. Eff'ect of drain spacing on predicted average relative yields
DRAINNI0) model. Inputs t0 tile Model include Soil prop- fIr a Rairs sandy loasisoil at Wilson. North Carolina. Predicilions 
erties, crop parameters. drainage systeml pr'nlCters, arid for both go(I and poor sufface draitragc are pieted. 
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Because of deficient soil water conditions, which caused 
drought stresses during several years. higher average yields 
were not obtained. Yields increased with better drainage
(decreasing drain spacing) until tile maxinium was ob-
tained. Further decreases in drain spacing caused the aver-
age YR values to drop :dightly, showing a tendency toward 
overdrainage when drains are pliccd too close together.

Trhese results clealy show that vield rCsponse to surface 
drainage i.s dependent on subsurface drainage intensity. For 
good subsurface drainage (e.g., drain spacings of less than 
about 30 in). surface drainage has little eflect on predicted 
yields. I lowever, surface drainage is very important when 
Subsurfacc drainage is poor. For example, the predicted 
relative yi,.1d on the Rains soil f'O a too in drain spacing is 
YR = o.4 8 Irgood Stlrlacc draing versus YR = 0.37 for 
poor sur'ace E analyses using presentdrainage. 11conomic 
costs and prices were conducted to determiC the drainage 
treatment that would produce tile maXirnuI net profit. Re-
suits showCd ta thie maxinium profit for this soil would be 
obtained f,r a 24-in d ra in spacing withIi uniiml proved subsur-
fkice drainage. 

Annual relative vields predicted for years 19 thIrMughIi
975 are plotted in Fig. 4 fkr the RaijIIs sandy loam with 

drain spacings of 24 and too in. Average predicted relative 
yields were 0.76 and 0.47 10 tile 24-in and IOo-iln spacings,
respectively. IIhowever, difIferences in tile predicted yields
between tile two spacings varied widely' from year to year.
In wet years, tile closer drain spacing gave much higher
yields. For example, in i96! . YR = o.9o for L -- 24 in, as 
opposed to YR = 0.23 fkr 1. = too in. For that year the 
closer spacing allosvc planting on tne (by April 15), and 
the only decrease in yield was due to a short period, early in 
tie growiig seasom, when tile wat'_er table was Iigh I low-
ever, planting f7or tile ioo-i spacing was delaved until tile 
kIst of May. Iligh water table conditions after plantin g and 
dry conditions later on during tile delayed growing season 
caused additional yield reductions. The cuiiiulativc effect 
resulted in a relative yield of' o.23 fOr the ioo-ii spacing. 

During years when yields were limited by deficient soil 
,,%ater conditions. \erv little yield difference between the 
24 iii and Ioo inldrain spacings occurred. Examples are 
1952 and 1964. In a few years (e.g., 1956 and 1970), pre-
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spicirng of 24 Inand tile comventional open ditch spacing of' Ioo In 
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Fig. 4. Yearly pred ic hdeliV i-ccorn vieds f1r the optimIun drain 

for a Rains sanm.ldyloam soil. 

dicted yields for the ioo-m spacing were higher than for the 
24-r1 spacing. This was caused by a sequence of weather 
events that allowed planting to be completed on time for the 
closer spacing but delayed planting for twenty to thirty days
for the wider spacing. Subsequently, deficient soil water 
conditions occurred at a time when the early-planted corn 
was most susceptible to drought. The later-planted corn 
fared better because rainfall occurred bel'kre its period of 
malxiIm susceptibility. 

Results given in Fig. 3 and 4 show that average yields are 
signi-icantly increased by improved drainage. However, tile 
benefits of drainage are v\idely variable from year to year.
Improved drainage increases not only average yields but 
also the reliability of' pioduction. 

SUIIRRIi;A'I'ON 
The same drainage system that removes excess water dur

ing wet periods can also he usC:d in some soils f'or irrigation
during periods of deficient soil water. Subirrigation in
volves raising the water table and maintaining it at a posi
tion that will supply water to the growing crop. A sketch 
of both a drainage system and a combination drainage
subirrigation system is givet in Fig. 5. Drains outlet to a 
ditch, as shown on tie right side of the drawing, or to a head 
control tank. Foi conentional drainage the water level in 
the oullet is maintained at or below the depth of the drain 
tube. During subirrigation the water level in the outlet is 
raised to faorce water back through the drains and raise the 
water table, as shown in tile bottom part of Fig. 5. Sub
irrigation has been practiced in scattered locations for many 
years (Clinton, 1967; Renf'ro, 1955) and has advantages 
over other alternatives in certain conditions. Itowever. until 
recently the method has not been widely used because of the 
lack of* established design criteria and information charac
terizing the operation of systems in tile field. Research in 
recent years has provided answers to many 0f these qlues
tions, and subirrigation isnow being promoted by the drain
age industry and by public agencies. As a result its use is 
currently increasing rapidly. 

In order for the subirrigation systems to be practical, cer-

OUTLET

DRAINAGE DITCH 

EATIVET
B DRAIN TUBES -J 

SUBIRRIGATION 

WATRTA E 

DRAINS 

ll,ll/4VAq4ll'Y/4ll',ll ll777r/1i7i17,,,,77'7777 777-
Fig. . Schematic (f1 s3stein used f'or both convenlionuil drainage 
(top) and subirrigation (botomn). 
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tain natural conditions must exist: an impermeable layer or _ o DA 
permanent water table at a rather shallow depth (within 6 

02-- OOD SURSURFACE DRANAGE, RATERSHIEO 

to 8 in of the surface), - GOOD SUBSURFACEDRAINAGE,4.ATER-HsL Ato prevent excessive seepage losses: 061 7TA. RAINFALL 325 c.relatively flat land; ; moderate to high soil hydraulic con- TOTAL RUNOFF FOR POCR :2 74 c.ductivity, so that a reasonable spacing of ditches or drain 30 SUSISURFACEDRAINAGE 
tubes will provide subirrigation and drainage; and a readily TOTALRUNOFFFORGOOD 2 54 Cm 

bUBSURFACE RAINAGEavailable source of water. These topographical and soil con- 2 5 
ditions exist in several million acres of land in the humid
 
regions of the United States. Where suitable conditions ?0
 
exist, combined subirrigation-drainage systems offer a nun 
 ,

ber of advantages and can play a significant role in water ,E

ianag ment strategies. Probably tie most outstanding ad- ' 10 I
 
vantage is(he cost; both drainage and subirrigation can be ,0 I
provided in one system, often with a considerable cost re
duction in comparison to separate systems. In addition, en- 05 . 
ergV reqIlireIents for pumping irrigation water may be considerably lower than I for con vent ional irrigation systems 
 00 0 3020 40 50 60 70 0 90(Massey et al., 1983). While salt buildup at the soil striace Fig. 6. Runoff ILvdrographs for 3.25 cm rainfall event on Feb. 28. 
poses no problem in humid regions. subirrigation is not fca- 1983. The peak runoff rate for watershed A,with poor subsurfacesible in arid and semiarid areas because of this problem. drainage, was more than twice that from the adjacent watershed B,

The most critical aspect of design aid manage ment off wh ilh had good subsurface drainage.
subirrigation-drainage system is the interaction between the
 
irrigation and drainage 
 fiuctions. It is nearly impossible to
determine, a priori, what tilemost critical sequence of Although research is by no means complete on this subweather events night be for a given mnanagement strategy. ject, considerable work has been done to determine waterThe most cffeciive way of analyzing the performance of quality and hydrologic effects of drainage and associatedsuch systems is t1)use simulation melhods. such as those water management practices. In general, systems that dediscussed in the previous section. The DRAINMODi model pend primarily on surface drainage tend to have higher ratesis noW being used by the Soil Conservation Service and of runoff with more sediment, phosphorus, and pesticidesothers for design and aial'sis of subirrigation systems. than do systems with good subsurface drainage. However,Research continues to dcvelop better methods for ni;.nag- good subsurface drainage increases the outflow of nitratesing or controlling these dual-purpose systems. Smith ctial. with the drainage water. Associated water management(1982) used both field expeiniments and simulation methods practices such as controlled drainage and subirrigation willto show that controlling subirrigation applications based on also have an effect on both the rate and the uuality of drainfield water levels rather than outlet conditions reduced both age water leaving a field.

water and energy requirements. FoUs.s (1983) modified the 
 An example of the effect of subsurf'ace drainage on peakI)RAINMOD model to analyze various control strategies outflow rates is given in Fig. 6. The runoff hydrographsf'or a subirrigation system. were measured on adjacent flat (less than 0.05 percent 

slope) 32.5-ha eastern North Carolina watersheds withOFF-SITE "FFECTS identical soils and crops. Watershed A has parallel ditches
The preceding sections have discussed drainage and water spaced too in apart, which provide good surface drainage
table managcement in terms of agricultural requirements. but relatively poor subsurface drainage. Watershed B has the
Traditionally. the efTorts of engineers, technicians, fairmers, same surface drainage system but has drain tubes at 33 Mand contractors have been ainied at one goal: to design and intervals between the ditches, which provide good subsUrinstall 
 systenis that will satisfy agricultural drainage re- face drainage. The results show that, while total drainage
quirenients at the least cost. Ilowvcr, recognition in recent from the 3.25 cn storm was about the same for bothyears of agriculture's role innon-point source pollution of watersheds, the peak outflow rate from tie fields with goodsurface waters places additional constraints on the design subsurface drainage was less than half that fron the fieldsanid operation of drainage arid related water management with poor subsurface drainage. Good subsurface drainagesystems. This is particularly true wheie farms are located in removes excess water f'rom the profile slowly over a longerenvironmentally sensitive areas, or where downstream users period of time. It lowers the water table and provides moiveof, water have stringent water quIality of quantit reluire- storage for infiltrating rainfall than systems that depend priments. In most c.,ses there are several design and opera- niarily on surface drainage. Thus, in areas where high strtional alternatives that can be used to satisfy agricultural face runoff rates cause flooding and related problems, subdrainage needs. Some of those alternatives have different surface drainage would tend to reduce tilepeaks. Theseeffects on the rate and quality (ofwater leaving tho fields effects may be very important in lands close to estuarinethan do others. The challenge is to identify those alter- nursery areas, where high runoff rates are perceived tonatives that will satisfy agricultural requirements while cause unnatural salinity fluctuations and a cons'quent reminimizing detrimental effects on the receiving waters. duction in productivity of finlish and shellfish. 
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Table I. Effect of suisurlace drainage on concentration o."nitrogen and phosphorus inoutflow from 
adjacecit 35 ha watersheds. 

Concentration (tug . -1) 

Watershed" NO, - N TKN 
Total 

P 
Ortho 

P 

A (poor subsurface drainage) 
B (good subsurfaice drainage) 

1.3 
3.8 

1.9 
1.6 

0.16 
(.08 

0.(14 
(.) 

"Both watersheds have good surface drainage. 

The effect of subsurface drainage on water quality param- Luthin. J.N. 1957. Drainage of irrigated lands. Pp. 34. -71. Ineters is shown in Table for watersheds A and P. discussed J.N. Luthin led.) )rainage of agricultural lands. Madison,
above. The values given are mean concentrations of nitro- Wis.: American Society of Agronomy. 
gen and phosphorus measured continuously over a one-year Massey, F. C., R. W. Skaggs, and R. E.Sneed. 1983. Energy -Ind
period. These results show that .,ood subsurf'ace drainage water requirements for subirrigation versus sprinkler irriy
increases nitrate outlow but reduces the loss of' phosphorus tion. r'isnacions fi/he ASAE 26(1)):126- 33.to drainage waters. Improvement 01' surf~ace drain:g hasto n Ravelo,C. J., D. L. Reddell, E.A. Hiler, and R. W. Skaggs. 198:Incorporating crop needs into drainage system design. raD.s
 
the opposite effect. Thus, if 1Pconcentrations inreceiving actions of the ASAE 2513:623-62 637. 
waters are critically high, bettcr sIbstrface drainage would Reeve, R. C., and N. Fausey. t974. )ratinage and timltincss of
improve the situation. Likewise. improved surface tv,:'inage farming operations. Ch. 4. In J. van Schillgaarde (ed.) l)rain
or the use of drainage outlet controls to increase surface forage agriculttre. Madison, Wis.: American Society of 
runoff Would reduce nitrate oittlow. Agronomy.

These examples emphasize the fact that various Idrainage Rentfro, George, Jr. 1955. Applying water under the surface (Athe
and associatcd waler management practices have different ground. Pp. 173-78. In Yearbook of agriculture. U.S. De
effects on the rate and quality of runofIf water. By carelul partnment of Agriculture. 
design aind operation of water tma na tgement Skaggs, 1978. water modelsystems, it may R. W. A management for shallow 
be possible to satisfy agricltutal reqluiretients while Iiii- water table soils. Water Resources Research Institute of theUniversity of North Carolina, Technical Report no. 134.
mizing off-site detrimental effects. To achieve this goal re- Raleigh: North Carolina State University.
quires understantiulg of the factors controlling the otff-site Skaggs, waterR. W. j98o. A manaement model for artiliciallv 
conditions and requtitements as well as of agricultural drain- drained soils. Technical Bulletin 11o. 267. Raleigh: North 
age needs. Carolina Agric[ltural Research Service, North Carolina State 

University. 
R.FI"RENCFS Skaggs, R. W., and A. Nassehzadeh-lTabizi. 1983. Optimutm

eIrcans.lnion. 1CC.. J.1'1.G. \,csscling,C and R A. F~eddes. it)83. Sinult- for corn BulletinG atin - drainage Carolinaprodtcti Agriculturalt. Technical no. 274.e besaelne. I cr.pedesotil:3.Sim Raleigh: North Research Service,
tiotn of the water halatnc a cropped soil: SWAIRt.modt i North Carolina State University.
JIournai .ilydrlogy 63:271-86. Smith, M. C., R. W. Skaggs. and J.E.Parsons. 1982. Subirriga-Clinton, F. N-.j967. Invisible irrigation on Egin Bench. Rechinw~-Clitn. 6.Ivsitlr3Ii-,tior to systtem control for water use efliciency. ASAE Paper no. 
tjoltlr 34: 8-84. 82-2520. St. Joseph, Mich.: American Society of AgriculI-ouss, J. L,.1983. Simulated controlled operation of stbsurface tural Engineers.dIra inage- irrigatioi systecus. ASAi- P'aper no. 83-2567. St.Joep inwci. Aeican s iet A f PaernIor 83-25,67g ieSt. %inSchilfgaarde, J. t974. Nonsteady flow to drains. Pp. 245-7.Joseph, Mich.: American Society of Agricultural Engineers.
Gayle. G. A., and R. W. Skaggs. (978. Surface storaue on bed-

In J. van Schilfgaarde ted. ) )ratinage fOr agriculture. Madison.Wis.: Atcricat Society of Agrotomy.ded cultivated lands. Tratnstictiom of It,ASA,,t-c as/ (led s 212Wesseling.M ):102 J.1974. Crop growth aind wet soils. Ch. 2. i1J.Vai 
(14. l309. Shfeade. led.) Draiiiage for agriculture. Madtison. Wis.:Hardjoamidji jo, S.. R. W. Skaggs. and G. 0. Schwab. 1982. Pre- Schitfaor c (cd. omy,e ron 
dicting corn vield response to excessive soilwater conditions Atericai Society for Agronoty.
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Hiler. .A. 1969. QuatiilatiVC evalation of crop-drainage re- Transactions Ythe ASAE 13(): 2 16- 2(. 
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50. IRRIGATION TECHNOLOGY FOR FOOD PRODUCTION: 
EXPECTATIONS AND REALITIES IN SOUTH AND 

SOUTHEAST ASIA 

Sadiqul I. Bhuiyan, International Rice Research Institute, Manila, Philippines 

ABSTRACT 

The remarkable achievement in food production increase inSouth and Soutlheast Asia during tile two decades has beenpast 

possible because 
 of' substlntial irrigation development, whichallowed a wider adoption of high-yieldingproduction technology.
Rapid irrigation development, however, has not been without 
problems. Most irrigation systems suffer fromefficiencyi low performance
designed area, 

t 
as well as suh problems as water distribution [ieequity. waterlogeing. and loss o land productivity. 'The resul is 

that the be nefits btained on't these systeins are iluichI less th 
expected. 

Poor managenient is omftc icited as tihe reaso1 fIor tisat isfactorv, 
perlo'rnanceciencies of irrigatmion systems. Whereas mlalaeeinit deli-are a mabor contributing f'acor, the sources of llrranly ill-
adequacies. whiIuhi iatelv liiit perflornmance capacity. are often 
stintroducedrue td. into tie systemls when they designed andThe natu~re areof and Linderty ing reasom cons for hlese liminit ing 
fatrs . Te elFurther.
t ureitf'nd n -N'zn. I'feleWthee
lim linga
fa-ctors are ide ut i ied aind anatlvzed. Furthecr, selected technologicalOr development options concerning tile use of irrigation eclnologx'irrediscssedV ~~ li it~l ~ ecliiol-
Off ilC discuIssed. Finally. reco, mldalions are lade for actiontoward the removal of the *mia*or constraints to achieving better per-
l'ormance of the existing irrigation facilities and developing future 
irrigation systems on a more sou nd basis. 

IRRIGATION ANI) FOOl) PROI)UCTION 

Agriculture illSouth and Southea:i Asian countries is 
still
highly dependent on rainfall, and ther'fore food pro-
(Iictionl is largely at the mercy of the vagai ics of nature. 
HIigh risk and low production are the nori inmost rainfed 
agricultural systems. These countries support a population 

of nearly 15 billioni, about 8o percent of' 
which is depen-
dent on agriculturelor living (IPopulation Reference Bureau, 1984). The pOtlplation is expected to doluble in the 
next thirty years, and tierefore, increased food production
is needed to meet the expaIlding dletinanid. 

Early efforts to increase food pirOductiotl were mainly

in tie form of opening new iands for rainfed agriculture. 

But as new arabic lands became scarcer, crop internsifica-

tion became a more appropriate strategy aiid the potential
role of irrivtion was better recognized. Inthe hunid and 
selnilutiiid areas If ttwilOth regilos. for example ill south-
ern India, Sri Lanka, iie Philippines, and Indonesia, most 
early irrigation developent was for supplemental vater-
ing of rice fields inthe wet seasons. But with the advent in
the miit-16os of the new agricultural technology, popu-
larly called the Green Revolution, which tmade available 
early-Iilaltrilig, irnput-responsive awheat and rice varieties, 

dramatic shift toward year-round irrigation systems took 
place in order to utilize the production potential of the new 
technology. 

The total irrigated area of* the countries of South and 
Southeast Asia rose from 41.5 million ha in 196o to 65.8million ha in i98o, a 58 percent increase over the period.
National growt98igures are given in able i.India had the
 

largest share of the development of new irrigatiooi facilities,
about 13.3 million ha, during tile period.

Several studies aimed at meeting the long-term food pro
duction _rowth requirements in these countries indicated 
the need for making much greater investments in the years
to colne than illthe past. In a report to the Trilateral Coin
mission, Colotiibo clal. ( 1978) recommended that rice prodIction in thirteen countries of South and Southeast Asia 
slhould be doubled ill if'teen years, frotm 978 to 1993, by 
intcli'eas i ig irrigated area atnnuialI 

at an estimated capital 


at anil rate of 6.7 perent and 
cost of $52.6 billion (1975 prices), 

or $3.5 bill ioti per year. lIi a more comiprehiernsive Study of'
eight countries (Bangladesh, Burtia. India, Indonesia,Nepal, Pakistan, Philippines, and Sri Lanka), Oram et al. 
(1979) projected growth ingross irrigated area at 2.3 per
cent and estimated total capital requirements froni 1975 to 
1990 at $52 billion, or $3.5 billion per year (1975 prices). 

At what rate development of' new irrigation facilities will
actually take place over the next ten years or so depends on 
riiany factors and can only be spLeculated about now, but 
what seems certain is that the importance of the use of irri
gation water for crop production will continue to increase in 
order to keep pace with the increasing demands for food 
grains inthese countries. 

PERFORMANCE RECORDS OF IRRIGATION 
ITECHNOLOGY 

Iii general terms, the adoption of irrigation technology

has yielded substantial food production benefits. 
 For ex
ample, during the past twenty years, rice yields in Asia have
 
increased at an average rate of more thali 3 percent per year.

About 30percent of the total rice productioni increase dur
ing the 1965- 198o period in the main rice-producing coun
tries of Asia has been attributed to the effect of' irrigation
alone, as opposed to other factors such as fertilizer and 
modern variety (Ierdt and Capule, 1983). Barker and 
Ilerdt (I1979) estimated that about 50 percent C!" total rice 
production in tile mid-197os in the countries of South and 
Southeast Asia was contributed by the irrigated areas. 
which constituted about 32 percent of' total rice area. Their 
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Table 1.Growth in irrigated area in South and Southeast Asia, 196(0- 1980. 

Arab~lc 

Country Land 

South Asia 
Bangladesh 8.915 
India 16,500 
Nepal 2,305 
Pakistan 19.835 
Sri Lanka 1.023 

Total 	 196,578 

Southeas Asia 
IBuirma 9,558 
Indonesia 14.16F, 
Malaysia 3.150 
Philippines 5,250 
Thailand 15.773 
Vietnam. 

Kampuchea (Cambodia).
and Laos 	 7.4(14 

otal 	 55,303 

SOURCIE: Barker elal.. 1984. 

projected figures for the mid- 199os are 57 percent of' total 

rice production from the approximately 40 percent of' total 

rice area that will have irrigation facilities. A similar study 

by the Food and Agriculture (FAO. 1979) estimated that in 

the year 2000 about -/o percent of all rice production in 

ninety developing countries of the world would colme from 

irrigated lands. 


The above ligurcs. however, arc not indicative of the level 
of efficiency at which the irrigation systems are generally 
operating. In recent years, concern about the performance 
of existing irrigation systems has been growing. Objective 
assessments of their performance are limited, but, encour-
agingly, a growing body of information based on field inves-
tigations conducted in the various countries is becoming 
available It is now a well-accepted fact that by and large the 
performance of the irrigation systems falls much short of 
what is desirable and can be reasonably expected. The area 
benelitting from the developed water resource potential is 
generally much below th: level for which the systems were 
planned and designed-the gap is perhaps widening with 
time. Water distribution inequity problems, created by sys-
tem deficiencies of' various kinds are Widespread, allowing 
excessive use of' irrigation water by the advantageously lo-
cated farmers at the head end of lthe distributory canal at the 
expense of those at the tail end. Unreliability of water sUp-
ply from the system, in terms of both quantity and timing, is 
a comiimon problem, Which discourages farmors from using 
optiiiumi levels 0f production inputs and prevents them 
from reaping the expected benefits from the system. Deli-
ciencies in system planning and design and system manage-
ment have contributed to the aggravated environmental 
problems of waterlogging and have resulted inreduced pro-
ductivity of the affected lands in many irrigation systems. 

The above description, summarized fromi various studies 

Av. Annual
Irrigaied Area Increase 

196(0 1980 (1960)- 1980) 

00 11A- ______ 

316 1.620 62. 1
 
23.39)3 36.65 632.0
 

n.a. 230 
10.234 	 14,300 193.6
 

255 525 12.9
 

34.198 53.340 900.6 

549 999 21.4 
4.10 	 5,418 62.8
 

214 370 7.4
 
808 1,300 23.4
 

I,636 2,65(1 48.3 

--- i.700 

7.307 12.437 163.3 

of perforniance of large as well as small irrigation systems 
in Bangladesh, India, Pakistan, the Philippines, and Thai
land, reflects the nature of the problems that afflict niost 
irriation systems today. In most cases, the problems are se
rios. Take, fbr example, the waterlogging and land degra
dation aspect. In India, the productivity of millions of' be[
ares of land is known to be affected by irrigation-induced 
waterlogging and associated salinity. High seepage loss. 
overirrigation, and the use of' vast areas f'or growing crops 
that require a great deal of water, with attendant high per
colation losses, resulted in a steady rise of' the water table 
in the command areas of many Indian irrigation systems 
(Swaminathan, 198o). More than half of the Indus Basin 
Canal system in Pakistan, some 8 million ha, is waterlogged 
and about 40 percent of it has salinity problems (WDR, 
1982. 62). About 17 percent of' all irrigated areas covered 
by the public sector systems in the Philippines are reported 
to suffer from inadequate drainage facilities (NWRC, 1979). 
Most rice irrigation systenis face significant waterlogging 
problems in io- 15 percent of their service area within sev
eral years of' their operation. 

If we accept the proposition that use of irrigation technol
egy is an essential means to meet the food production needs 
of the population, the primary concern should then be to 
identify and assess the factors responsible for the present 
undesirable conditions and determine what should be done 
to help existing as well as future irrigation systems over
come these problems. 

WH'IRRIGATION SYSTEMS ARE FAILING TO 
FFI LLPROMISES 

It is important to recognize that irrigation development is 
a process in which both water users and managers stead
ily upgrade their understanding and strategies and proceed 
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toward an optimum level of effectiveness and efliciency pleting feasibility studies provide opportunities for suchwithin the given economic and socioinstitutional milieu. In manipulations. Planners and designers are required to makethis context, the analysis of Levine ( 1981) is relevant, assumptions to fill up data gaps, and even their best effortsTaking a historical perspective, Levine reasons that irriga- may be far from the actual licld situation. Use of overoption systems in Southeast Asia go through three definable timistic assumptions is often made in technical matters suchdevelopment stages. The first stage is when the system opcr- as life of reservoir, ife of equipment, water conveyance efliates primari!y as a "hvdrologic-hydraulic'" entity, with ema- ciency, and the like. Systems are assumed to be operatedphasis on water capture, conveyance, and equity in alloca- and maintained with overoptimistic estimates of resources.tion; management capability is scarce at that stage. In the In matters related to farmers' water use behavior, prefersecond stige the system becomes "'agriculture based" when ence. and motivation, hypothetical notions of tile plannermanagement capability improves and land becomes the designer rather than lield realities seem to have often domiscarcest production factor. At the third, or - Ifarmer-oriented' nated in the past. In many cases, the only perceivable reastage, the system cfliciency becomes a priority management son for the use of specific assumptions or design standardsobjective and water becomes the scarcest production factor, is found in the fact that tney were used before in another
Levine has also suggested that irrigation system perfor- project.

niance should be evaluated i'i relation 
 to its position in the Related to the aforementioned problems is the fact thatdevelopment continuum, tile lessons of operating experience of existing irrigation

Ideally. well-planned and well-tuanaged systems should systems are hardly given a chance to influence the planningprogress from one stage to the next harmoniously and within and desig i of new irrigation systems. The planning and dca relatively short period of time. Systems with prolonged sign task is traditionally considered by the engineers withindiscord and ineffectiveness suffer irrecoverable economic the agency as a more prestigious job than other jobs such asloss. Unfortunately, most irrigation systems are developed system operation and maintenance, and it is often per-Without conscious planning to facilitate this trantsftOrmation f'ormed in islation from other activities of irrigation devel
process. Weaver 1984) suggests that the failure of irriga- opment or management. Ex post evaluations of existing
tion system planners and managers to understand and plan projects are rarely conducted to assess the validity of the de-IOr irrigation development a, a dynamic process may he the sign standards and assumptions used and to upgrade them.
Iulber-one problem with that development today. I believe Thus, planning and design mistakes lend to be repeated.
this shortcoming is certainly at the core of many of the irri- A "hardware bias" usually dominates the planning andgatiol systeti perl'ormance problemtis that we see today. design process. As a result, only the visible physical in-These problems are discussed below on more specific terms. frastrncturre, such as dams, reservoirs, canals, gates, etc.,Three phases are involved in the development and f'unc- becoles the major focus of the development effort, leavingtioning of a1nirrigation system: planning and design. inplc- the software components with low priority. Thus, the manmentation. and operation and niaintenance. Each of these powc, development needs of the agency for proper operaphases is critically important in determining how success- tion and maintetiance of the system and farmers' organizafully the system will perfortm when it isoperated. In each of tioral development needs for effective and equitable use ofthe phases there are a number Af problems that I believe the water are always underestimated. Waterlol:ging and ascontribute significantly to the inclicient periormance of* ir- sociated problems, which normally doinot appear on a largerigation :;ystems. The assessment below concerns mostly ir-rigation systems that are created and managed by tile Public 

scale until after a few years of the system's operation, are, inmany cases, not given due consideration In some cases, the
 
sector agcencics. 
 initial provision of adequate drainage facilities becomes a 
Planning and Design victim of final economy measures imposed because of linancial limitations.
 
Ii 
 many cases, the seceds ol'a variety of system performance Ecological considerations are most often given least at
problems are sown during the planning and design phase. tention in the planning-design phase, just when they areDespite its most critical role, tit irrigation planning alid de- most critically important. Inadequate understanding of tiesign process is still mor of an art than a scicnLc . Currethers relationship between the natural ecosystem and the sus(1978) has criticized the irrigation system planning process tainable productivity of land, which is exacerbated by thefor its lack of scientific focus as Well as political econonly hardware bias as well as the quick-lix attitude of' many aand its preoccupation with certain issues that are not of cen- planner-designer, has been responsible for the development
tral importance to irrigation's success. The Unreliability and f various tin intended ecological problems that havecorisequerit fIntility' of the analytical procedures commonly 

de
graded the productive environment of lands. A classic exused in ex ante benefit-cost assessments to determine the amiple of such inadequacy is found in tie spillway-regulattreconomic feasibility of irrigation projects are a growing project in Krttanad. Kerala, India, which was intended to concern (Pant, 1984; Sutidar, 1984). Clearly. a major prob- prevent flood dam1age and to increase land productivity bylern isthat the analytical tool used in estimating benefits and controlling salt-water intrusion into the area but has actually'costs is amenable to easy manipulation to serve specific produced the opposite results, affecting the livelihood ofbiases or interests of tile user. thousands of farners and fishecrmen and endangering theThe chronic unavailability of good field data for new health of* tile local population because of increased inciproject areas and the short tirie usually allowed fkor corni- dence of mosquito-borne diseases (Cerescope Report, 1984, 
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HARDWARE SOFTWARE 

PHYSICAL MANAGEMENT ORGANIZATION 
INFRASTRUCTURE for 

for: 
o Water Allocation- Distribution
ofarmers 

o Water Capture a Infrastructure Mointenanc' 
o Communication a Response 
o Cost Recovery 

o Water Conveyance 

o Water Control 

FARM PRODUCTION 

ENTERPRISE for: 
o Water Delivery 

E Distribution - o Proper Cropping Schedule 

Water oExcess 

Removal o Equitable Water Sharing 

Fie. i. The lain component of an irrigation syslm 1tilcl nitd 
their major I'rclCtionls in rcIatiol to system perform oice. 

II - 12). Somewhat similar results were obtained, for per-
faps siililar reasois, in parts of the gigantic Coastal Li-
bankilent Project inl Bangladelsh. 

Ile pel''rnrince of'l"future irrigation systeils depends a 
great deal on how the planning and design process is nlade 
iore effective today. A better nide rstUatding O1' tile vNrius 

elements that make Ulp) a1i irrigation system, their respective 
roles, and their complecentarities is desired of those ill-
volved il the planning process (Fig. I). Ill-depth studies of 
tile specific weak links in tile currently used planning pro-
cess are essential to developing principlcs and procedures 
that could effectively guide f'utureIlanning. 
Project Inplementation 

The project implementation phase, during which the ply-
sical infrastructure development activities domilate, is 
primarily tile domain of engineers, technicians, and coil-
tractors. Ihis is perhaps the least studied area in irriiation 
bnt is of critical importance to the success or tailure of tie 
system when it is operated. Many things can. alid indeed 
do, go wrong at this stage. to the detriment of tile system's 
perl'ortiancc capacity. 

NIMislocation of' tertiary-level structures, sLIcl1 as turnouts 
or offtakes, with respect to their position as well as eleva-
tion relative to the water stpply level itl the canal, is a cttm-
111m1ly foUnd ildequacy that originatcs illostly during tile 
implementation stage. Problems of misalignment of main 
'i'rll ditchOs aiid their de fective, often negative, slopes are 

created by faulty cotnstlruction. 'T'liese defects inhibit the ex-
pected delivery of water to the farmis, create trustrations 
aiong the affected farniers, and encourage them to have re-
course to illegal iivctsion of' water by Cutting canal banks, 

installing pipes, or other means. Such practices promote a 
laissez-faire state with respect to system water management 
and allow uncontrolled use of water by those who have ac
cess to canal water. Consequently, the "stronger" and the 
more favorably located f'armers get more water rom the 
systen at the expense of the "weaker" and the more distant(NIA-IRRI, 1984, 53). This isone major reason lor 

the so-called head end-tail end problem of water distri
bution in irrigation systems. 

Good data on tile problems that usually originate at tile 
project implementation stage and their relationship to sys
term perornance capacity are limited. Barker et al. (1984,
51) reported on a study in the Philippines that found that 
about 40 percent of the terminal structures in the large 
Upper Pampanga River Integrated Irrigation System were 
inappropriately located, resulting irn unauthorized cuts ill
the canal,, to serve areas missed by the official structures. In 
a much smaller and iore recently constructed system, also 
in tile Philippines, ajoint investigation by representatives of
the f'arniers and tile system manager identified nunerous 

problneis with tie teriary-level structures, including inadequacies in the capacity of the drainage structures. But tile 
extent of the problenls was not fully realized until it was de
termined that iore tnian lo percent of tile designated ser
vice area could never get canal i water thlrough gravity flow 
because of design and/or construction faults and that five 
out of six large concrete Parshall flumes constructed in situ 
were not useftl at all h-.-ause of f'aully construction. An
other example of similar problems is fIound in tile work of' 
Corey (1982), who reported that in tile Mahaweli project in 
Sri Lanka, 1l0rc than 50 percent of the structures were non
fu nctional, because of either inappropriate location or datil
age. These are certainly ilot unique cases otf nonftinctionality 
of teriary-level infrastructure. 

Faulty irrigation infrastructures cannot perforil their 
functions properly. Thus, the existence of some inade
quacies in tile infrastructure implies a correspondingly re
duced pertforniance capacity of the system. Further, it oftell 
remains unrecognized that infirastructural inadequacies gen
erate social problenls ationg farliers with respect to water 
distribution and sharing. which also inhibit tile systei's per
foriance capacity. 

Infrastructural inladequiacies can have a variety of causes,
but most of thei are related to shortcomings in either de
sign or construction or both. It is generally believed that 
design-related shortcomings are due mainly to unavailability 
of necessary good-quality field data, espec ,ally data related 
to hydrology and laind topography. The dif, iculty of aIccurate 
field data collection, which isctInlpolIndd 1iy the existence 
of sliall landholdings ill [lost 0If tile colintries of' South and 
Southeast Asia is well recognized. But we miLtst also admilit 
that behind tile data gap tle re is atlack of pro per apprecia
tiOn of tile nced f(0r good-Utality field data for tile develop
ilent of. sticccssftl irrigation systems. Construction-related 
inadequacies, oil the other hand, generally reflect a lack of 
adequate supervision by the concerned personnel at vari-
OtiS stages of tile work. Contributing to this problel is tile 
unf(ortulate tendency to give less importance to tile su
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pervision needs of* tertiary- and field-level construction goals: reliability of supply, minimun wastage, and equityworks compared with those at tilewater source or at the pri- among users. In short, this requirement could be termedmary level. "water allocation-distribution capacity."Delay in the implementation of tileirrigation projects is 2. Ability to assess field water conditions and use thatresponsible for not only cost overruns but also a degrading information in taking appropriate measures toward achieveinfluence on tilequality of tileirrig'ition and drainage in- ment of the goals stated in item iabove and for improvementf'rastructure affected by the delay. Nonlined irrigation and of' fututre perfornmance-"feedback and response capacity."drainage canals constructed at the beginning of a project 3. Ability to develop and maintain reliable communicasuffer from degradation because of delays, and often they tion mechanisms with the water users for the exchange of'are not restored to the original specifications when the sys- relevant information-'communication capacity.'tern is to start functioning. Use of shortcuts a.nd iiicoiiplete 4. Ability to organize and sustain active involvement of'facilities and, in general, low-quality works tend to become farmers at mutually agreed levels in both decision makingmore acceptable under conditions of delayed schedule and and execution of'decisions-"organizational capacity."cost overruns. 5. Ability to maintain and improve, where possible, tle)elays inimplelmentttitin -iea common feature in irriga- given irrigation l'acilities to enable their continued use to)ion developinent. Each of tlie nine irrigalion projects in the best advantage of' tie f'arming comntmity- -"mainte-South and Sotltheast Asia Coilipleted bv 198o with assis- nancecapacity."tance from the Asian Development Bank had suffered al 6. Ability to f'oresee and observe land productivity probaverage tiiie lelaV of 72 p''iIcent over [lie scheduled )ipic- Ictus, such as waterlogging o salinity development, andinentation period and an average nominal cost overrun of take appropriate nieastires to prevent or ninimize such de66 percent. The conpl icaIted piocess used to adniniiister velopmets-''.productivity protectioncapacity.'' 
projects and the generally weak roanagent capacity of the 7. Ability to successfully realize water service f'ees fromlocal agencies are cited as two imlportant reasons for tile the water users as per the prevailing laws--"cost recoverydelayed implementat ion (Seki, 19)82). Stindar (i984) at- capacity.'*trihutcd delays in India to an excess of projects Under col- The above requireinents should apply to tilemanagementStRticion and inadequate I dllinlg. of' all irrigation systems regardless of' their type, scale, or 

management organization. Hlowever,Operation i( Maiinteniance I Xtions there may be varia-I)& in tle importance attached to any of these require-This aspect of' irrigation manaeemcnt has received some re- mcnts. For example, the productivity protection f'uinctionsearch attention during the last several years, Specifically in may be extremely important iii sormie systems but not
the assessments of, tle increase 
 in system perl'orniaiice po-
in 

others. Likewise. the cost recovery f'tinction differs substantential throne Ihadoption of improved mcthlods of systell op- tially from country to country depe nding on local laws.eratiot. Such rescarch hasheell t.1iCretcd in India (Rao, Itt general, tile required capacities fIor sticcessfutl svs1984) and tilePhilippiics (98ir),nd. t. and IsO, On1 a teil operation and maintenance are all in short supply. 'hemore limited scale. inl I arghladesh (Khan, i984). Sri Lanka, most compelling reasons f'or the shortcoMin iinclude tie
and Thailamd IIhongtawCC. 1984). Although 
 iitost of' these following:field studies were conducted ill diverse hiopllhy.'cal aid so- Financial constraint. Insuf'ficient finance and staffing forcioectnomic hkg'rotrids and di flTre nt ictliodolo.ics were the O&M activities, as recognized earlier by Bottrall (1978),
invotlved. they indicate thalt 
 here is scope fkor signiicant iri- are serious connon problems. The allocation by the govprove icnt perT ir t1hi1I gin sst Icrrii aricc i IieintationP ernment of' resources f'or irrigation system O&M is inconof improved ope ration prtcedhuics. Ithwc\er, Irtott these tin ued decline in most countries, leading to deterioration of'studies no inlriiation is avilhle oi the extent of' system the perftrnmance capacity of tilesystems. For example, Ir
operation IWONClmS th 11te C~arccteitcdl cent study by tile
or indluced by deficicn-
 Work Bank in Bangladesh concluded thatcies ataitethe phaning-and-dn sign ad inplcncnta ion stages undcrutilization and deterioration of operatinpirri
ot' irrigation development. 
 ion schemes were a direct resut of' inadequate fIinding f'(orInthe planidg and design tit' irica titul systems, O&M is O&M (GOI3-W13, 1979, 2 i ).SUrdar (1984) criticizes tilegranted.often taken I'Or Irrilgalior systCii manatc'cent is a Indian irrigation ad iiinistration for providing al inadeqtuatehighly ctonplex task that Lclmands tRIdcistard iIu arid appli- budget For O&M and allowing system deterioration. which,cation tuf' principles o f itt only engineering fIn also the he arucs, reflect a lack of'concern for system output.agronomic, economic. and socio-instiutitrual reahClis. IIOw-

Bar
ker et al. ( 1984, p. 64) warn of serious productivity consecver. the mnagemtnt l'tnctions are often tiost in.dcquately qtlicnces if' carefutl budgetary planning to help Future intlefined fn tile iarwers.systerit I believe file essential I'rastruture iiaiitena ncc and rehahilitation of' irrigation!'unctions for' \whit.I the IInragiClrent tIalnl should acquire systeis t1' South and Southeast Asian Countries is [lotadcqu.ate CapacitV illo'rdcr Itoscccss f'tilly operate and imaiii- pursued.


tain irrigation systcnirs are the following: Many irrigation agencies alipear to e tined more to
I. Ability t(ilhln and cx, ctle aIwater allocation and dis-trihiutiOi schedule during building new projects than to operating and maintainingeach crop season to best titilize well those that are in plce. Ironically, it sonetirlmes seemsthe available water resource, keeping in mind the following easier for the agencies to nmster financial resources for new 
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projects than for improving or even sustaining the level of 
O&M that is most sensible. This situation must be improved 
if expected returns are to be gained from irrigation systems. 

Inadequate staff training. Despite the high complexity 
of the tasks they are expected to perform, few irrigation 
managers are adetlIately trained for therin. Irrigation iman-
agers are mostly civil engineers who have had little oppor-
tunity through their college or university curricula to learn 
about the concepts and issues rClevant to system manae-
ment. On-the-job training opportunities for them are also 
limited. A similar situation exists with respect to the suIp-
port stallff responsible fOr variotus field O&M activities. It is 
reported tha in India mo e t Ihan 8o lercent of lie irrigation 
sVstcnli (0.NI stafl have had no training relited to their.jobs 
whatsoever (Wade, 1982). 

The pote ntiaI benelits froint tie initroduocti on of irrigation 
rnangeient relited suiets, such as ianaigcnieit science, 
canill operation principles, agrotiomy, etc., into the civil en-
gineering ciirricLIIa of Inrdia iio"lCegc s arid Universities have 
been eriphisizCd by \'ario',s11autho0rs ii recent years. Wade 
Itt82) reasons tIi tperihalps tie single most ii it re.i-ant 

Son \'hy hndi,1u systlems aare poorly isiirrigl-Ni6tri'frnint, 
tie riegleict of the relevant edi- .tiOcl ard triaiiig of the pro-
lessiolnalI irrigalion .iisafl. I1 elieve this a rg tilelit applies 
equi.illy w\'ell for riOt otler Couiiitrics 01 South aid South-
east Asia. 

Lack ol" accountability ind incentives. The probleiii of' 
accounlability is at two levels. At tile insltitirtio naI level, it is 
often tlie case Ihia tle :glei'cy Iial builds rid operates the 
irrigation systems is not directly responsible for the use of 
the vater at tihe farmi level. Usially. tile responsibility for 
distribution of waler after it leaves the mIain systci network 
lies with the Xlell.xeiol stallf of the agriculture department, 
which, in most cases, not only is at deptr'lltlll1 separate 
fromii the irrigation giCi'y but also iii .y be under iadiflTcrent 
iinistry in the government. In this situaltion, coord inalt ion 
of the activities of the two depairtients is often dificulIt, 
and there is the inherent l)rOlenl of in.stititioliizing ac-
countability for irrigation systen lerfo)rlanice ait the de-
partinental level. \Vithin the irrigation ageicy, there is 
prevalent a lack of' enforced acciOUn lability with respect to 
the O&M fuInctions of"the systerinls tihe va.rious cailres ofl' 
the staff. Ili sonle cases the joh descriptions are \%ell de-
ilned. bil these are coIlsidered ilostly for record purposes. 

There is often a serious lack of super\ViSion of' tihe work of 
v'ariotus field stallf y tile Stipervisin officIers. Who have to 
spendi(oo iLiuc lintle Oil routine admini strative duties inl-
posed on lienrii. Sluidlar I198.) Suiiniarizes this lick of ac-
countability for lndini irrigation systerlis with the state-
rien: "Since p)erf:'r in anic is ilicxCr illeas tiirud. who cires?'' 
India lust not be Considercd unitlle in this sitlation. 

A related probleni is the lack of incentives. Inicentivcs for 
stlIf for to perfori welI are sonletillICs hnadleCtrate, andilpr 
lotions are o length of service than on per-haSC ntre oni 

flrilarice ill assigiedl roles. Since tle iirrigation nianiaer is 
riot required to be concerned %wilithe fIarunli-level distri-
bition and lse of tile w'ater. extraordinliry persomilli ini-
tiative is neeLIed for the iniariager to be conricet[ WithtIle 
ultinie purpose of the developnment of the systen. 

Inadequate farmer participation. The critical role tile 
farmers must play in tile successful O&M of an irrigation 
system has been underestimated in the past. It has tradi
tionally been assumed that farmers should get organized to 
support the system's water allocation and distribution plans, 
maintain the on-fari irrigation nd drainiiage facilities, and. 
in some situations, also help to collect the irrigation service 
fees. It has also been implicitly assumed that in their own 
ultimate interest the farmers will be supportive of these 
activities. Some input!; from the agency are all that has 
been considered necessary to develop and sustain orga
nized farmer groups for these pirposes. This zipproach has 
acheived \ery linlited Success. Fariers oilen view the de
mands of (ie agency is unreasonible because they think 
they are asked to do only tile n.iiaal or "dirty" work. Coi
pounding ti is problenm is l hiclack of' good cot inninicat ion 
and, often, of' proper understlanling between the agency 
sta'f and the farmers. Clearly, there is ;i+ irgent need to de
vise nie an s to en sire the parlic ipat ion of' larmers in t ile vari
otis o & functions if better use of water is to be achieved. 

Recenlt studies il tlie Philippines have showii that ini smila 
irigation systenis that areagency developed bt coiMiintiiity 
owned and ianaged , tile participatory approach to irriga
lion developnment, in whMic both tie irrigation igency per
sonneI ani tie intenrded benefihirie, arc jointly involved in 
decision miakirig froi tie planih..., mige to syster O&M, is 

uch iiiore likely to suc-eed in the long run than the con
vent ionaI approach in proloting and mainitainiing farillers, 
partici pation (Bagadion aid Korten, I9g8o). This approach 
is being used now for CoiiiiiiUria1 irrigation developiiient in 
tile Philippines. The concept iiierits serious consideration 
and t.sting for its possible applicability, perhaps with appro
priate modification, to similr small-scale irrigation devel
opriient in other countries. 

SELECTED ISUES CONFRONTING
 
IEVELOIMENT STRATEGY OR CHOICE OF
 

TECItNOLO(;Y
 
Several important issues are faced by the policy and deci

sion makers in choosing a strategy or a component technol
ogy in relation to irrigation developienit from anliong the 
options available to therii. Three important issues are dis
cussed here, with a view to developing ill extended under
standing of the various flacets involved in tlherin. 

New Expansion versus Upgrading of' Existing 
Irrigation Systems 
Upgrading existing irrigation systens is sometinies iien
tioned as a more desirable alternative to developing addi
tional areas witlh new irrigation facilities for tlie counlries 
of South aid Southeast Asia. Basically, the argti1ierit is for 
i lalititive iinprIlvenleit in lieLu of the popular tluantitativc 
developrment approacih. 

Inmplicit in recomnmrending tile Utpgradiig option is the as
suilptionI thiht we know well how imniprovenrenls of' existii 
irrigition systelis should Ile niiade to achieve higher levels 
of crop prodtction. nlireality, however, oitr knoI'ledge base 
relative to irrigation sySteli l)gradilnr arid its rehiltionship 
to crop production increase is iiore liiited than that relative 

,,5y¢
 



to food production increase through development of new ir-
rigation systems. Most upgrading efforts in the past have 
been to "rehabilitate" deteriorated physical facilities of irri-
gation systems to the original design standards. It is logical
to think that the improved facilities will deteriorate again,
perhaps as quickly as or even quicker than in the past, un-
less better arrangements have been made for their mainte-
nance. Also. these rehabilitations per se may not yield sig-
nificant crop production benefits unless the deteriorated 
l1ocilities were the primary reason for the earlier low produc-
tion or poor system perf ,rlmance. There is evidence that 
sonic of the recent rehabilitation or tpgrading of on-farm 
infr-astruc ture of' irrigation systems has produced no posi-
tive elfects on either system performance or crop produc-
ion, for reasons similar to mose stated above. In two such 

cases, one ill India (Ali, 1984) and tile other in the Philip-
pinesi i.ljor water problems were inl the management oftihe 
main system and as st ih, farm-level improvements did not 
make any significant difference with respect to farmers' 
water availability or crop proIu Lion. 

Cumulalive evidenlce fromt a number of pilot studies in 
several countries, as mentioned earlier, suggests that sig-
nificant benefits could be realized by inlproviiig the water 
allocation-distributiori procedure inl the main system. The
emphasis in such improvelent or upgrading elforts should 
be on establishing reliability and predictability of the water 
supply, equity in its access to f'arrmers it various locations 
within the system area, and ieduced water wastage. The spc-
cific interventions needed to achieve these goals bevond the 
pilot level and their economic viability under given condi-
tions have not been established, however, and these matters 
therefore deserve serious research. Clearly, any successful 
effort along this line will require farmer cooperation and 
participationi. To w hat extent substantive investment I'or 
physical infrastructure improvement is needed for such 
efforts depends on site conditions, but in most situations at-
tempts to apply irlprovcd water allocalion-distribution pro-
cedures ire likely to show iiuinerous weaknesses in the main 
sy :tem itself. 


Upgrading the management capacity of the irrigation bii-

reaucracy is often likely to be a necessary, though not al-

ways a suf'licient, condition for upgrading the irrigation sys-

tent's performance and the productivity of water. li most 

situations, an upgrading scheme along tbis line is likely to 
require two important elements: ( I) adequate resources, both 
manpower and financial, to enable proper O&M of the sys-
terni, and (2) proper training of tile different cadres of tile
staff. The training activity should aim at enhancing the staff's 
capacity to perforrn the various O&N/l functions described
earlier. 

There is no doubt hlat as self-sufLiciency in food grain
production is achieved and mainrtained in a cotiry and as 
new irrigation developments become more experisive, the 
option of upgrading existing irrigation facilities will gaingreater importance. For Ilmost o the Cotuntries of' Soth nld 

Southeast Asia, where water for irrigation is beco mning I 
scarcer and niore liimiting conmmodity fkor additional food 
production, there is a need to conduct imnediate in-depth 
studies to assess the f'easibility and practicality of upgrading 
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the productive capacities of' existing irrigation systems,
taking into full account all relevant technical, economic, 
and socioinstitutional factors. 

Large versus Small Irrigation Projects
By and large, researchers and critics of the maladies as

sociated with irrigation development tend to lavor small ir
rigation systems, for various reasons.: Large systems can 
be justifiably criticized for their many weaknesses, includ
ing the following: 

i . There is overk:rnphasis on economy of scale and over
optimistic projection of'benelits in planning. Also, as Levine 
(1977) points out, there is neglect of "'diseconomics" asso
ciated with more stringent requirements for data, for accu
rate projections, and for specialized skills. L.arge systems
generally require long gestation periods. 

2. The )lanning, implementation, and management of 
large systems require coordinated action of' several con
cerned agencies or institutions, a Match that is very difticult 
to achieve in developing countries Madelcy, 1983).

3. There are major weaknesses in sustaining the produc
tive capacity of reservoirs, this due to difficulty in desil.,ning
and/or imnipementing viable measures to protect the reser
voirs from silting.' 

4. Large systems are prone to waterlogging and conse
quent land productivity problems.

Small systems are generally less affected by most of' the 
problems listed above. But problems of inefficiency ill sys
ten perfornaince and inequity iii water distribution as well 
as unreliability in water supply are also common in small 
systems. Such exaniples abound in most of the countries 
using small systems with deep Lubewells, tanks, and diver
sion darns. On the other lhand, there are examples of rela
lively large irrigation systems that are performi ng at rea
sonably high levels of efficieicy. In Malaysia, relatively
large systems, those with a service area of IO,oo ha or 
nore, are f'ouid to perform much better and more produIc
tively than the scattered small-scale systems (Lirn, 1984).

Large systems are unjustifiably criticized sometimes for 
their dependence on sophisticated techmology and foreign
know-how and capital. Certainly, the level of' sophistication
in modern irrigation technology is very much within the ca
pacity of the Asian developing countries to properly absorb
 
and utilize, if there is institutional commitment to it. Fur
ther, whereas full utilization of indigenous know-how is a
 
desirable goal, we Must not advocate closing doors to suit
able foreign know-how unless it is entirely irrelevant. Local
 
adaptation and adoption of' f'oreign technology has proved
 

'A universal delinition of "large" or "'sniall" irrigation systems is not 
applicable. li the context of this discussion, large sysrems would he those 
that serve greatly extended areas, perhaps 500110 ha or more. All "ilter
mediate" or "'inedinum" category ,nav he used for s stems serving iouoo 
t) .o.ol 
Bas int:or example. the elfective life of tthe 'T'arIela Reservoir of the IndusProject iinPakistan is apprehended to he fialf the life expectancy 
originally calculated htorlaug. 1982. Unchecked deforestalion ill ite 
watersftetd ot he Nahawcli River irrigation projecr inSri L.anka. which is 
partly complete, is now gravely threatening its reservoir's poleitial capac
it),(Madetey, 1983). 
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successful in many instances in the developing countries, 
Ultraconservative planning based only on readily available 
local resources will not be sufficient to solve our food pro-
duction problems. New resources, especially in the man-
power sector, will have to be generated through forward-
looking but re:listic planning. 
The development of large irrigation systems should be 

avoided inlavor of smaller systems when there is a reason-
able alternative choice. But is there always a choice? A 
number of factors complicate the decision-imaking process 
in this regard. First, .i policy to develop oil v sin all syste ins 
canii slow downi tile irrigat ion devcel )Ipl-lcnt ICC, whiCh mlay 
be critical 'l'ra contry, auld it may turn out to he more ex-
pensive in the long run. Also. often a large river ba;in may 
not be amenable to development into a number of' small 
basins. F~urthermore, econoiy of scale will remain an ina-
portant factor in planning and project select ion. Second,
large irrigation systems with reservoirs ire nimostly niulti-
Purpoise prI.jccts in which electric power egneratim is a
inajor componcnt. Power is in short Suplly in Iiiost of' tlie 
countries ard hydroelectric power is still the mlost f'iavored 
icaiis of developing tle energy. Third. itis iiot evident that 

systeiii rMianaglcilet problems can he eliminltCd or rcdluced 
Idsystei pet''oiiaicC siciificaiitlv ii piCml'C d y ily

scallin. down the size of the systeIms. 
Il view ol'the above, itislikely that liace irricatiori system 

development will remain itstratcgy attractive to policy-
makers and planners. Pclrh:ips the right question, then. is 
not wehther systeis shOtLId be larce in sil l hitt whlit tile 

right size should he. The size should he deterimmirmed based 
on ntot only Irealistic. rather than hypothetical. analysis of 
expected beiiclits and costs l+tlie alternative procts bit 
also taking into full account tIe planning. desi niig, iri-
pleritatiom . and rnanageiint capcilics that call b re-
aIlisticillv acquircdlind rmairtairid x ithlmii the ageicies 
concernd.c NI an'yla' sv stCis tcdltv sLi ffcr f'i'clii va riols 
problems fcOr not coisidl:rirg prcperly the limitations with 
respect to these capacires. Fcological and envircnmental 
considerations, which have often bein neglected iinthe past, 
Must Ilso be atthe fl'orront wienimciediurim or large projects
airc coisidered. IProposals IOr deveeing lIrge bt LiSOid 
s'steris are likely to be locically discarded i these prect-
tions irc taken properly. Siiice our uderstalding cl'the cCO-
cigical and enviroliiental dxynamiics cif water dcvelc p nt 
is vcr limited, research Cforls illong this line should be 
crCatly st reI2tliCnetL, 

laruaeseii ()rganiizaitiunrCentralized liureaucrac 
versus Farnier-ShareJ .!'deI 
Ill the past, irrigatiol sxsteis have been viewed mostly as 
rierely tclchticlouical Solutions to the f'Od lncidiictil picib-
lcm. The importance of the role of I'alliler participation is 
only beginning to be full' ipprCciated, lid Ou uicirslitild-
ing cf' the iatLie cl'ittruilxy ef'cCtivC aecicx'-f'ariiiCr interface 
is still limited. 

In gencral. agency-managed irrigalion systems have at-
tempted to develop a iaiiigcinerit cirgaiiztitcion palttern in 
which the agency takes cintrol o'the main system. usLially 

up to the secondary or tertiary canal. In effect, all system 
operation related decisions are made by the agency and the 
maintenance responsibility is divided between the agency 
and the farmer groups, the latter being responsible fOr the 
maintenance of the farm-level irrigation and drainage facili
ties. But, Isdiscussed earlier, field application of lilismodel 
has faced serious setbacks, since farmer participation in 
most agency-managed irrigation systems has been highly in
adeqlate and has infact contributed to their unsatisfactory 
performance. Farmers generalli aire considered unable to 
contribute to main system management decision making 
and are blaimed f'or nonparticipation inthe execution of' sys
tern operation and iniii tenianice p1lans worked out by tlie 
agency. It is only fair to say that in many cases the nonpar
ticipation is (ile to flailure of'the agency to fullill its share of 
the responsibility, creatin lack of'conlidence inthe farmers 
about the IgelCv ild disinterest inits programs.

It is logical to assume that irrigation systemc rl'orianice 
woutld be i lprovCd iffarineris coould be niade activC partners
with the agency not only in tile maintenance of' their flariii
level facilities but also inthe decision-making process bir 
water all)cation -distri butiont intheir respective portions of 
the rlairi systeml. its Upkeep, anrid the implementation of' 
these decisions. This shared-management odnlShould
 
elicit local leadership. the lack of which has been a problem 
iii earlier efforts to oroanize f'lariiers, and should utilize 
local \visdom in the riational pilanning and execCution of' the 
key activities witliin the systeni. Further. this proiess should 
enlist I'arincr coiliitmiient to tile needed (lbs fri'i le cii
cCptLtil stage. If'this model is agreed on iii principle, tie 
org1ni' structure f'unctions of' the twoizitiOiial and specific 
parties involved could be deveIoped conside ring the prexail
ing sociOcuLiltiiiral background itswell Islocal ciisurces. It is 
corceivablIe thiat sonic agenis may' cosid rsiuci i Model 
an iif'iiringiiiernt on their authority. Bit it is expected that 
a sciccessf'lI sharing of responsibility will strengthen tlie 
agency's truce authority and also bolster its image with the 
fIariiers. There will have to be a perceptive and attitudinal 
change withini a traditiral irrigation agency to implement a 
model along this line. 

IIow caniar imers be effectively organized ii a given 
sociocultural background to help achieve and sListain the 
irr'igation system gals? What shoLuld be tile most eff'ec
tive an iiuIt ially acceptable delineation of the limits of' re
sponsibilit' between the agency and the f'i'lner groups? II 
what way must thli agencies change to implcemnt a shiared-
Manai model? We iced research-based ansvers toagementthese irdt other relexvant lUIestlions. Past research !ilong this 
line has been mst limited. A number of' pioneering at
tempts hy the National Irrigation Adliinistration ini the 
Philippines to organize f'arimcrs to share ftle management re
spoiisibility in large irrigation systems an'curirtly inder 
way.A must inlercsting l'calire o1 these cfforts is that firincir 

corganizations a ,o ire sharing the respconsibility If'irriga
tics service fee collection ficrio the beneficiaries, and the 
agency is trying out a nuniber of' incentive fI'rmulas to 
allow a percentage of the collection to be shared by the 
I'lrlier'l 'rganiztationif' itcan ftillilla given titiie target fr 

V 
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collection. Also, the agency contracts out caial mainte- management. The scope of the benefits achievable from thenance work to the organizations, generating mutual linan- pursuit of each of these goals in given irrigation systemscial as well as other benefits (13agadion. 1984). and their complementarities should be assessed in depth.CONCLUSION AND RECOMMENDATIONS In relation to the above main goals, comprehensive as

sessmient should be made of the possible need for policy andOur increasing dependence on irrigated agricultural pro- institutional reforms to establish much-needed resource muduction systems to provide adequate food and flood security bilization for cffective and sustained O&M of irrigationfor the expanding popllation makes it iniperati\ve that exist- systems on one hand and, on the other, enhanced accounting irrigation systems bc rnore efficient and ;roductivity of ability as well as an incentive mechanism within the agenirrigated linds be maintained. The problems of ineflicicncy cics responsible for making irrigation technology work.and land degradation faced today in Illost irrigation systems 3. There is atclear indication that watCrlogging and reare indeed, very serious. If these are allowed to remain un- lated !land degradation are a serious problem in nany irrigasolved, not only will the economic losses associated with tion system areas. In many others, they are an impendingthe foregone production mnd related effects continue, but in problem of great magniitude. New irrigatiotn developmentaddition the severity ol tile problems will become more may turn Out to be a self-defeating pursuit if these problemsacute with ti inc. Colsequently, tie much-needed food pro- are not resolved satisfactorily. Hlwever, our knowledge ofduction onlientum gained over tle years will suf'fcr serious these problems is sketch' aid highly inadequate. Major resetbacks. Further, without thoiightfn'll studies and practical search efforts should be made innediately in appropriatereforns to nmike improvements in planning, implementing, locations to quantify the extent of the problem, study theaim nlaging irrigation facilities. there is little hope that process of land degradation, and explore viable solutions.futur-e inveStni ent s in irrigation will be more rewarding. Specia! emphasis should be piaced on identifying the gene-With a population iu South and Southeast Asia th; t is ex- sis of tile pioblem aid determining how other existing
pC':tcd to double in the 

or 
next thirty years. bold measures are future irrigation systems Could prevent its eccurrence orLssent iil if the problems of irrigation systems and retarded minimize its idverse effects.
food production are to be avoided. 
 4. A vast ":,nounts of' informtion and experience rela-Consolint with the discussionS in this chapter, the 1l'0- live to irrigation planning, design, and operation and mainlowin recomnmendations are made for appropriate action tenancc is available in the various countries, and if properlyby the national and international agencies concerned with assembled and systematized it could create a pricelessincreasing the benefits Irom irrigaiion developnenlt, storehouse of' knowledge usef'ul for various important pur. '[here is a great need to examine critically the planning- poses in future irrigation development and management.design process currently Iused for irrigation development and What is needed is more th~in merely i dai'ank; it should beto deelop principles and procedure;itehat will allow it to be a central facility that call delive r analyzed inlornation refitfree IroMinI tIle CLIHeilt weaknesses. The plainning-dcsign pro- tive to specific problens experienced in tile irrigation sectorcess has to he madc adeqitely sensitive is well as respon- in the dif'f'erent count ties. Such a flhcility would serve asto the potentiaIl probleis of \waterlogging and land deg- a mechaniin toeive proilole fecedback olf past experience torada tion and to other etironniental-ecological concerns, present plan iing and allow coverage of not Only the differ-The planning anld design flncioniS nust be Iroadenied t') ill- ent irrigation systems within a country but also those of'tegrate into them such critical aspects as planning for field other countries. Also, it would help to avoid repetition of'implementation of' physical inf'rastrItetUre. de'elopieint of' past mistakes iii planning-designi as well as in managementiinStittt ion aI intrastrticture f'or efflective aind Sustained llinai- decisions. International initiative is recomnmended for thisagellit. andias eV'alunat ion of' systelll perf'ormnance, purpose.
The above will requiie in-depth studies co)nducted by .'. In the long run, 
 tie irrigation development and mannutitidisciplinary teams, and strong support f'roii tile irriga- agelient quality of' i country will be determined by thetion agencies conceried ill be essential to bring about tile ailiouiit of well-trained manpower that is available in tiledesired changes in the planning-design process. The inter- country. The shortage of' trained manpower is already periiational lending institutions should play a vital role in financ- ceived as a major limitation to achieving higher levels of irriing the needed studies on and actions toward those changes. gation system performance in most coultries at the present2. Research on increasing benefits obtained I'om exist- tiie. Close attention to this problen should be given bying irrigation systenis should be strengthened greatly. Such concerned educational institutions.resea'ch should set f'ortl one or moie of' the lb I\low'hi, coi- The importance of' water in the national economy is mostponent goals: (it inpr' ving the wa,.iter allocation-(Ii sti'ilution often not reflected in tile e.lucation that technical grad uitesprocedures in the main irrigation system to increase eluityin farmers' receive in tihe college Or Uill':vcrsity. E'ngincering curriculaaccess to xw'ater and to enhance efliciency of S;hould be Modified to educate civil a1d agricultural engitheir water use: (b) upgrading the lield operation and niain- neering students Oil tile iii ajor probleniis of tile irrigatillntenance capacity of' tie irrigation agency: and (c) iiproving sector and oil principles ind procedures that can help toi*rmer c o peral;on inl eflicieit and equitable use of' vater solve lie1iii. Well-supported irstitutions shoLild be develan1d, for this purpose, organizing farnier participation in oped within, or in close association with, the irrigationplanning and implementing rele',nlt I'Lfnctions of system agencies of each country to impart relevant on-the-job 
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training to the different cadres of the staff to enhance their 
technical capacity as well as their motivation for good
work. Special attention is needed in the area of development 
of nertinent textbooks and training materials, which are in 
short supply, for this purpose. 

-. 
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5'. SOIL PROPERTIES AND WATER REGIME MANAGEMENT AS 
AFFECTED BY OPTIMIZED TILLAGE ENERGY AND PRACTICES 

UNDER SEMIARID CONDITIONS 

Dan Wolf. l)epartment o Agricultural Engineering, Technion-israel Institute of Technology, Haifa, Israel, and Amos
Iladas, Department o Soil Physics, Institute of Soil and Water, Agricultural Research Organization. Bet Dagan, Israel 

ABSTRACT and tropical zones of the world. Therefore, it is imperative 
that wise decisions, pertinent to utilization of such resoucesAbout one-third of (he world's CLltivated area is ill semiarid as water, soil, lahor, energy, and miachines for developinglands, most of it ill developing cinitries. A largc portion of the new areas or tor modernizing cultivated areas, be nade,semiarid Soils is sIusceptible tlllC Wderet conditions to) cOrpacIctio based Oil Sound. proven database knowledge obtainedhy tractors and other tarm machinery. The soil compaction causes tl rough systems analysis of agricultural practices, with spereductiona C in raill ald irriation water inliltration and storage, cial attention to optilnizing input-output rClationships.


diflicultics ill nutrient uptakC alld root devclopmeit, and yield decrease. e of the dry rec mopipacted soil. usine it u his systems analysis cornce pt tar ar culture call s tile 
aid Methods adaptedl ron Ieperate lands. requLI tlnderst haterm res high tractor ding t c reased ptodpuc t nd, rtt, a eionyields, ie energy. I'rtits larle soil clods, arid dictates tile needII fr iltany op- 1artners have to work the soil aid to apply water and chetni
erations to achieve a reasona+,le soil a,.ree'at tilt. I \erdusting b\ cals into Iian-controlled ecological habitats optimizedthe mechanical activities may cause crustig, pOlLItion, ard soil 

tar 
the crop's need s th roughou t the growing and yiehlding season.erosion. Among the means to achieve this the tariler may considerIntensive field research aid atgro tecliological system analysis tillage operations and irrigation systems, through whichbrio ughItt aboiut a sLccessful, widely applied controlled traflic. arid soit water storage and hydraulic pcopertics may le changed

precisint opti rI itt tillage iilliods. The separation her een per- whie pests a tnd weeds are coitrotled.It;icril Cottp;.ctcd laCS atid tile platit-growingloieg,, as well as Soil tillage as a soil properties-cont roll ing practice ilii
he gradLal dcvClii iCllt Ol hitliCitry. implernenits. ;aId other li

systells t osuit the seitiarid soil cinstiaits. I VSthCdil in dh but s t l i sofil s ructure a rienltation t tirstlsiil structure. helter atcr regime. reduced tillaL'c enrergy. il - hut tiesc newly affected physical properties cisequety
pro'cd plant response. change with consecutive tillage operations (e.g.. deep, ag-Still, there is a need it)illyes!igate pitenti al techiilogics. such gressive primary tillage for root bed and shallow secondaryas tile wide tractive frarite Or tire ntotractivc lateral operatin! Svs- tillage passes for seedbed preparation), wetting at drying,Itues. for even better prirducrivity, efliciericy, ecuoiliy, and soil swelling and shrinkage cycles, or heavy traflic across theand planl reaction. ields. The seasonal trend is toward the initial soil proper

ties (that is, those prior to tillage) or even the worsening of 
INTROi)UCTION these as a result o' traftic-caused compaction. 

The need far greater crop yields to provide toad. libers, Tillage and compaction diminish the physical properties
and plant niiaterials tar indtstries is growing. 'These oals of tile Soil, thus aftecting the crop. In order to optimize procan be ret onlty bi itncteasing prod wtiontates in prie, ductioni, one 1iusI sttudy the crop-environment relationshipscurrently prodcing agricutral pru cti inl rtoduininnc . as a systems analysis case in which the paratmeters and vari-
Ianrids into iodern agriciltuLr productiit ables are changing with time aid operations and the crops 

Inureased prodLtction ocurren tly cultivated land re- yield responses to these changes. Such an approach waspartially presented by Iladas et al. ( 98o, 1983). Il theiriLtires iitensiictin ofcurrentt agrahoiic practices, aly works the main probler was whether ,ie soil-crop water re
iecrnia tiswhich in tne reate ptillLitii soil coni pac- g ire could be optimized through proper manipulation of' 
tion. and salitlization hazards. Introduction of' new lands sail properties by various etinations at tillage operasoil and water resources iins (e.g.,means develping lie\%n, ill trginal fragmuenting, inverting, rotavating, reorienting

developed Countries and modernizing agronomic practices soil crumbs, or reshaping tie soil surface).

igr devhaiigi Countries. 
 This chapter discusses same aspects of an agrotech

, Modern practices ariud prtoper utilization of rcsoLIrces in nological systerlis analysis while pointing out the benefitsagricultur-al enterprises have been developed mo:,ly il ter-agriteiraneiterria ave bee utei and hazards involved in tnodernizing practices. The ideasrnot hy itl and data presented are based on the authors' experience, 
applite to the rie lacatlons or anvirients uter crtsid- gained under Israeli seniiarid climatic conditions on clod
eration, especially when these are located in the semiarid fartig sails. 
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SOIL TILLAGE IN SEMIARID LANDS 

As described by Wolf anu Luth (1979), about one-third of' 
the world's 1.4 billion cultivated hit is in semiarid linds 
(Fig. 1). The agroclimatic ern semiarid refers to 

"Inadequate or nonuniform rain distribution interspersed with 
long dry seasons. 

" High temperatures, intensive solar radiation, and little frost to 
affec! soil structure. 

" Lack of water itorsoftening the soils by pretillage irrigation. 

Most of the semiarid lands are in the central and southern 
sections of the world, while the temperate are-s are in the 
northern part. At least half of the semiarid lands, both irri-
gated and nonirrigated have potentially clod-forming soils: 
a total of 250 Inillion hi (Fig. 2). Large hard clods may be 
exposed during primary tillage, and seedbed preparation 
beconles time consuming and expensive. 

The texture of these soils is similar to temperate soils, but 
tilemechanical characteristics are different (Wolf, 1970). 
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r ." Fig. 3. Bulk density and cohesion as alfected by decreasing inois

ture content and pre-compaction. Wolf and Hadas, 1983. 
- ?[M~~INERAIE . - --

Fig. I.Tenperate and semiarid agricuIlural areas in the world. Most of the semiarid so',s have very little or even no soil
Wolf and Luth. 1979. structure stabilizing organic material and thus susceptible to 

compaction by traffic. Wet soils may be compacted during 
the previous cropping season by tilling, planting, cultivat

eLO N ing, spraying, and harvesting activities. A survey analysisOD-FORMING SOILS (Wolf et al., 1984) shows that the number of passes and op245 850,000 ha erations involved in cropping dryland and irrigated cotton is 

fifteen to twenty-live, most of these being done on wet soils. 
After intensive drying during the growing season, by cli
mate, planting, and sun radiation, tilesoil forms large, hard 

•..... . '.-..-...'-.'blocks
or clods, bounded by cracks. The strength of the soil 
TEMPERATE SEMI -ARID is high and nonuniform because of the presence of theT E M PIERATI-.";::'.-.: S E MI -ARID mass 


940,300,000 ha ....491,700,000 ha 
 low cohesion boundaries and cracks. 
Wolf and Hladas (1983) described the effect of interaction 

)etwLn external, ntachine-made conipaction and the natu
ral drying process on low organic colloid content semiarid 
soils. The residual effcot of soil compaction when moisture 
content decreases was analyZCd aftcr field and laboratory 
studies and is illustrated in Fig. 3. 

Soil samples were compacted, at lower plastic limit nlois
ture content, to two levels of bulk density. Then, a slow, low

Fig. 2. Cultivated land by climate. Wolf and Luth. 1979. temperature drying process was used to decrease the mois



Soil. Water, and Tillage under Semiarid Conditions 337 

ture content down to the hygroscopic level. Through the The dry compacted soils, when tilled, prGJuce large clodsprocess, samples were taken out, and bulk density and co- because of the anisotropy and heterogeneity of their struchesion (from shear tests) were measured. tural framework. High energy is required for primary tillageThe effect of drying on bulk density was equivalent for of' the clod-forming soils. Many secondary tillage passesboth compacted and nonconipacted soil samples, it in- are required to pulverize the hard clods. The result is often acreased slightly, primarily as a result of the montmorilonite poor seedbed composed of line dust and large aggregates.clay shrinkage. On the other hand, there was a distinct pre- The excess of dust may cause erosion and pollution probcompaction effect on soil strength. As long as moisture con- lenis and form a crust or compacted layers when wetted.tent is high, cohesion of noncompacted soil increases at a Since a large portion of' clod-forming soils is in the lesslower rate than that of the compacted samples, but their val- developed countries, relatively little research on tfillage has ues were close together. I lowever. once moisture content been done in these areas.
 
reaches 40 percent of the lower plastic limit, the difference
 
increases fast. At the hygroscopic m.c. level, cohesion of TILLA(;E ENERGY AND ITS EFFICIENCYthe precompacted soil is 55 percent higher than that of the Draft requirements for implements in semiarid lands arenoncomlpacted soil. very high compared with tillage in temperate soils, asBy comparing aggregate strength froni fields and neigh- shown in Table I (Wolf' andlluth, 1979). Representativeboring natural, never-tilled soils, this phenomenon was data of energy required for tilling in cotton growing areas inverified (Fig. 4). semiarid zones were presented by Wolf' c al. (1977/, 1984)Tillage should produce a soil tith that proviles crops and then compared to energy consumed in tilling temperateWith adequate air and water and produces low nMchnical re- soils, as analyzed from the ASAE data (1983).sistance to crop roots (Slipher, 1932). In the subhumid. sub- It can be seen in Fig. 5 that for most operations and imtropical, semiarid regions of the world tillage is the most plements. the specific energy required for semiarid soils isimportant practice to imp~iove the soil's physical condition higher, because of the tough conditions, than that for theand hence, crop establishment anCI dCvelopnlCt. Under temperate soils. As a result, powerful tractors-tough andthese climatic conditions, a commoni practice is to till the heavy implements-are required, although their productivsoil toward the end of the dry season. Seedbed preparation ity in the semiarid land is rather low. Low efficiency in cutfor winter crops or primary tillage for the next summer's ting, breaking, and pulveri:-ing the hard soil clods is the crops is done f'requently under conditions of dryness per- main energy consumcr in tiIling clod-forming soils.haps as low as the hy'groscopic Moisture content. This is Pressing the soil mass causes shear stresses ina largelone SO that f'artnicrscan Oct the InlaXiX benefit froniou i tile soil voluo:c around the implement. The conventional faillimited rainfall period. The practice prevails because, al- tire pattern, as affected by the implement characteristicsthough water would solten the clods, the mo isture raniige for under tempcrate soil conditions, is entirely different intheoptiltiuni tilling is narrow, and excess water may wash the seni'arid soils. The soil clods cleave along low-cohesion

soil a\Vay or puddle, and it is technically diiflicUlt to tillwet 
 surfaces raliher than the designated primary and secondary
soil since itprovides no traction. shear plan,s.Tillagc may be performed by heavy machinery at depths Wolf (1970) found experimentally that primary tillage,Up to 45 crii or by draf't animals to depths of 10 to 20 cm. done by moldboard plows of different sizes and characteris

tics or by subsoiling, did not increase pulverization of soil . ,relative to its prctillage natural condition. No significant
ST70° Pa) differences in Iean-weight diameter between the various 

treatments could be identilied, as shown in Fig. 6. 
'rhe primary tillage operation only separates the natu

rally interlocked clods and rearranges them in a new order. 
% ,OO-TILLE SOIt does niotpulverize the soil by shearing the clods into/-° 
 smaller aggregates. But the new arrangement means increases pole space elevates the soil surface.

Considering the nonpulverizing cfl'cct of' primary till

age in clod-forrnin'g soils, the input energy efficiency of a 
simple implement can be demonstrated numerically. Data 
are based on results of' field experiments in relatively mod
erate soils. 

For example, subsoiling to a depth of (.4 m requires an 

bO • @ /NATLPAL SOIL 

, 
 average draft of 12 kN/stantdard lor a o.8-m lateral spacing.
,0 ,* . Energy input is then i5 kNm per square neter of field area. 

r - ' - "As there is no pulverizig effect o soil, the only useful 
...HO 60o'o,,, 'workfron the agricultur; 'point of view is invested in in-A......AT :-,f 7fI I- creasing the pOre space. .ar a soil bulk dCensity of 1,5oo kg/

Fit!. 4. Effect of aggregatc sizc oiirupture strength. Wolf and il'. the weight of a soil Olock with a surface area of' IHadas, 1983. inl2 

and a vCluile of 0.4 n)' is 6oo kg. If the soil surface is ele
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Table I. Tillage implement dratft in clod-forining soils. 

Operation 

l)isking -preprimary tillage 
Subsoiling -I .)-mi lateral spacing 
Subsoiling -0.5-m lateral spacing 

[)eep plowing --- following subsoiling 
Deep plowing -dwin to ctm pacted layers 
Shallow plowing -- above compacted layers 
I)isking 
Floating 
Packing 
Chisel plowing -- 300-mm lateral spacing, 

primary tillage 
Chisel plo, ving -300-nm lateral spacing. 

seco idary tillage 

SOURCE: \Voll and I.th, 1979. 

Mean Mean 
l)epth Velocity" 
(f1int) (Ii,/s) 

0.7- 1.5 
401-501)0 0.6 
350-4010 0.7-(0.9 

4110 0.9- 1.2 
31)-510) 0.5- 1.2 
21)1- 3110 1.7- 1.2 

(1.5 
0.5-0.9 
0.8-2.5 

3(1(1 1.5 

250-3))) 0.5-0.7 

"Assumed til velocity, primary tillage, 2.)) i/s; secondary illage. 3.11 mt/s. 
'At higher velocities. 

Laid plane, 

OPERATION 

0 

(SHREDDING COTTON STALKS) 

DISCING (MEDIUM TO HEAVY) 

PLOWING (SHALLOWER) 

PLOWING (DEEPER)
 

SUBSOILING 


CHISEL PLOWING (DEEPER) 


CHISEL PLOWING (SHALLOWER)
 

FLOATING AND ROL 'NG 

BEDDING OR RIDGING 

BED ROTARY TILLING 

CULTIVATING OR SUBSURFACE 
FERTILIZING 

SPECIFIC ENERGY , hr /ha
 

50 (00 150
 

-

_ _' 

. 

SEMI ARID SOILS 

C==== TEMPERATE SOILS 

Nean )raft
 

Clod-Forming Soil Temperate Soils
 

6.0)- 16.1) kN/m 
22.0-24.0 kNstandard 4.0- 14.0 kN/standard 
11.0- 12.0 kN/standard 4.0- 14.0 kN/standard 
22.1-24.)) kN/m 8.0- 28.11 kN/m" 

90- 121 kPal 
11111-201) k Pa 
71)- I0) klPa 30-81 kPa 

15.11-22.10 kN/m 3.6-5.8 kN/in 
15.0- 24.10 kN/m 4.3- 11.5 kN/m' 
7.1)- 17.1 kN/m 0.300-2.2 kN/m 
221) kN/m 

12.0-_22.) kN/m 2.0-9.5 kN/m 

kW-

Fig. 5. Specific energy requireents for various tillage operations. Woll and Hadas, 1983. 

vated on the average by 0. i m after subsoiling (a 25 percent 
increase in pore space), the coter (A'gravity of the soil 
block is lifted by 0.05 In. The net energy required to do the 
work is 0.3 kNm for each square meter of field area. 

Defining implement energy efliciency as 

net energy required for useful work 
e g iThe energy invested in implement 

it will in our case be as low as 0.3/15 = 0.92. 

The other 98 percent of the energy required by the imple
ment is wasted on moving the soil clods, bulldozing, fric
tion, and nonutilizcd cutting and shearing stresses. Hladas et 
al. (1978) analyzed hell research results, performed in 
typical clod-farming scils, and correlated total energy of 
tillage operations and ct. nbinations with the resulting ag

gregate distribution (Table 2). 
energy consumcu for all operations is very high

compared with the representative levels of energy used to 

till temperate soils or when one considers the quality of the 
soil pulverization. 

http:15.11-22.10
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LEGEND-
I. 14" plow (Case) 

2. 14" plow (Atlas) 

3. 
4. 

16" 

16" 

plow 

plow 

(John 

(John 
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-

9 

4 

5 

2 

0.5 1.0 

travel velocity (m/s)

Fig. 6. Elfct ol primary' tillage operations on mean-%weight dianeter of' clod-.ftorming soils.
 

l evaluate the efliciency involved in these tillage opera
tions. (lie minimum net energy required 
 fIor breaking soil TILLAGE-SOIl COMPACTION-PHYSICAL 
clods and aggregates was measured by using the drop- PROPERTIES IN MOIST SOILS

shatter test ( ladas and Wollf. 1983). The results of the efli-
 After winter rains or irrigation, tilling the moist soil of
ciency analysis are presented in Tables 3 and 4. The soil dis- the pring seedbed provides weed control, but the weight of
cussed in Table 3 is a poor-structured, loessial clay loam, the tractor or other equipment will compact the lioist soil.
The second soil is clay. The energy efficiency was calcu- When the soil's bulk density changes, its degree of satura
lated by compalring the net minimutn energy from labora- tion, water characteristics, capillary and hydraulic conduc
tory tests to the actual lield tillage energy for the saime de- tivities, and air content change as well (Fig. 7). The effect 
gree of soil pu erization. Its quality is mcasured in three of conipacton and tillage cycles is demonstrated in Fig. 8. 
ways, as shown in Tables 3 and 4. Prior to tillage the soil's density was 1.3 g/c"" and its

It can be seen that ill dry, precomllpacted soils containing gravimctric water content was 16 percent (A); after tillage,
little organic matter, the reoricntation of clods and aggre- part of the soil volume was increased to 1.2 g/cm' (13),
gates is determined by abrasive action rather than shearing whereas the soil under the tractor's wheels reached a density
impact. Thus, the use of tillage implements in clod-forming of 1.55 g/ctn' (C). The chart shows that the free porosity to
soils is less energy eflicient than in moist soils, especially in conduct or retain water diminishes in the compacted soil (A
dry soils with a distinct structure, to C) and increases when the soil is tilled. If the field is then 

I4
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Table 2. Aggregate size distribution as affected by sequence of tillage operations. 

Tillage Aggregate Size (toni) Total Energy 
Treatment <10 10-25 25-75 >75 (kg ni )2

Deep plow 
(dry soil) 55.9 44.1 4,660 

Subsoiler 
(dry soil) 27 73.0 2,100 

Deep plow 
(wet Soil) 59.7 19.9 9.2 11.2 4,326 

Subsoiler, 2,100 
deep plow 7 2 14.7 - - 78.1 4,660 
(dry soil) 6,760 

Subsoiler, 2, I( 
deep plow, 25.4 8.3 - -66.6- 4,600 
disking I1,1)1O 
(dry soil) 7,760 

Subsoiler, 2, 100 
deep plow. 4.666 
disking, 39.3 13.5 - 47.6 - 1,000 
heavy roller, (20.9) (26.7) 600 
leveling box 1,200 
(dry soil) 9,560 

Deep plowing. 4,660 
heavy roller, 600 
leveling box. 37.5 8.1 54.4 - 1,20(0 
heavy roller (25.9) (28.5) 601 
(dry soil 7.060 

S( )URCI': Iladas et1 . 11978. 

Table 3. Median aggregate diameter, specilic energy io reduce aggregate size, energy input, and energy efficiency in breaking up tbe soil, as affected by
different impl-_ments and till ige selutices at Nir Ani-Gevim. 

SpecilicEnergy Energy Fiflicicncy (0) 

Median Specilic 

Tillhage Treatment 
of Suquence 

Initial 
)ry Bulk 
)clst 

(g *ct 

Median 
Aggregatc 
l)iamtcter 

(1n1o) 

Specilic 
Surface 

Area 
(in2 kg 

Soil Volumc 
Affected by 
implements 

) (In1 

Aggregate 
l)iameter 
Reduction 
(0 kg i) 

Surface 
Aiea 

Increase 
(J • kg i) 

I-nergy 
Input 

(kN • in1 

Median 
Aggregate 
l)iametcr 
Reduction 

Specific 
Surface 

Area 
Increase 

Soil 
Surface 

Elevation 

Natural clods I.15 253 0.09 .- -
(Chsel plo% 
Deep moldboard plow 

1.45 
1.45 

97 
76 

0.13 
0. 14 

0.26 
0.40 

24.3 
34.4 

11.4 
16.8 

21.0 
-16.6 

11.44 
0.31 

1.21 
1.21 

(0.115 
0.03 

)eep chisel plow 
moldboard plow 

deep 
1.45 1 (.14 0.40 45.2 23.1 67.6 0.39 0t.20 -

)ecp chisel plow 1.45 52 0.15 1.47 54.2 28.5 77.6 0 39 0.21 -
I deep imoldboard ptm 
f disc 

)eep mohllnard plo,. 
1.21 
1.45 

44 
71 

0. 16 
(.14 

(.2) 
0.47 

20.9 
37.5 

36.1 
18.6 

(1.0 
7(.6 

0.50 
0.3) 

0.87 
0.15 

-
-

i heas. roller land 
plane I heavy roller 

I)ep chisel plo\ 
1.2(0 
1.45 

26 
501 

0.20 
0.15 

0.05 
0.47 

69.3 
57.4 

71.1 
3(0.5 

24.0 
95.6 

(.17 
((.34 

((.18 
0.18 

-
-

I deep moldhoamd plom 
I disc f hcav rol'er 
+ hardllhuitc 

l)cp chisel plos 
1.20 
1.45 

21 

50 
((.22 
1.15 

1.15 

0.47 
62.2 
57.1 

)2. I 
-

18.0 
96.2 

(.21 

0.34 
0(.31 

-
-

-

S)URIE: Iladas and \%oilf. 1983. 
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Table 4. Median aggregate diameter, specific energy to redtce aggregate size, energy input, and energy efliciency in breaking up the soil, as affected by
different implements and tillage sequences at Gan Shenttel. 

Specific Energy Energy Efliciency (,q) 

Tillage Treanent 
of Sequence 

Initial 
)ry Bulk 
)ensity 

(g • cmr ') 

Median 
Median Specific Soil Volume Aggregate 

Aggregate Surface Affected by l)iameter 
)iamcter Area Implements Reduction 
(tml) (Im • kg i) 0n) -kg 1) 

Specific 
Surface 

Area 
Increase 

g ) 

Energy 
Input 

(kN - m) 

Median 
Aggregate 
Diameter 

Reduction 

Specilic 
Surface 

Area 
Increase 

Soil 
Surface 

Elevation 

Natural cfodfs 1.45 324 0.2 1 . ...... 
Deep chisel plow 
)eep moldboard plow 

Shallow plow 

1.45 
1.45 
1.38 

24 
39 
28 

0.31) 
0.26 
0.29 

f.28 
1.38 
(1.22 

13.5 
9.2 

12.01 

12.6 
7.0 

10.4 

20.6 
.14.2 
18.8 

(1.27 
0.16 
(.19 

0.08 
0.25 
0.17 

0.02 
0.02 
0.02 

)ecp chisel plow with 4 lister 
attachm nclits 1.45 24 0.30 (.18 13.3 12.6 16.6 0.20 .19 0.02 

)cep chisel plow with 5 lister 
alnachnents 1.45 24 0.30 0.18 13.3 12.6 13.1 0.26 (.25 0.11 

SOURCE: ladas and Wolf, 198%3. 
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infiltraion, role whereas recompacting the soil by traffic on plow,:d fields reduces the infiltration to rates below those attained on nonnr , "' 
 ' ".tilled trafficked fields (contial/traffic lan':). Disking is an 

operation that causes heavy pulverization of tilesoil, and 
thus once the soil is wetted a crust is formed and the infiltra
tion decreases even further than that of the nontilled control 
soil. In order to increase soil infiltrability and thus decrease 
water losses, the soil relief is modified by forming water
retaining basins on the soil surface, which reducc or even 
prevent runoff on fields or lanes in the field, the infiltrability
of which is low, as shown in Fig. to. Increased soil infil
trability by tillage is only part of controlling the soil water 
storage. According to Hadas and H illel (1972) and Hadas et 

S .al. (t98o), deep tillage operations performed prior to the 
Curo, ran lall, mm precipitation season can increase soil water storage by in-

Fig. 9.The effect of cumulative rainfall on infiltration rate. Rawitz creasing infiltration and reducing runoff and evaporation
etat.. 198o. from the soil, resulting in increased amounts of stored, po

tentially available water for the crop before planting. There 

MI T 
is a certain atnount of' precipitation or irrigation water be
low which soil storage is u.mffected or even practically re

480 / duced by tillage operations, whereas above that certainimount, deep tillage operations conserve up to 15 percent 
400- more water in a given soil profile depth, as shown in Table 

5.These results arc found in other rqions, as reported by
Unger and Stewart (1983). Ifthe soil is compacted so as to320 RAINFALL impede root development, this extra stored water as well as 

240 
, the nutrients will not be available to the crop (Trouse,

RUOFF -RIDGES - .971), and consequently the yield may he impaired. On the240 RUNOF.. -I G- 0 other hand, with very loose topsoil, even though more water 
" - - DISKED 0 -0 is stored in tie soil underneath under rainfed conditions,160 A-_ /V crop like cotton may yield less than it would have if less 

.0 PLOWED 
". water had been stored in nontilled soil. This is due to over80 o " transpniration bollowed by total collapse and boll shedding, 
whereas with a crop like sorghum no shedding occurs and 

-A -- -- - A. _ the yield corresponds to the added water storage capacityBASINS 
0- . .. , ,(Tables 6 and 7).

2911 5/12 17 23 29 4 I 10 16 22 28 3 2 I 15 21 27 33 The complexity of this system can now be appreciated. In 
D A T E order to control crop yields the whole system should be 

Fig. io.Cumulative rainfatll a.nd runoff anounts during rainy sea- monitored and analyzed in order to achieve the very compli
son. Rawitz et al.. 198o. cated experimental setup needed. The anount of data to be 

collected and interrelated, such as data on continuous collec-

Table 5. Amount of rainwater (rmof water head) stored in the sod '-1.50-i1 profiles)bef ore
 
Sowing. 

Iprimary Tillage Operation 

Deep Shallow Chisel No 
Rainfall (minil Plowing I'lowing Subsoiler Tillage 

It0 
 67 69 74 73 
237 
(+251 mi irrigation in lehrttaryi 221 1 9 193 ImI 

247 210 201 208 203 
601) 513 504 485 470 
450 
 426 .103 375 365 
No. flwintel %%eetkper m2 24166 70 227 

SOURCE: I (adas ctal.,!980. 
"Midwinter determination. 
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Table 6. Response of colton plants to prinmary tillageoperations (Lakhish). 

I Year 2 Years 

Tillage 
Treatment 

Stand Stand 
(pl•ha -ILint Yield (pl•ha -

x 104) (kg •ha *) x i01 54 

I.eaf Dry Matter Production" 
(kg •h1 at )ay 
61 68 1012 

Bolls Dry Matter Production 
- kg •ha ')at )ay 
54 68 102 132 

Li yil 
(kg 
ha- ) 

No auluntit 
tillage 

10.3 60(13.0 12.5 268 
(0.42) 

620 

(0.64) 
884 
(0.83) 

1,036 

(0.98) 
16 78 2,306 2,810 774 

Shallow 10.9 622.2 
plowing 

Deep plowing 10.6 622.2 10.') 285 493 726 820 15 60 157 2,495 766 

Deep plowing 
x 2 

... .. 9.03 
(0.41) 
249) 
(0.34) 

(0,59) 
381 
(0(.41) 

(0.80) 
694 
(0.62) 

(0.79) 
886 
(0.69) 

10 43 1,579 2,2(0 558 

SOURCE: tladas etal.,1801. 
"Numbers in parentheses are [he Leaf Area Index. 

T-ible 7. Response of sorghunli plants to primary tillage operations (Revadito). 

Field Plot 
1 2 3 

Primary Germination" Find Stand" Final Stand 
Tillage (IA ha i (pIlha Panicles Yields (plx ha- Patticles Yield Yield Total Yield 

Treatment 1 I)1) (no, hal)0 4 (kg •lta t) 1(14) (to •hil)10 4 (kg' hhat ) (kg'• ) (kg 'ha 1)ll4) - -

Shallow 8.98 9.05 8.94 4,079 8.28 8.21 4,190 2,393 10,572
plowing a' 
 a b 

)eep 9.51 9.45 8.51 4,185 7.89 8.10 4,121 2,463 10,768 
plowing a a b 

Sub- 8.16 8.95 7.71) 3,895 7.85 8.26 4,191 2,710 10,768
soiling a aba 


No 8.84 - - 3,1(A 8.28 7.84 2,720 2,200 8,084
tillage c b c 

Rainfall 483 nim, well distributed 608 mm 451 mm, 

mostly at 
the beginning 
of winter 

SOURCE: Iladas ctal,1980. 
,(1-- 12 x 104 seedlings hit--Iwere plantcd. 
Value classes (a, b,e)differ significantly at P 0.05. 

i tion of soil water regime, root activity, and plant phenology,S /is enormous. Some of these complexes were brought up by 
1061 Hadas et al. (198o, 1983) and Hadas and Wolf (1984). A

4 ;14,61.10 X'4 , simple analysis carried out by iHadas et al. (1983)"1 r,023 
AIEI 

the ability to to assessdetect the effects of water application, soil 

water storage, and tillage energy inputs on yield of rainfed
and irrigated cotton showed that there was a statisticallyS4 significant correlation between these inputs and the yields 

RYLAN :01 I10 X (Figs. i i and 12). These could explain only a rather small7hgrn°r oo--+Zi ! : ( fraction of the total yield variations, a higher fraction (0.5) 
06 d - *ne, for water application and a lower share for tillage. Better 

I -v correlations were attained for irrigated cotton ([adas et al, 
0500 
 70 
 1983, 1985) by combining the effects of residual soil1 com-EN F R 1 'UT ( kW h ha- pactiot on crop stands and variations in soil water storage 

Fig. i i. Lint yield as a function of energy input by tillage for ilri- throughout the cotton-growing season.
gated and dry-land cotton, respectively. Wolfet al., 1984. Soil compaction effects on rooting capabilities, or dimin

http:14,61.10
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20 ished and more variable crop stands, are carried from one 
season to the next (Voorhees, 1983; Hadas et al., 1983,

IRRIGATED 0 5 1985; Hadas and Wolf, 1984; Wolf and Hadas, 1984). An 
Y:-204f 013X 0 5 impaired stand is caused by a coarser seedbed produced on 

l % 
 * compacted soil (Hadas et al..
15 r 

0% 1985; Wolf and liada,;. 1984;0 Rawitz et al., 198o). This fact is demonstrated for different 
0 •**crops; for example, in Fig. 13 the stand of cotton plants de

0 0 
pends on the mean aggreg:ate diameter, which is larger

DRYLAND 
 tinder traffickd and compacted spots in the field. Further-
SY: o028663.10 4 x more, not only does the stand diminish but the variability

Sr- 070 around the mean increases (bars on the data dots). The- V -
05 ----
400--- - . ..-- /oo --

effect of the stand and the stand's variability on cotton yieldDD is a;so shown in Fig. 13.
400C50O 600 700 800 For a mlctl stand of 6.3 plants per meter of row length, 

AVAILABLE WATER (mm) the greater the siand's variation becomes, the lower the yield
Fig. I2. Lint yield as a function of available waler (rainfall and will be. For a mean stand of07.2 plants per meter of rowirrigation) (in rin) for dry-land and irrigated cotton, respectively, length, the same pattern is obtained, but the slope is almost 
Wolf'etal.,
1984. 
 doubled and the intercept is greater. These daita show the 

effect of stand density and its variaticn on the yield of irri
gated cotton, but the mean crop stand and the variability
around the mean can be attributed to soil compaction or bad 
farming-negli,,ent sowing or planting. Similar results are 
presented for sorghum (Fig. 14) and groundnuts (Fig. 15). 

0 NON-TRAFFIC ZONEI0 POTENTIAL PRACTICES AND TECHNOLOGIES 
There is a cycle of compacting the semiarid soils by trac

tors and machinery, as a result worsening the soil structure, 

1 1 

36 

II
 

I I Q ,I 

0 5 10 15 

0/0Median aggregate diameter (mm) Aggregates> 12.7mm 
Fig. 13. The eflect oftaggregale size on cotton stand. Gupta etal., Fig. 14. Sorghui yield as :mtunction of aggregate size. Rawilz et 
1985. 
 al., 198o. 

http:o028663.10
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4 compaction will be kept away. The potential benefits are: 
lower bulk density, lower impedance, higher water intakeO and storage, better aeration and drainage, lower resistance 
to tillage, formation of smaller aggregates and a potential 
for reduced number of tillage operations. Better growing3 conditions and saving in tillage energy may be expected. 

UGradually, following intensive research, controlled traflic0 systems based on the conventional tractor wheel tread came 
0 .-- into use in Israeli agriculture, first in the cotton fiId, then

in cotton-wheat double cropping, and finally in almost all 
0 irrigated field crops. All kinds of soils, with a common de

nominator of* being in the semiarid areas, came tinder this 
controlled traffic systems approach. 

Within live years of the introduction of this approach, 
about half of the country's maJor irrigated field crop areas 
had incorporated the concept. Growing techniqites and ma
chinery were modified to suit the permanent traffic lane 
spacing. The preferred fall primary tillage was done in 
single-pass operations, subsoiling-bedding first and then 

0 subsoiling-rotavating-bedding.40 50 60 70 % For treating the cotton residue a new technology was applied successfully. Following a few years of R&D by the 
% Aggregates < 2 mm Tcchnion the uprooter-shredder-mulcher (USM) combine 

Fig. 15. Groundnut yield as a function of aggregate size. Rawitz et was introduced to farmers. Many of them are in use in
al., 198o. Israel, and export to other semiarid lands in the world is 

increasing. 
After picking the cotton, the USM uproots the stalks and 

chops them into small pieces. Then the f'armer has these op
wasting water and other resources, affecting plant growth tions of handl ng the chopped material:
 
and production, and then. to overcome the tough soil condi-
 at.Let itfall on the ground behind the combine, in a concen
lions, investing more tillage energy. This is done by Using trated windrow. 
more powerful and heavier tractors and machinery systems. b. Mount a powered centrifugal mechanism and spread thewhich increase soil compaction when wet. Done without chopped natter evenly over the surface.
 
caution, this process M1;ay be accelerated aind could endan- c. 
Mount a blower system and convey the material to a trailer 
ger f0ood production. pulled by tie combine.
 

New approaches to research, development, and applica-
 d. Let tlie naterial fall into a subsurlace mulching systcm., at
tien of'practices and teclinologies hiave to be taken in order tached to a subsoiler standard that is mounted on the com
to improve soil structure, conserve resources,Z ~bine's rear frame. Mulching depth canl be adjusted betweenand optimize o and 0.5 Il. 
growth conditions. Quality soil tillage systcnis have to be 
introduced. Options a and b require an inverting tillage operation for a

The development potential of temperate lands and the ad- reasonable incorporation unless a surface mulching is de
aptation of such systems to these lands, based on the au- sired to fight soil erosion. Option c can be used if there is a
thors' research experience in semi'trid conditions, is dis- need for the material somewhere else (for animal feed or
cussed in this section. burning for farn energy) and if continuous clearing of the 

Taylor and Gill (1984) report on one system: orgmic material from the field can he justified, considering 
Controlled traffic research was bcunir three decadlcs ago to in- the soil retllirelnrinis. 
crease crop yields by eliminating compaction fromi the cropping Subsurface Mulching of the chopped material solves four 
area. While yield increases have bcen obtaincti, reduced pro- major problems:
duction costs may be of more benclit. T'imelin oftssoperationis., •Itinverts the residue to control insects and answer the legal
especially harvesting and spraying, iaie possible by irm, per- requirement.
nianent traffic l111CS hsh to be f*Llh/VCVadta1Cd bill appears verybeneicial. buIt returns tie organic matter to improve soil condition.

b If placed in traflic lanes. tie accunUlated elastic naterial may 

Wolf and I lada's (i983) defilne the goals of applying con- reduce soil compaction. 
trolled tralfic to semiarid soils: • li soils where water infiltration is poor, especially in traffic 

lanes. this process may increase porosity, build Up subsur* Restrict wheel Iraflic to pre-selected pernancnt minimum face reservoirs, arid decrease water runoff.
 
areas. Sc piate between tlie coipacicd surfaces and tie
 
plant growing zones. The USM may replace the primary tillage operations

* Soil strength of ihe growing zones will gradually decrease as by adding sweeps to the Mulching subsoiler and shattering 
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-,I.,Fig. 16. Specific energy required conventional and precision 

tillogn
systems. Wolfdand Hadas. 


the whole The result isa,lrwrr energy investment, a 

single fall run, and .it
combined residue treatment and tillfge 

operation. 


Energy savings by rcpiacing conventional tillage systems
with controlled traftic and precision tillage are presenited in 
Figure 16. 

To improve the controlled traffic and the precision tillage 
systems, research projects arc being carried out in two more 
directions: 

ssurfiie tr'ickh' irriation,: This serves to place water accu-
rarely where needed. Itwill save labor, cost, and water, 
Preliminary iivcstigaiions show a high potenti at 

PPrecision.,Crti.lijing.Unlike conventiondl systems, where ier-
tilizers are Sprcaid aildinverted, an acctrate quantifvin., 
mnixing and placing can be benlicial for the crop, prevent
pollution, and save oil costs. 

The combined concept of controlled traffic, precisiion 
tillage, residut niulching, subsurf'acc trickle irrigation.
ponding, arnd precision fertilizirg is presented inFig. 17. 

Recently developed technologies in the area of controlled 
traffic and energy conservation are under research now. 
They are tile wide tractive frames and tire lateral-travel non-
tractive frames. 

'[he United States and Israel have a joint research project 
(BARI)) o the feasibility oifusinrg the wide tractive frames. 
The wide tractors (6 and to in) were butit on both sides of' 
tie ocean and are being used now in an intensive study with 
the goals of decreasing the noncompacted field area, dcvel-
oping tillage systeris for improving the nonconipacted soil 
condition fbr better pfotduction, and optimizing it with en-
ergy input. Taylor and Gill (1984) survey similar projects in 
the Netherlands and iii the United Kingdom.

Another approach, vithi a similar objective, was investi-
gated by Le Pori ct al. (1983), who described tire Alter-native Machinery propulsion System (AMPS).which is,a 
modernized cable-towing system. Another joint BARD 
project is dedicated to investigating the feasibility of the 
system. llood (1985) is developing and investigating tire 
hateral-travel franres for fruit and vegetable production. 

SUO!Q"INItSIO ,, TICA, G 
i9' 

C I .	 -1-

Fig. 17. Controlled traffic precision tillage. Wolf and Hadas,
i'td 


Countries, aCrossley and Kilgour (1983) reported onhe powerwinch-basedunit is 

cheap and itsproductivity and efficiency are high.
 

An intensive research effort is still required to prove tile
feasibility of these new approaches and Itooptimlize themn for 
id-scl u .Th poe tal is high and improving soil 

condition, especially in the semiarid lands, is aFor 	 must. Suchsystens may increase yields, save resources, and improve
 
the worsening soil condition. 3 pw8.o. 
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52. WATER ON THE THIRD PLANET * 

J.R. Hiilip, Commonwealth Scientific and Industrial Research Organization, Division of Environmental Mechanics, 
Canberra, Australia 

ABSTRACT that leads to the beautiful liversity of terrestrial processesinvolving water and to the subtlety and the complexity of 
The unique physicochenical properties of water aijd our unique

planetary environment make possible the Earth's great diversity of 
phenomena involving water. This chapter looks at the history of 
the growth of man's understanding olthe behavior ot water oilthe 

Earth; the broad characteristics of the distribution and turnover of 
the Earth's water: and tile global and tile local, smaller-scale physi-
cal processes of the hydrologic cycle. 

INTRODUCTION 

best contribution I can 
ence is to offer a perspective on the Earth's water from tile 
viewpoint of natural science; and I an grateful that the 
organizers agree. I expect that many of you decision makers 
nlay feel a little impatient at being called on to listen o 

I fcel that tile nlake to this confer-

a scientific talk rather t'ian to hear news of soic graind
seheie or or newtodelte aniw. i spectfull

technlogical f Irespectfully 
suggest, however, that tile more you Understand the context 
inwhich you make your decisions, tie wiser those decisions 
are likely to be. The special role of water on this special 
plalet, and our understanding of where the water is and how 

it behaves. are important elements in tile background to
your decisions. 

Let's imagine a traveler from oter space who encoutters 
te'sarytn andravelernspeci ouerwnspace henundte


the solar systetmand ispects our own star, the Sun, and the 
nine planets that orbit it. Long before lie discovers the most 
special thing about the third planct, Earth, namely that it 
supports life, he will realize, just fronl what lie can detect 
from space, that Earth is unique among tile theplatiets of 
solar system. 

Seen from space, Earth looks like a white, blue, green, 
and brown swirling paisley pattern. The colors and the pat-
tern are a vivid exression of the existence If' water on 
Earth. As the planetary sciences have developed. it has be-
come nmore and more clear that Earth is unique withl respectto water-that Earth is tie watr planet of the Solar Sys-
toni. Atning tile (line planets it is only In Earth that liquidineplaetsit n Erththa 
water exists, and here it is plcntiful indeed. I-H . is by far 

ter. Ai,,ng he s oly liuid 
tile most abutndant liquid molecule (In Earthl. 

tilemostabudantliqid1101CUICon ErthNot only is the Earth unique ilrelation to water, but 
water, ili its turn, is quite unique in its physicochemicalproperties. It is this conjunction o two brands ofuniqluenss 

*ThiscotriU ias drawn oi materi rs i11ychapter
"Water ot Ie P s ' edll[he Eart," inwitter. Plants. and r.rlaet tolh'. 

Mclntyre (Australian Academy of Science, 1977). I am gratefuilto tile At.is-
Iralian Academy of Scicnce tor granting tile permission lo use Figures 3-7 
aniod work.Tables 1-6 ol'that 

the interactions between them. 
I shall begin by considering briefly the history of the 

growth of man's awareness and understanding of' tle behav
ior of water on the Earth, and I'll go on to look at the geog
raphy of water. Then I'll say a word about the large-scale
physical processes undergone by the Earth's water and, fi
nally, a little about tilesnaller-scale physical processes of 

the hydrologic cycle. 

HISTORICAL BACKGROUND 

Early Hydraulic Civilizations 

The early historical record is fragmentary indeed. Manyearly societies depended (In the mlanagetnlent of water for 
their survival, but there seems to be no evidence of curiosityabout whence water came whither it went. By thetile or 
third millennium B.c. the Sumerians had an elaborate coe 
third in i nn i t he s a s r e db wter a e a 

of irrigation practice, but the water supply was safeguarded 
by propitiation of the water god, Enki, not through the pur
sthof hydrlgy.Other hydraulic, but incurious, civilizations go back as 
far as Sunier-those of the Nile and of the Indus valley.
That of China was similar, but came rather later: the earliestrecord dates from about 2300 a.c. The hydraulic dynasties 
of Egypt had gone on for nearly three miflennia before 
Greeks such as Ilerodotus started to ask questions about 
tre e . 
tile Nile. 
Hydrology in Classical Greece 
Like so tany eletents in our intellectual life. hydrology 
had its beginnings in classical Greece. 'ule conscious search 
for rational descriptions and explanations of the behavior of 
the water on Earth began about 6oo n.c. Judged by its out

come, the hydrologic thinking of tileGreeks was not espe
cially successful. One or two of them came close to a correct qIualitatiVe account of' the hydrologic cycle, notably

uaatia c o lie hrologi cyln 2a8Anaxagoras (500-428 B.C.) aind Theophrastus (371 -288 
The influential pronouncements, ho(wever, were thoseof Pl na pr l wasuicples, we, and of 

orilato (428 -348 i.C.), who was hopelessly wrong, and ofAristotle (384-322 it.c.), who was mostly, but not wholly,wrong. Plato asserted that all springs, rivers, and seas were 

connected by underground channels to Tartarus, a vast, bot
1tonless pit of water, and that some kind of hydraulic per

petual motion circulated water f'rom Tartarus into tile rivers 
and back again via the underground channels. Aristotle, on 
the other hand, declared that tile water in rivers originated 
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in tile main through the subterranean condensation of air 
into water, but also partly from rainfall and percolation. 

Leonardo da Vinci 

There was little progress until the Renaissance and Leonardo 
da Vinci (t452-1519). Leonardo needs no introduction, 
but it may not be known to all that, of' the 7,ooo sheets of 
notes and sketches that Leonardo left. more are devoted to 
hydrology and hydraulics than to any other single topic. 
Leonardo was fascinated by the movement o' water. His 
sketches are beautiful evidence of the loving care with 
which he observed water in motion. It is doubtful if Leonar-
do's interest in hydrology led him to a correct understanding
of the hydrologic cycle. Leonardo's unequivocally iipor-
tant contribution was not to hydrology but to hydraulics. It 
was through his hydraulics that Leonardo provided an impe-
tus to quantitative hydrology. 

Leonardo was tile fit st to understand the principle of con
tinuity that, in a channel carrying a constant discharge, tie 
mean flow velocity varies inversely with the flow cross see-
tion. Before Leonardo it was thought that the flow in a chan
nel or pipe was simply proportional to the flo,, cross section 
(that is' the mean flow velocity was ISSuICd to be a univer-
sa] constant), with disastrous consequences for any quan-
titative effort to study' water flows and water balances. 

The Beginnings of' Scientific Hyvdrologv 

Leonardo had been innocent of' Latin and o f fhe conven-

tional learning of his day. We pass on now to another out
sider, Bernard Palissy ( 1510- 1589), who began lif'e as a 
poor apprentice ii tie l)ordogne. Palissy put forward an ac-
curate description and explanation of' tile hydrologic cycle.
Ile was a keeni and precise observer of nature, and he con-
vincin-ly demolished the prevalent notions ascribed to P.ato 
and Aristotle. 

If qialitative scientific hydrology began with Palissy,
quantitative scientific hydrology began with another French-
man, Pierre Perrault ( i6o8 - I68o). Pcrrault's great achieve
ment was to make some actual leaSUremlleltS and do Some 

sums. The last-ditch stand of the Plato-Aristotle school 
rested mainly on the assertion that tile quantities of' rain and 
snow that fell were far too small to maintain the flow of 
rivers. Perra, lt disposed of' that arguttnent. lie ecasured 
precipitation over three y'ears and estimated both the river 
flow at a point on the Scite and tie catchinen area above it. 
He thus conputed that the precipitation on the catchment 
amounted to six tines the river discharge. A third French-
man. Elmdi Mariotte ( 162o- 1684), working on two catch-
Inents and making more careful rneasur'etnents. repeated 
and fItilly conirmed Perrault's work. 

Perrault and Mariotte thus pioneered quanlitative treat-
ment 0if the raiSnfa-runoff' sctor of th10 hydrologic cycle. It 
was left to Edmund lalley (1656- 1742) to close the atmo-
sphere-ocean arc of the cycle. FIniund Ilalley, F. R.S., k-'s 
tile discoverer of the comet and tile man who encouraged 
Newton to write down and publish the P'iniifia. In 1687. a 
'ear after Mariotte's work was published, tile tist of Halley's 

papers on evaporation appeared. 

By then, the one surviving argument for Plato's Tartarus 
was the age-old observation that, as tile author of' Eccle
siastes put it 3,000 years ago, "All the rivers run into thesea; yet the sea is not full." Surely, the argument vent, 
evaporation from tile sea is not enough to balance the river 
flows: subterranean channels must pipe tie excess to Tar
tarus aid thence back to tie rivers. Halley put this to tile test 
by measuring the evaporation rate under conditions he 
judged appropriate to the Mediterranean, he then compared 
the evaporation with his estimate of the total river discharge 
into the Mediterranean. Hc concluded that the inflow from 
tile rivers amounted to only about one-third of the evaporm
tion loss. 

Imust abandon the narrative at this point, tile very begin
nings of quantitative scientific hydrology. The related fields 
of incterology and oceanography follow similar evolution
ary patterns, hut we cannot pursue them here. 

Table I. Distribution of land and ocean. 

Area (I0F kin") Peceict:ige 
Ocean Land Ocean Land 

Northern Hemisphere 154.8 100.3 00.7 39.3 
Southern Hemisphere 206.5 80.948.7 19.1 

Total 361.3 149.0 70.8 29.2 
Planet 510.3 100.0 
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Fig. I. Variation with the Earth's latitude of the percentage distri
bution of land arid ocean. The heavily shaded areas signify land ii 
the latitudinal zones from 25' to 7t0 . Note the great contrast be
tween the hemispheres. 
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Table 2. Distribution of water on the earth. 

Volume as 
Liquid Percentage Average 
Water 

(101 kinr) 
of Total 
Water 

Depth 
(in) 

Based 
on ,,rea of 

Ocean 1338 97.3 3700 Ocean 
lee caps and glaciers 29 2.I 80 Ocean 
Groundwater 8.4 0.61 56 Land 
Lakes and rivers 0.23 0.17 
Atmosphere 0.013 0.00094 0.025 Platne 
Biological water O0.006 0.t00(X)5 0.004 Land 

Total 1376 1(M 2700 Planet 

Table 3. Distribution of groundwater. 

Average Depth 
Based on 

Volume Percentage of Total Land Area
' 310 k Water on the Earth (1tt) 

Unsaturated zone 0.15 0.01 I I 
Groundwater above I km 4.20 0.305 28 
Groundwater below I km 4.05 0.294 27 

Total 8.40 0.610 27 

THE GEOGRAPHY OF WATER water in the all-important categories of "atmosphere" and 
Distribution of Ocean and Land "biological water." The latter represents the water in allplants and aninals. Tables 3 and 4 give more details of the 
You will see from Table i that the oceans occupy 70.8 per- distribution of the Earth's water. 
cent of the Earth's surface and that only 29.2 percent is 
land. Note especially that the distribution is far from even: The Global Water Balance 
there is more than twice as much land in the Northern 
Flemisphere as in the Southern. Fig. i shows the latitudinal Table 5 gives the components of the mean annual global
distribution of land in more detail. Note, in particular, the water balance. The runoff from the land to the ocean (315
45' broad zones from 250 latitude to 700 latitude-that is, mam) is the excess of the precipitation on the land (800 mam)
toughly the temperate zones. In the Northern Hemisphere over the evaporation from it (485 tnn). This is bal.mced by
there is actually more land than water in this zone, with the excess of evaporation from the ocean (1400 nlm) over 
51.5 percent of the surface being land and only 48.5 percent the precipitation on it (1 270 ram).
 
ocean. In the Southern Hlenisphere the ratio is only 8.6 Air moving over the ocean picks up 46.9 X to' km of
 
percent to 91.4 percent. The relative abundance of land is water per annum and air moving over the land loses the
 
11.3 times greater in the northern zone than in the southern, same quantity. The net effect is that the horizontal advection

This very strong asymmetry has significant effects on tile 
 of water vapor from ocean to land just balances the runoff
global circulations of the atmosphere and of tile from land to ocean.oceans. Fig. 2 illustrates these processes. Note 
Note, in particular, that the paucity of land between 35°S that 315 mm runoff from the land exactly balances t30 mm
and 65°S makes for the uninterrupted west wind drift, advection of vapor from the ocean. The figures are different 
which has no analogue in the northern oceans. 

Inventory of Water on tile Earth Table 4. l)istribution of surface water on land. 
Table 2 is an inventory of the Earth's water. Of all tile water Volume Percentage of Tlotal 
on Earth, 97.3 percent is in the oceans and is, of course, kn ')(10 " Water on the Earth 
saline. The tn ean ocean depth is 3.7 kin . M ost of the rest is Rivers _0._ _ 17_0.00012
frozen and in the ice caps and glaciers. If the ice were to lreshier lakes 0.125 0.0091 
melt, the oceans would rise almost 8o il. We shall break Saline lakes 0.105 0.0)76
(own the categories "groundwater" and "lakes and rivers" 
a little later. Note the infinitesinal fractions of the total 
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Table 5. Annual global water balance. 

Precipitation 

I1)' kin' 111111 

Ocean 458.9) 127) 
Land 119.2 Me0 
Planet 578.1 1133 

Advection of water vapour 
130mm over ocean area 

Precipitation Precipitation 

800mm 
1270 mm 

Evaporation I485mm 

IRunof Evaporation

Runoff315mm over 1400 mm 

land area 

LAND OCEAN 
29% of total area 71%of total area 

Fig. 2. Global water balance. Note that 315 mt over tileland area 
is eqtial it] volute to 130 uin over the ocean area. (i.e., runoff' 
advection of water vapor frot ocean to land), 

because the areas are different. It will be seen that, overall, 
the ratio of runoff to precipitation comes out at 'about0.39. 

Turnover Rates 

It is useful to fill out our picture of tle hydrologic cycle on 
the Earth by looking at the turnover rate of water involved 
in its, various parts. A naive way of doing this is to evaluatethe mean residence time of the various categories of water,
We calculate the mean residetnce tiue simply by dividing
the cohnlcuof water involved by the rte of turnover. Table 6 
shows the result. The entries are based on the data of the 
previous tables or are consistent with those data. Note thevery great spread ofresidence tines-fronl 2,6oo years fortve ocean and,oo years for th e caps 0 glacirs toynd 

8. days for atmosphere teind3.4 for gcsbiological 

water. At any one time there is only enough water in the at-
mosphcre to supply 8.2 days' worth of the world's rain. The 
world's organistns would be desiccated in 3.4 days if they 
continuLed to lose water at their average rate "ipd couldn'ttake Lip any more. It is these very rapid turnoveri that tend 
to concert] us most directly. The slow turnover water is 
mostly saline, most of what isn't is frozen, an] the re-
mainder tends to be inaccessible. 

Although these lean residence tines are useful in giving
uIs a tore immediate feeling for the character of tilevarious 
parts of the hydrologic cycle and for how they interact. I 
must reiterate that tlean residence times represent only a 
first naive single-number index of what goes oti. The distri-
bution of residence times is what we really require. Take the 
figure of 2,6oo years for tile ocean, Ior exatmple. It istile 
molecules that have just arrived in tie ocean by rainfall or 

Evaporation Runoff 

10 , kill' 11ln1 103 kin' nm1 

505.8 140(0 -46.9 - 130 
72.3 485 46.9 315 

578.1 1133 ( 0 

runoff that are most likely to be at the surface and to be can
didates for evaporation, and there is a strong tendency for 
new arrivals to be the first departures. Equally, the chancethat molecules of the deep ocean-below 3 ki-will sur

faice must be very small indeed. 

Continental Water Balances 
Fig. 3 compares the water balances of tilecontinents. 'The 
vertical scale is in nim of water per annum and the horizon
tal one is surface area in 1o" kmn'. The vertical ordinate thus 
expresses precipitation, evaporation, and runoff as annual
water depths, but the rectangular areas for each continent 
.esent these quantities as annual volumes. The most ob
vious point of tilecomparison, other than the miserable 
plight of Australia, is that South A merica is so much wetter 
than anywhere else. The Amazon is way out on itsown as a 
very big river. Its discharge is I I times that of' tilesecond 
river, the Missi:;sippi, and more than 18 times the total discharge of all Australian rivers. 

THE GLOBAL CIRCULATIONS 

So much for the geography of water, for the straightfor
ward questions of bookkeeping. We turn now to the physi
cal processes that lie behind the bookkeeping. 

We have seen that the global hydrologic cycle is a gigan
tic distillation scheme. The whole Earth forns a vast heat
engine and the distillation process is simply one element ofthis engine. In essence, the total engine converts solar en
ergy into the fluid motions of the atmosphere, the ocean, 
and the rivers and lakes. Itiswater, of course, that isthe
working fluid, the fluid whose lotions and phase changesbring about the energy transformations. As Leonardo da 
Vinci expressed it, "Water is the driving force of all nature." 

The effectiveness of this engine depends on the tightness 

Table 6. Mean residence tinte of the Eiarth's waters. 

Rate of 
Turnover Mean 

Volume (10" kn3 Residence 
(10" kn3 ) year 1) 'riTie 

Ocean 1338 0.5058 2.600 years 
Ice caps and glaciers 
Groundwater 
Lakes 

29 
8.25 

(1.23 

0.0255 
0.0119 
0.00173 

I. 100 years 
700 *years 

13 years 
Soil water 
Rivers 

0.03 
0.0017 

0.0706 
0.0469 

155 
13 

days 

days 
Atmosphere 0.013 (.5781 8.2 days 
Biological water 0.0(6 0.(1651 3.4 days 
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Fig. 3. Water halance of' the six continents. The total rectangles -, . ,
 
represent precipitation, the Unshaded rectangles evaporation, the
 
shded rctdngles. runoff'. The vertical scale represents annual
 
water depth and the horizontal sc ale represents area, so that annual 
 - .,volumes are proportional to the area of the relevant rectangle. t Z 

of the linkage between the energy cycle and the cycle of the "
working fluid, water. This depends primarily on the uniqte . 
properties of water, which I stressed at the beginning of this 
chapter. In sone degree, it depends also on the uniqueness

of the Earth, which I also emphasized. As you know, the
 
latent heat of evaporation of water isgreater than that of any ,
other substance. This, and, to a lesser exteit 
 the fact that .. . .
the heat capacity of water is so _reat (greater, in fact, than 
that of' any solid or liquid other than liqutid ammonia), el
sures the highest possible correlation between water trans- Fig. 5. Global distribution of tht' annual net pickup and net depoport and energy transport. The tight linkage between water sition of water by tie atmosphere. Shaded areas: regions of' netand energy also depends on the fact that tile temperatures on pickup. Unshaded areas: regions of net deposition. Note that an-Earth are such that 1-1,0 is always present in at least ( ,ial u net pickup and deposition are both typically about 200 n1n1.
phase besideF vapor, and that tile saturated vapor density is 
great enough to ensure rates of' evaporation and condensa
lion, and of advection of vapor in the atmosphere, that in- the atmosphere, and by other processes that we shall not
volve fluxes of latent heat of a tmagnitude comparable to discuss here.
that of the fluxes of total energy. (On Mars, on tile other For our iniediatc purpose, it suffices to examine the hyhand. surface temperatures are about 9o°K less than on drologic end product of tie global circulation. Fig. 5 pre-Earth, and saturated vapor densities are only about i /6,oooth sents a first estitnate of the global distribution of the annualthose on Earth. In consequence, even if' water were abun- net pickup anu net deposition of water by the atmosphere.dant, latent heat fluxes would be a trivial fraction of total This nap is derived from calculations of the global transenergy fluxes on Mars, and, as a result, the linkage between port of' water vapor by the atmospheric circulation. Thethe energy balance and the water balance would be, at best, shaded areas are regions of' net pickup, where the atnoextretiely weak.) sphere gains water; the whito areas are regions of net depo-

The great ocean circulations are profoutndly influenced sition, where tile atmosphere loses water.
by tile atmosphere; and yet, to a large extent, the atimo
sphere in turn owes its nature to. and derivcs its energy SMALLER-SCALE PROCESSESf'ron, the ocean. Everything depends on everything else, Finally, a very brief word on some of the smaller-scale
and a siiiiple acount sceis almost impossible. Fig. 4 shows processes of the hydrologic cycle.a map of the iiean surlce oceanic circulation. This isa de- Most of' the water involved in the land phase of the hydroceptively simple representation of the global pattern of logic cycle it, lcated in unsaturated soil between tile ttle ofoceanic illoveillents. But wO milust leave it at that. its arrival ,s ,.ai ,it the soil surface and that of its return toThe story f'or the atmosphere is almost as frighteningly the atmosphere. A siial! Ifraction of precipitation does notcomplicated as that for the ocean. The global circulation of enter tile soil, but moves overland directly into streans orthe atmosphere is governed by the Coriolis force, by fric- lakes; i second small fraction percolates downward throughtion, by the irregularities of inpul of energy at the bottoi of the unsaturated zone and joins the groundwater. In dry 
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lands such as Australia, about 93 percent of the precipita-
tion enters the soil; of this, 92 percent returns directly to the 
atmosphere, only about t percent reaching the groundw;ater. 

The processes of water movement inunsaturated soil thus 
play a central part in the scientific study of the land sector of 
the hydrologic cycle and in the related problems of irrigated
and dryland agriculture, of plant ecology, and of the biology 
of soil flora and fiuna. They are, in addition, of great sig-
nificance in connection with the transport through the soil 
of materials in solution, such as natural salts, fertilizers, 
and urban and industrial wastes and pollutants. Phenomena 
of great interest and importance include infiltradon, drain-
age and retention of water in the soil strata, extraction of 
soil water by plant roots and its subsequent transpiration, 
and evaporation of water from the soil. 

The character of these everyday, but all-important, pro-
cesses depends on yet another aspect of the physical unique-
ness of water, namely the falict that its surface tension is so 
great. This means that the soil can hold appreciable qLlan-
tities of water against gravity. This is a great advantage to 
plant life and, moreover, makes possible the whole range of 
moisture conditions at the surface. In the absence of the sur-
face tension of water, the land surface would be either des
ert or swaip. 

Some of these hydrologic processes, of course, do not il
volve the soil alone. It will be notcd, lor example, that the 
soil, the plant, and the atmosphere form a th'imodynamic 
continuum for water transport, so that the proper study of 
namural evaporation from the Earth's surface involves not 
only soil physics, but also micrometeorulogy and, in the 
case of vegetated surfaces, plant physiology. 
Two or three decades ago the level of understanding 

of many of these processes was at little better than the folk
lore level. Today folklore has been supplanted by a co
herent body 0f quantitative science, which we might call 
microhydrology. 

I conclude by urging both decision makers and scientists 
to ensure that we make maximum use of what we know 
about water in our world. Planners, systems analysts, and 
the like sometimes mistake their beautiful models for real
ity: and it is all to easy for decision makers to accept their 
seeming!y rational models gratefully as surrogates lor thle 
perplexing, intractable, real-world situation, But neither 
scientist nor decision maker can ignore what really hap
pens, and we both must insist that our models be to the full 
what we know about the real processes of the real world. 



53. WATER CONSERVATION TECHNOLOGY IN RAINFED AND 
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SUMMARY 

Interest ill ,ystvins ha,., . idrylad and rainfed farmin
recent years because of escalating costs of developing new irriga-
rion projects and the hipgh costs associated with irrigated agricul-
(tirc in general. Ramifed and dryland arc often used synonymously,
Iutthcy are considered vastly differen by many workers. TheybothI excIlude irrigar on, but I[Cyond that, they caa differ signiii-

cantlv. I)ryland aghicultural systems eiriphasi.e water conscrva-
Lion. staiable crop yiclh, lids.ited inputs for soil fertility, and
wind alid water erosion cIImStraiits. Rain fed syste rs. al though 

they, inlude drya sys also Iins,can ce sys tels which em-phasizc disposal of excess water, maxinui ,',' yields, and highinputs of fleriilizer. Ihis chapter deals primarilNwith dryland agri-
culurc. "l'[:cre sful drylaid man-arc three coiiipone its of a suceCC
agemien system: (i ) retaining the precipitation on tile (a2d21c I,) 

duchig evaporatilo, and (31 utilizing crops that have droughttolerance and thi fitthe rainfall patterns. Although these conlipo-
ni,_mshave been known for centuries, new technologies are devel-
oping Idhal increase crop productiun in water-short areas. Some of
these tcchnologic, are presented and tire principles on which they
are bhiCd are di'cu, sed. 

IN'T'RODUC'TION 
In recent years, there has been agrowing awareness of the

importaice of rainfcd and dr) land agriculture. This grow-
ing awareness has resulted largely from the rapidly increas-
ing costs for developing new irrigation projects as well as
the high costs associated with irrigated agriculture in gen-
eral. There is no area that has been liore affected than lie
Southern I ligh Plains ofthe United States, where increasing 
energy costs and low cotmmodity prices have resulted in 
some irrigated lands being returned to nonirrig ed coidi-
lions. Nonirrigated agrictltutre is also being ciiphasized 
more in the developing nations because nonirrigated areas 

ruust product tile
vast majority of Iocd grain s uttpon vhich an
expanding population is dependent for subsistence. 

At the Outset, it is important that we Understand what is 
meant by rainfed niiddrylatnd agriculture. Clearly, they both 
exclude irrigation.lBeyond th, t lie dcfinitiois Ihecomte less
evident because tie teris rainfed agriculture and drylad
agriculttire are often tsed synoniyliiotusly, but tlhey are con-
sidered vastly different by imany worker:. We view them asdifl'erent and offer the following definitiois for faring
areas inthe United States. 

o('rntribution frim USDA. AgricuIt uralResearch Si rvice. titishhind.
e'rxa. 

- Dr'lam Agricuture-where dry farming is practiced, incuding firming systems without irrigation, in regions of 
limited r;.infall, usually < 750 mm per year.- Rain/ifd Ai 'cuture-wherccrops are produced without irri
gation ilsubhumid and humid regions, usually > 750 miii 
per year. 

The annual rainfal values arc not absolute because sea
sonal rainfall distribution aaid tenperature affect crop water
requirements and thus the kinds of soil and water manage
ient practices. A region with annltltaI raifl'all Of 700 n ll 
with good monthly distribution is a cool clitate might utilize rainfed agriculture-- type management systems, whereasin a hot climate a region with poorly distributed rainfall of 

ll I ho mlipe ar m it popr lyd ir ed r ming
I .000 tr per year iiglt appropriately reqrueire dry farming
techniques.

table Ihiglights the iiportant differences between dry
land and rairifed agriculture. This paper deals primarily
with dryland agriculture intileSouthern Great Plains of' the
United States, but some of the principles and practices dis
cussed also apply to other areas ar( to rainfecd agriculture. 

DRYLAND AGRICUL'URE SYSTEMS 
The key to successful dryland farnming in semiarid re

gions is using systems and practices that can take advantage
of the favorable years. Dryland farming has been arid will 
continue ,obe a high-risk undertaking. There is charly a
need to become more aware of the historical weather data
arid to begin thinking in ternis of probabilities as an alter
native to averages. All understanding of the probabilities
will provide a foundationfor making management decisions. 

There are three components of a successful dryland man
agement system in a senliarid regica. These are (I) retain
ing the precipitationoilthe land, (2) reducing evaporation,
and (3) ti izing crops that have drought tolerance and that 
fit best with tie rainfall patterns. Although we have known 
the,,c components for centuries, progress in adapting them 
to specific areas and situations has been slow. However, 
there are technologies emerging that show real promise, and
these technologies, or the principles oinwhich they are 
based, can be applied to other regions and countries. 

Retaining Precipitation oin iand 
The most important conlp,ment for dryland f'arming is con
servation of rainfall, which must start by preventing runoff. 
Con servation of rainfall is very iiportlant in lie Southern
I ligh Plains because water is both beginning and the endtile 
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e1 d," landIble 1.M;ijor ditferenc' ei we,. agriculture and rill.d 
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CONSERVATION BENCHING 

Fig . I.Schematic drawing of a conservation bench terrace at 
of agriculttre. Plants ca llnot grow without it,of ti LlSe, and iSIl and. Texas. 
soil erosion, pavticuLarly by wind. cannot be controlled suc
cessfully \ egCetation.Without 


Runolt friln crolalld ill the Southern Itich Plains is 
Iigh ly variable bcaIseo Ifvary ing amoutts of*average rain
tall. specilic raintall event:; tor a given y'ar. toplgtraplh, 
soil type, and soil surtace conditions. RlIunolf fr in cropan)111(1 
On Pillian clay 1111a(a tilne, mixed, thCrinic., TorrCrtic Pal
eustoll) at Bushlald, "lCxas. Where the averag.C raintfil is 

Illnntahlv 

195). 1lo1v r. runoff occurrCd in IV a11boutI one-half of ,+
the twenty-six Wlars studied. So the a1tlnt wa\s very silniti
cant in some years. Lone--tCrIl studies at Riesel. Texas, in a !96 

Suhuinlid area on Ilhoston Black clay (a line. tmontmoril
tonitic, therniic. Udic leltstert), show that about i ill 

46o mmi1.has a1vCraiged abhOlt 40 111111 (Jones et il., 

2znn 
ol rtinotf Occurs anfuaIly. The averae ainnuat rainfall at " 

RiCsel is 800x 1m. In subhiiulid regions. stich as at Ricsel. 
practices to allow rtuilot without excCssive soil erosion are Fig. 2. A lield at lushlanid. Texas, illlmediately following a major

reqLlu ired becMIse l ratC trequtentI inlil-
ra inl'a tly exceeds soill 
 raintall event. Part ol'theliedIi had lurrow Lalls installed to prevent 
tratilion capacity. lowever, intilelower-rainfall areas typi- rtlnoff. 
tied by the data l'in Bushlaild. itwould lbe de:,irable to 
entirely ClinlinttC runtff fronl crolIlnLI. Furrow diking, 
conservatin hench terraces, and land leveling have proven educing Itlptrtltion 
very etfective. 'hese practices iloft only result inl additional Evaporation from the soil surla,:e during periods when a 
wat r tlCrolp [)1tId Ctit Oil Itfmr'VidC an eIcective Means fior crop is not growing restillts in a jor loss of 'ater inwatercontrolling water -i- on. Fig. I sh ,wsa schematic dr'Aw- deficient areas. This is illistrated in Table 2, which sunnli)i
ilg 01ta con se rva till bench terrace aIld Figure 2 shOWS a rizes lng-terin data atBushland, Texas. The alinotiuntof'
 
lield withl furrow dams immediately followinug a lajor ra ini1- precipitation during tlie rotation lost as evapoiraition during 

event. Jones et al.fall (I195) Lescribe these systemis ill More the ntngrowing season ranges Irolnl 36 percent for the con
detail an11d the results. Ridcliardson (1973) con- tilltitios wheat (7)'itic urn aestiturn) systein It61 Ircent torsummarize 

I1 itth 
system, designed to convey allrunof originatiig ill tile fir- the tallow period is 15 to 16 iontlis, only about 
pared storill rti1nof fttrowa te rshcis Ia eradCd -f'i Tow the wheat-fallow system. Inthe wheat-tallow systein, \here 

15 perce, 
row i a waterway, to that frol watersheds with a conven- of the precipitation that occurs during tiletallow period is 
tional terrace system. Ruinoftf ilwas signilicanly lo\er fro stored ill the soil *,fIruse later by the grokwing crop. Even 
tile gradCd-ItirrOw watCrsheds, and soil erosion was within tinder the continuous whCat system, where the ftallow period
acceptable limits. The reduced rtilIf was prtb0a111y du tto isonIy three to four months, the tallow eficiency isless 
1li0rC tHIiioriu distribution 01' cLCCSS water by tilegraded 20 percent. Ilowever,inspite of thtetliaii very Iow efliciency

Ifurrows. On the tert'aced wsatc.rslCd. excCss 'ater icculi- of water storage during tallow periods, t'allow is practiced
lated intle terrace clvinnels. As stated prc\'iOLusly, it is not widely because of the importance of'Sustaining crop yields
possible to climiinat, rt;nol'f insuch regions because of tihe under drv tarnling conditions. Again, retferring to the data 
excess rainfall at certain times. \Vater Ior crop growth does inTable 2, soil wrater storage during a four-mronth fallow is 
tieconil linliting it 1ost years, id 1i1ItTf should be nlini- , co illpliaredonly 37 illn with abotUl 8o nill ior ainelcven
inimed when possiblc. Reent evahItiation of Iydrologic data ilionthli'alw and almost ioo111111 tor a fiftei- Illolil w. 
suggests t0 Iati rrow dams inight be feasible on long, tini- This additional stored waier is highly important in redic ing 
forni slopes in this sulhuniid region (Krishna and Ar- the risk of'a crop failure. 
kin, 1985). Much more eflicient tIse of the limited water resources 

r))91
 



Water Conscrvation in Rainfed and Dryland Agriculture 357 

Table 2. Water balance for various cropping systems at IIhlhhd, Texas, 

CONTINUOUS WIHEAT (ONE CROP ANNUALIY)" 

Whet Fallow Total 

Precipitation 256 202 458
 
Evapotranspiration 293 293
 
Soil water change -37 37
 
Evaporation (anid runoff) 165 
 165 

' TWO CROPS IN TIIRETi YEARS 

Wheat Iaow Sorgtutim Fallow Total 

Precipitation 256 462 416241 1375
 
Evapol ratspirat t 329 286 615
 
Runoff 13 25 4327 108
 
Soil water chatge -86 86 -72 72
 
Evaporation 
 351 31)I 652 

ONE CROP IN TWO YFARS' 

wheat Fallow Total 

111111 

Precipitation 256 660 916
 
I-vapotratspiration 354 
 354
 
Soil wrater change -98 98
 
Fivaporation (atd runtolf) 562 562 

SOURCE: 0. R. Jones. personal conunication; Johnson and Davis, 1972. 
"Fallow period bet\\ecn crops is three to four months. Run)lf was totl measured but would be 

ntininlal cropping.
under atnttual 

'Fallow periods between crops are about eleven mtonths.
 
' Iallow period between crops is fifteen t)sixteen ttotths. Rutnotf was not nmeasLred btt was at 

nittor portion ofthetotal. 

could be achieved if the high evaporation losses discussed Table 3. Straw mulch effcecls ot water storage efficiency and grain

above could be reduced. The most effcctive practice for re- sorghtunm yield.

dutcing evaporation is a Mulch. 
The use of mutlches to con
serve water and to reduce soil erosion is an age-old practice. (t/ha W r ae) kG/ha)

Many matcrials, such as stoites. gravel, plastic, fihm, :is-
 .
 
phalt emuilisiotIs, paper, and plant residues, have been usetd 
 ) 22.6 c' 1780 c'
 
as mulches. Porous tnulches may rcdtce ratiiidrop itnpact, I 31.1 
 h 2410 1
 
thereby increasing water infiltration. They may also reduce 2 31.4 b 2600 b
 
soil water evapration by cooling the soil by insulating it, 4 36.5 a 3680 b8 43.7 ,38arellecting solar energy, and decreasing wind speed near the 12 46. 2 a 3990 itsoil surfacc (Willis, 1982). Artificial tnttlc),es are seldom -
used in the United States becattse application is so labor- SOURCE: Unger, 1978. 
intensive. There is sollei se of plastic mul ches for high- "Water storage detertied to a 1.8-n deptl. Precipitatiott averagedvahtIC Crops wvhere atpplication can be auot~tned. H owever, 318 nmn.
eColrn nevalues followed by tle same letter are not significantly dif
crop residues are lie tnl y practical soure of ttlching 
 ferent at the 517, level (Dunaen muItiple range test).
matterial for tmost situations in the Unitct Stales, and this 
is particitkIarly true for the dryatnd areas Of" the Southern 
Iligh Plains. on Ptulltan clay loam in the Southern Iigh Plains (Table 3).

In the setniarid Great Plains, water storage efficiency has Water storage efficiency values increased sharply with in
been low even with Intulch because of the lintited amounts of creasing mulch levels, which shows the high potential for
residue produced under drylatd farming (Unger. 1983; increasing soil water storage when sfticient a,'mounts of
Wiese et al., 1967). Unger (1978) studied the effect of in- residue are available. Greb (1983) also reported very sig
creasing rates of wheat straw Imulch on water storage effi- nificant soil water gains at four Great Plains locations at the
ciency during an elcven-nnonth fallow period and subse- end of the fallow period with increasing rates of straw 
quent grain sorghum (Sorghum bicolor IL. I Moench) yields mulch (Table 4). Storage efficiency is ustally lower in the 
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Table 4. Net soil water gain at the end ,fffallow as intluenced by straw 
mulch rates at four Great Plains locatiois. 

Number 
of Years NNile Rate 1a) 

Lotation Reported 0 2.2 -1.4 6.6 

Soil Wa!er (Gailn (cm) --
BushlandTex. 3 7.1 1).'1) 9.9 1( 7 

Akron, ('olo. 0 13.4 15.0) 10.5 18.5 
North lltte. Neb. 7 16.5 19.3 21.0 23.4 
Sidney. Mont. 4 5.3 6.9 9.4 10.2 

Average 10.7 12.7 14.5 15.7 
;ainby mulching 2.) 3.8 5.0 

SOURCE: (reb. 1983. 

southern part of the region because of the higher evap-
orative denand. Adams ( 1966) showed that straw mulches 
decreased soil water evaporation, stornm runoff, and erosion 
and increased crop yield oil houston Black clay inthe sub-
hlum1id part of the Great Plains. Similar results have been re-
ported under hulid conditions in many parts of the world 
(Jacks et al., 1955). 

Matching Cropping Systems with Rainfall Iatterns 

In the liial analysis, drvland cropping depends on nlatching 
a cropping system with the cliiniate so that there is a good 
prtobability of producing a harvestable crop. Increased enl-
phasis is being placed on probability levels as compared
with aver;:ge values ol rainltl i data. Average Values, par-
ticularly in low-rainlall regions, cati be very misleading he-
cause it few very high, but rare, rainfall events call raise tle 
average substantially. Probability levels can be set at any de-
sired level and are a good way of assessing risks. Dancctte 
and Hall (1979) have developed methods for inlproving 
nanagemlent of water resources, usintig principles for soil 
and plant sciences. They have prepared tMaps fkOr tileSuda-
nian and Sahelian zones of Africa showing tlh.Xiln1l1111 cycle 
lengths for nmillet that will result in crop watcr needs being 
satislied to a; least the So percent level, antI fOr eighty years 
oiltof a hundred. The inforlation nceded ftor such esti-
nates is rainfalI,evaporative demands, crop coefficients of 
water use, rootinrig depths, water retcmitiol characteristics of 
the soil, and availability ol water in the soil. 

A rather sitmple appr ach to matching a cropping pattern 
with the climiiate is shown for grain sorghutl at lBuslliand, 
Texas, in Fig. 3.The solid line represents tie weekly rain-
fall att1oints that are exceeded it]5) percent of the years, 
and the dashled line represents the number of weekly heat 
units (degrees C above ())exceeded itl5(1 percent of the 
years. The rectangutlar boxes represent it crop of grain 
sorgh un pl anted at 'our diflTccrit times ai tile numtlbers 
abtove the boxes are tIhle50)percent PbtlIility a t' ts (If 
rainfall tfat occur ditlring the periods The lour divisions 
within each period represent the emergence. vegetation, re-
production, and grain-iliing stages Ifl'cIiopproduction. Al-
thougl the samc cultivar is pictured fOr each of the plating 
dates, the lengthl (t growing season decreases fronl I 21 days 

20 202mm 200 

is -tOo 

17 7 170 

is 0,0 - -1 T-t ,222 716150 

140 

13 20130 
0 / 20 .120 

ItIC /' 182 iOI-ooz 

g 1o 
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- 60 
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3 / ~40 50 

-. 
. 30 

2 20 
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Fig. 3. Weekly precipitatitmi and heat itnit (zero C base) values for 
Bushland, Texas, that are exceeded in 50 percent of the years (o 
weeks begin on January i). The four boxes represent grain sor
ghum seeded at four different titues. and the values above the 
boxes are the aniounts of rainfall exceeded in50 percent of the 
years during the cropping season. 

for the earliest planting to 104 days for the latest because of 

higher temperatures at tie later planting dates. 
Grain sorghum is traditionally seeded in the area on 

about June 15 (represented by the third box fron the top of 
Figure 3). The rainfall pattern readily shows the advantage
of' this seeding date because the rainllfall preceding this time 
results in good soil water conditions for seeding. Also, the 
crop has a relatively short vegetative growth period, there is 
a high probability of' rainftall's occurring during the repro
duction growth period, and temperatures decrease during 
the grain-filling period. The disadvantage of this time of 
planting, however, is that there is substantially less pre
cipitation during the growing season than for an earlier 
seeding date. For example. seeding oil May to (top box in 
Fig. 3) results in a growing season with substantially more 
rainfall. Ilowever, the vegetative growth period is length
ened and the reproduction portion of the crop season is now 
shifted to the hottest and driest portion of the growing sea
son. Nevertheless, an early seeding date nay still be the 
most desirable, particularly if tie soil profile is fully re
charged SO that a later seeding Wotuld not conserve luch of 
tile ra inlall that normally occurs during late May and early 
June. Early seeding may be combined with increased row 
spacing and decreased plant population to naintain lower 
evapotranspiration rates so that the soil water reserves will 
not he excessively deplcted before the reproductive phase of 
tie growth cycle is reached (Botnd et atl., 1964). Under dif
fere nt conditions, particularly intiles5Ibh umid parts of tile 
Soutile rn I-ligh. Plains, grain sorghini yields call be in
creased by narrow row spacing. Adams et il. (1976, 1978) 
fo1utld thalt grain sorghull in5o-ctil rows established amore 
comlete cano py earlier sorghmum clitionalhalln with con 
(i oo-cm) row spalcing. The improved plhnt calLopy inter
cecpted 2 percent more radiant energy and resulted in grain 



Table 5. Elf:ct of row spacing on grain sorghum yields on Houston 
Black clay soil at Tempie, Texas, 1972-74. 

Row Spacing (cm) 

Year 50 100 
Yield (k/ha) _Grain 

1972 

1973 

1974 

3890 
(25 %)" 
3850 

(20 )" 
5050 

3115 

320(0 

4275 
{18%)" 

SOURCE: Adams ct A., 1076. 
Pareinheses show pecentage increase ingrain yield over grainwith I)-cmsorg nhum entge ional row spacingy 

yield increases averaging 20 pe rcent (Table 5). The earlier 
and morc con plete ground cover also reduced runolf ad 
eroston. 

[he above discussion is simply an example of how crop-
ping systenis and climatic databases cart be matched. Inso-
far as feasible, a crop should be growing during the periods 
of high rainfall probability. This allows for more of the 
water resource to be used for evapotranspiration, which will 
increase water use efficiency. Crop growth models such anS 
the grain sorghum model of Arkin et al. (198o) can be used 
to estimate crop yields under various climatiC conditions. 
Such models will be extremely useful in developing crop-
ping systems for specific areas as these models are validated 
and improved by the use of field data sets. 

CONCLUSION 

Crop production under rainfed conditions, and particu-
larly so when rainfall is sO lilnited that dry farming methods 
must be practiced, requires a three-pronged attack-rainfall 
retention, evaporation reduction, and cropping systens thattake advantage of tile rainfall and temperature patterns 

Rainfall retention can be enhanced either by increasing infil-
tration rate or by containing the water long enough for it 
to inliltrat,:. The use of furrow dams is one technology that 
has proven vcry effective. Evaporation can be reduced by 
mulches, or by plant spacings that result in a more complete 
and earlier canopy. Cropping systenis should match the spe-
cilic crop vitli the climate inso far as feasible so that there is 
a good probability of producing a harvestable crop. As i 

general guideline, a crop should be growing during tile peri-
ods of the year that have a high probability of rainfall. This 
allows tmore of the rainfall to be sed for transpiration and 
less for evaporation. Another important technological de-
velopment is increasing the drought tolerance of crops 
through improved geni plasti. 
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54. ACTION EXPERIMENTS IN IRRIGATION DEVELOPMENT: 
IDENTIFYING POLICY AND PROGRAM IMPLICATIONS 

E. Walter Coward, Jr., Department of Rural Sociology, Cornell University, Ithaca, New York 

ABSTRACT 
This paper discusses three action experimenis in irrigation development, currently under way in Indonesia, Sri Lanka, and the 

Philipplines. El'ach of these experiments is concerned with increas-
ing farnier involvementin project decisions and activities ill both 
the pre- and the postconstruction periods. It is suggested that such 
action experiinents are an effectivc means for discovering and test
igs Cma ,c cill,.'i lreans !'for reorientii:g the mix of state and 
hreality righits and responsibilities in irrigation deve lipiielt. O 
implement such action experiments, one nee s to begin wih i

Ioad delinition of irrigation developlnrCt, an irrigation agency
that is tolerant of testing alternatives, a knowledge generatinL, 
partner inslitition, aid a su pport ivye project dorr. 'he action 
projects rcvieved suggest (i) that irrigation developnent is a pro-cess requiring a set 0iti inplenrcitirigillstin ittiuins rather tihan a
single agencv. (2) that it henelits fron greater involvement in ipre-as~s aciiis ttat theuseofaas poseiiistmtias we ill ipivigrtits, and (3) tile trse ofwacata-
lyst rle is an ellertive eans nipros ig iteraction between the 

INTROI)UCTION: A TIME OF TESTING 

During the past several decades the state has becone in-
creasingly involved in irrigation development---both cre-
ating new comlands and rehabilitating and "'modernizing"
existing commands. In iany countries, tile result is ai irri-
gation structure heavily dependent upon continuing state 
actions arid less connected to local responsibi li ties and in-
puts. While thiS situation has resulted in a number of uti-desirable contsequtcnces for irrigation system perfort:vnice, 
it is the present hscrl. crisis of many governments, in ooth 
industrial nations and the so-called Third World, that is ac-

celerating interest in reexatlining irrigation investment 

policies. As irrigation departtie nts are required to lunction 

in resource-limited rather than resotirce-rich 
contexts, there 
is art increased interest in fornilating investment strategies
that represent a different mix of State/local rights and re-
sponsihilities--liriiting tile state role while inducing a 
larger local role. 

While there is growing interest in such a reorientation, 
the nteans frOr planning and iniplenticting such strategies is 
not well understood at present. Ilowever. there are several 
experitnletls under way in Asia that are suggestive This 
paper brielly discusses three such experiments and derives 
lessons and implications fromi thietn. Pervrps tie Irost ill)-
portant conclusion reached is that these new canstrategies
only be (lone in the context of such agency-locality experi-
ments. This requtires agencies to practice what I). Kor-

ten (i98o) has called a "learning process" of program 
development. 

TIlE HIGH PERFORMANCE SEDERHANA 
IRRIGATION SYSTEMS IN INDONESIA 

Indonesia has a rich legacy of small-scale irrigation sys
tens locally built and managed by indigenous water users' 

groups-the besi kno, n of thlese being the stbaks o a all. 
gin i in governmentyie initiated a pro-Ing U.S. p97d4. 

gramn to assist Indonesia ilr rapitly developing a nrmber of 
stnall-scal e irrigation oneworks as incaris to overcome tile 
then pressing shortfall in rice production. This program was 
known ias tile SCd l'hana Programtii (sed-hanain Indonesian
meaning "simple"). While the intent of the planners wasthat tlie niajority of' these sederhana projects would be new
siall-seale facilities, in rcalily a niajorityal-c l l',,,'eies in realitytrcttumandi~ ofo31tle projectseta-twere overlaid on local systetis- plantied to improve those 
systells in some way and/or to expand their service areas. 

In tile early years of the program the approach used was 
very much an agency-dominated one. All the initial activities of planning. designing, and construction were imple
mentcd by government agencies or private contractors. 
Farmers became involved with the activities only at a very
late stage-usually after construction was completed
when they were formed into water users' groups and as
signed responsibility to operate and maintain parts of the ir
rigation layout. 

There were a number of negative consequences associ
ated with this construction-first approach. Often the most 
obvious problem was that tie users did not assume respon
sibility for the facilities, and riaintelane problems rap
idly appeared. At other tilies there were glaring problems 
witi tlie physical in frast ruct Lire -cotmiponents that did not 
operate, layouts that were misaligned, etc. Ini fact, it can 
be said that niany of- tile sederliana projects suffered the 
"Rao effect'--I'acilities were built in these existing sys
(enis that were "unproductive, irrelevant, and extravagant"

(Rao, 1984,3).
 

The I ligh Performance Sederhana Irrigation Systems 
(IIPSIS) experirnent was designed to try to improve these 
two progranmmatic problems that were seen as linked to one 
another-tlhe problem of poor system design and construe
lion and the lack of effective farier ir-volvenient ini the 
postconstruction projects. The experiment was built on 
ideas and propositions that had then been under development
in the Philippines for several years. There, an approach for 
providing government assistance to sinilar small-scale, local 
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irrigation systems was evolving. One of its basic premises lion surpassed the cost of tilepilot project (i.e., tileuse of the 
was the following (F. Korten, 1982, I I): coninrunity organizers in one year). 

Involving the lcal waler users* association intilepreconstruc
tiion and ctllstruclion activities is an important means of devel- [HE GA OYA IROJECT IN SRI LANKA 
oping more functional physical systems and developing the 
skills and stnelrCs of the associations. It is inipOrtanil also for This experiment is being inplenented in the context of a 
insliring that farmers aric willing to cintribute towards inainte- project to relhabilitate a large reservoir-based system ilthe 
rIance of the investments. dry zone of Sri Lanka---the Gal Oya project. Witi support 

Eflfective farmer involvement in these precon structioii and from the U.S. government, this project was planned to re
instate tile physical f'acilities ilntile Lcf;,Bank service area 

construction activities requires a number of conditions: para- ota the ysical faciliies in the mefnank slrtce ta 
moiullt antong them is that Iarniers have soille organized f the systeI-iinpri,'emelt 0f the main ard distributary 
means of patrticipating wiilh the agencies and contractors in- canals and construction of various control structures (gates. 
volved iii these activities. To assist farmers in order.ng their turnouts, regulators). Since field Chainel improvements 

experiences, opinions, and demands durinc these initial were to be the responsibility of fa.'niers themselves, the 
project steps, a new staff role \\ as created: tle comunit' project also called for creating irrigator groups inthe project 
organizer. The commiunity oritanizers, usually yoi.g col - area. Illfact, the original plan very muchliequated farmer 
lege graduates, were hired by the government and assigsied participation with 'free labor to reshape and improve all 
t, r rrf svstns field channels, as funding was budge'ted only for primaryto'Work iniirrigatiiin sy thdat were to lie assisted by thleL 
sederhana programiii. A no ,governeintal organizatloni, tie and secondary level rehabilitation work" (Uphof, 1985a, 3). 
Inst itu te fi" iriolic anlid Social anrid ossist the Irrigation IDepartment ill tlie task of creatingRe searchI ]ducat iini eTo 
linforillatilln, was cintracted to assi ;t lie &lve n Iiielt in the irrig i groups ,the pro~ict inclded a social science 

Selecting candidates. prIoviding trainin anlldroniloring group, tileAgrarian Research and Training Institute (ARTI, 
progress in the field. This institute, shiile nut haviio prior located iii Colombo). with collaboration l'rol Cornell Uni
experience with irriucation actisilies. was skilled ill Working versity. The overall stratelgy identified by the ARTI/('ornell 
withco inCLi tnitorOaiieis inothlie r sicial selltingcs suh i team for inplementing tile f'armrer ortl'alrizations coinporent 

, 

lrban neighborholds. of tilepirojeCt involved four key ideas: 
, 

iThe ciililniiiiliiv r'gaii/.ers. thlough hired by tlile goVern- A lueprint approaich tio lie organizations w%%islikcly to be 
illent, are not rleait to he goverrlinent represenlatives in the SilCCessful---raihor, soniclhiir,, a "le'aiiil, apiroach" 
local area. Their role is a 1Iiir-e difliLIlt Iie -atteni pting to would be used, identi ying soine likely actions. iiple
act as i liaisoniheC e ii tilea ce ruiCs iid conltractors a d t e reinirg the ni,learningii frofn Ilerilonlie, and n aking 

local groups. Foloss'Virig tile principlc rifinvolving f irrners chliaes airec sarl$,
inlvarious ersriretiinri decision s arid actis'itis , q [lie farnier organiiige fiorts needed itiproceed parallel with

iiIleid the plhysicial ichabilitation rather than come aillfr In thisit. 
above. tie swork 1 th Corii liiriilyorgalizers begins with way the incilient farnier groups -woulId hiaVe sigiliiicant 
organizing l'arniers at tile smallesti Units ill tileCOi ilnid fL'unCtiilis from the Start. 
area. ultiiatelv proceeding to the lotl] sy stei level. The B uilding on kniwledge offtli-Philippilneis activities diseusscd 
initial activities are colcerned s'ith orgainizing firriiers to above aind siiilar prograins using grotp oranlizeis iii 
interact effeclively with he agCiecy Stalf and contractors to Nepal. it was decided thai some f rnr of "cataIl.'sts'" would 
identify irrigation problems at tile local level, review agency be used to work will the irrigator grioups. 
Suggestions for itirOVe lCillCn iii view oif' Ilcal knsvledge It was assuili~l that the success of tilewolrk with the irrigator 
aiid e x periince s,aridliiiloiIiir t ie ciiristLiUclini ac Iisitie, grotir would be partly delPr:nt Lpon the irrigation 

Morlit and Poiffenierger (1984,.2S 2i) reached 1lie fol- is'c nodifying some of its prograiis and policies-
lowigase what carile be refferredi9 i lowing conILiiii basedcIilonthernchisi)nthieir anatlysisa~il'si oflheclllilu~llIii tre coimrminity Kr irleri id to.IphioIf., I).tioas bureaucratic rorienliation 

organizer approach il one sisall-scale s'scri:a 

The dtita preseinted in this article sri iS tIe exre iit i which A key co iponent of lhe organizing effort was tlie recruit
cmunirtrniy uianizers. working thriugh local instiLutions. were Inpt. Ira initri.mnd fielding of' .icatalyst staff-hcre called 
able ioestablish t iore effective cliiilanl o'eiriunication be- institutional organizers (1Os). TOiifill this r01,, tiliviSity 
Iwecn governiriei agcncic s conrolling both ILlids anid tech- graduates were recriiited hy ARTI 'ith the hipe Ihat evsen
iiicrlI expertise lor irrigation tevelopmicnrt arid Ifarniers respon- tually this role Votld be Iiade i perianiieil staff;i.osition in 
sible ifor ianaging and nlaintaiiiig conirpletil yseris. This tie Irrigatiou Department). Tihe lOs were assigned as leanis 
iniprivcd comuniinrcation resulted ill n'leniilcatiinllf several to the livdraulically defind area oi" iidistribulary canal,
pIrmbleis inthe 0niiiial dcsign. Of tire of ti OS reponlsibiliy for one or lioreIecause willionness with indi idil'd fSSUiing 

the NIinistr' of Puhliic Works ieninier1s anid the pri vale contriC- field chunuelS.

iur to Ilisteii in tire" views of 'arlniel'. and ilicmrpnn'.me iii5~) iI Fieu'"a
viekslstenit)ili(or o f' frnit-,and ncopt"'de'4, he cigainizing Work hceoan with emphasis onlint'ornial 
their recr unnreidlatinOlrs. aJuirxl iIratel.v I i hect ares were irri
gated which oilherwise woruld nor liise received water. This organization at the level of' the ficld channels anild attelition 
efTecively constitrutes a 7 percent iriereise inthe area actually ii various self-hClp aCivities that these groups Colld ilipleirrigated by fite project. Ahhough sufficieiitta isnot available Ient on tlheir ovn---pririarily ditch cleaning and other 

lo doi a lorouglh cost-beneliC analysis, this research indicates malilelian ce activities and Waiter distribution wiin lhe 
fhatthe benefit if the changes iii terms of increased rice produLiC- field cliaieIs. The latter activity was especially SlCcess 'flI 

http:ilicmrpnn'.me
http:order.ng


in the early months that the lOs were fielded, when the sys-
tern experienced a severe water shortage.

A major concern of the organizing effort is to increase tile 
participation of the water users in the planning and imple-
iientation of the rehabilitation effort. This has occurred in 
several ways. First, the sell-help activities of the farmers at 
tile level of the field channels and, to some extent, :he dis-
tributary canals have helped change the image of lie fItr-
ers held by the Irrigation Department and mad, the latter 
more willing to discuss with farncrs both plails !'or imn-
proveicents and ongoing water distribution matter. 

Second, the Irrigation Department has instituted changes
in the design process so that the initial sorvcy of lield condi-
tions in a given area is done in collaboration with f'arrners of 
that area. The initial technique used was a rehabilitation dc-sign meeting involving irrigation staff and farmers. The lOs 
played a critical role in helping farmers prepare for these 
meetings so that their priority concerns were effectively
communicated to the agency engineers. As Widanapathirana
and Percra (1984, 414) indicate, this initial procedure has 
been modified: 

The design meetings were subsclucntly substituted by a 
walk-along- the-canal, where the engineer, assisted by a tech-nical assistant, walked along the canal together with the specitic
fanr er group-,. oibseving act ua conditions insitu anl discussing 
possible solutions. At the end oftihe meeting, an agreemeint wasentered into between ilie farmer rcpresentalive arid Ilhe engineer
under which tile farmer group was to carry ot rehahilitation 
earthwork, an1d tle Irrigation D)epartnert to undertake coii-
stru ction of StructUrcs. In addition t) spcCifit hydraultic pro[b-
lenis, farier grouips have also pointed ol where places for wallowing pits for bulalYies, bathing spots, etc.. were reJtUired, so
that provision for such structures could be made in the design
plan. Some field channels, which hitherto did not exist, were
designed purely on tile suggestions made by farier groups. 

Farmer consultation for design work did not end with the
planning stage. The experiment had not anticipated using larrimer
consultatiot feIr the de!.ign work heyond the field channels. 
However. [ie activities of sole of tihe f'arimer organizations, in 
respect of design work above the channel, have been useful, 

In this way the local knowledge and experience of' f'armers 

over the past thirty years can be incorporated into decisions 

about canal realignments, the need for particular structures,

and other matters, and increase the likelihood of f'arnmer 

commitment to operating and maintaining the improve-

ments that are provided. 


Third, there has been a significant increase in the routine 
interaction between the irrigation agency and farmer repre-
sentatives through periodic meetings called by tile f'arrner 
groups, and through the regularized participation of farmer 
representatives in the formal meetings off the District Agri-
cultural Committee, composed of' district-level (epartment
heads and local members of parliatneni. 

THE PALSIGUAN IRRIGATION PROJEICT IN THE 

HILIPPINES 


The third example, the Palsiguan project in the Ilocos 
re-
gion of the Philippines, is differerit froi the others in that
the project began with one conceptualization of its activities 
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and then, when considerable problcnis were encountered, 
the approach was radically reoriented. 

Above, we have referred to the innovative program that 
the Philippines has developed for assisting the small-scale, 
communal systems that cover about half the irrigated land 
in the country. The Palsiguan project is very interesting be
cause most of the area to be covered by the project (about
8,ooo ha) is already irrigated by approximately 170 local 
irrigation groups--called ztj'l'rTas. However, because this 
project was originally conceptualized as building a large
government system, rather than assisting a number of*exist
ing commnunal systems in improving their fIacilities, the in
novative approach to irrigation development being tested in 
one unit of the irrigation agency was not being implemented 
in tile project.

Fortunately, the project began with an initial i ,ooo-ha pi
lot area to carry out its development activities. As work pro
ceeded on this pilot efTort, the zanjeras in the affected area 
began coming forth with their various objections-some in
dicating they did not wish to be included in the project at 
all, others indicating their dissatisfaction with 'he manner in 
which things were being done. Visaya ( ll82, 6) succinctly 
sunmarizes what went wrong:

The design of the pilot project was based on maximuim engi
neeriig efficiency, without considering the existing coin u nal 
irrigation systems and irrigation organizations in the area.IThel Majority, if not all, designed canals are new ones, criss
crossing the canals of' the existing zanjei systems. The pro
posed rotational areas, conscqtuentI ly, disregarded existing area 
boundaries of' the irrigation associations. 

in brief', project planning in the pilot area proceeded as
though the i .oo ha was an open field 6evoid of' existing
irrigation structures or institutions. With this inage in
mind, the engineers developed their notion of an optimal ca
nal reticultion, including the concept of 5e-ha rotation 
areticin, icin the ontiofa50-ha rotin
 

areas being used in other modern national systems in the
 
Philippines. Moreover, flhey attempted to recreate a pattern

of local irrigation leaderihip that would fit this new 
canal
 
alignment-a three-tiered pattern with leaders at the rotation area, a zone area, and, finally, a federation for the
 
entire i ,ooo-ha pilot. Litile of' this new organization coin
cided with the existing pattern of' zan era leadership in the
 
area. Finally, again l'ollowing national policies, the project

planned to charge f'armers regular irrigation fees for the "ir
rigation services" that were to be provided.


As a result of the many problei:, encountered in the pilot 
area, the project staff' began to call on researchers familiar 
with tile zanjera organizations. The outcome of' some rapid
appraisal work by these researchers and a series of discus
sions with project-level staff and top-level National Irriga
ion Association (NIA) administrators was a decision to 
radically reconccptualize the project, not as a national irri
gation scheme but as a communal irrigation project. Theorientation of this "zanjera strategy" is again best described 
by Visaya ( 1982, 13- 14): 

to rehabilitate existing zav.jera corimunal irrigation systems and 
construct facilities for new areas, through the maximuni partici
pation of' the farmers in planning and implementation of the 
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project, and improve the farmers' capability to effectively oper
ate and maintain the,'- irrigation systens [emphasis in tie 
original1. 

this a , several bd policies we"iniplement thsapproach, seea road poiiswr 

immediately established. First was the decision to reorient 
tile planning of* canal layouts to make nxinl rise of' 

existing canials and retaintire integrity of' the establishd 
zanjera boundaries. A second broad policy that has finally 
evolved is to deal with financial matters in this project in the 
samewandsamjecwthFianes allbresdealt wIh inther c&o nal
projects. Farmecrs will be responsible for the O&M (opera-
tion and maintenance) activities of* the system through their 

exisile
existing an lera organ iat ions and through the creation f 
zanjera federations combining all the zanijeras to be served 
in each of five zones to comprise the total project area. In 
addition, farmers wvill repay a portion of' thle capital costs 

poro taddio ~tio hroghsmwllp annual n er itl fifty-of' construction through small ann'al pamuents over a fil'y-
year period. 

A third broad policy has been to establisi Procedures for 

greater f'armer involvement in tile project planning and i 
plementation. A cadre of institutional workers has been es-tablshe I'rt(iepecficpurose01'illprOingliasonbe-
tablis hd fto r tile specilic purpose ofi n aro'ig liaison be-
tween the existing zania grouips and the agency staff. A 
inajor procedutre for invol vinig the zani eras in p anii n g andorl prcivitie inon S-.iers 	 nning anile 	 hisdesigi activities is the so-called walh-throughi. This refers 
to alprocedure whereby the agency staff and zajera leaders 
co togcether to the field location to see where planned canals 
and structures are to he placed and to agree oii or suggest 
other modifications. The following quote from Angeles ct 
al. 1i984 . 57) illtistrates how this works: 

III Paor-P'atoc. Mu ch i., tnc or ilie /anicras ii the Neuva -rat 
area. the confirimation of siructures along the Nueva Lra main 
canal (NE-M(') was contltiI-Id onllScpinlmbcr I idl 5. respec-
lively. A teain coinposed ol"an agri-institutional worker, a tech-
nical siaff nmenmber. ;I incnber of tihe field survey section, and 
the zalniera officials was VcsCIlt durini the confirnation. 

On Septeniber I, t)83. strutlCures along tile staiions o I m to 
0i 700 oii NI-MC were/surveyed identified by the party starl-
ing from tile Upstre ialand going dowlstream. The extent t;the 
canals to lined ',vI, sh'own identified.be aaIso and At station 
0 10 til technical staff... eXphinCd to the zanijera oficial, 
that a closed conduil will becCostiructed tIp to station 0 1 2 3 .50. 
The technical staff aliso cxplinCd whai a closed coitluil is anlid 
its inll0rianCC. This manner of coMLucting tile walk-through 
was carried all throtIgl he difftcrent stations. Ill every stationwhere i structure is to be located, the /anicra oficials were 

asked whether they had any prolotsal ir the relocation of any 
structures. Neither relocation was suggested nor any negative 
attitude shown hy the farmers. 

Farmers do no; always c0irCItr, of course, and there has 
been disagreement about tile location of" Otne oi tile lateral 
canals in this section. What is iriipressive about tie resolu-
tio l)1' this probIct' is tile considerahIe interaction tfat 
occurred belwcen t,. agency and the zanieras regarding 
possible alternative locations (see Angeles el al., t984, 
61 -65). Farmers unhappy wiih a section of tile original 
layout explored other possibilities and identilied aill alter-
native acceptable to the agency. 

ORGANIZING FOR ACTION EXPERIMENTS 
As noted above, there is a growing interest in achieving a 

new nlix of state-locality rights and responsibilities for irriation developmlent. Achieving this reorientation is not 

likely to be done through a blueprint approach that specifies 

the procedures for accomplishing this new mix in any par
ticular case. Rather, there is need for a more experimental 
mode offaction directed toard identilfying what is possible 

ctive in particular sociotechnical settings. Actionexperiments are one means to identify and test alternatives.
I . An enflarged deintion 0J" irrigationi dei'c'/amint. 

While 	 this new definition of irrigation development does 
tnier newntin ohrug developmen (fofdefniio irrgaio

not have to be pre'is to begin with, it does need to recog
nize that irrigation development is more than designing and 
constructing civil works, and that agencies nd groups other 
cosrcigcvlwrsFn htaece tdgop tethan the irrigation agency have an important role to play in
irrigeation development. 

1 
2. A tolerant irrigation age 'v. While tile agency may 

not begin with a full commitment, it does need to be willing
to have approaches tested that are different from business as 
urusual and to allow timie I' r these new approaches to nMature. 
In each of tile cases discussed above, the irrigation agency 
has been willing to allow a new institutional actor to come 

into tie irrigation domain-for exanple, the Iistitute forSocial and Economic Research, Elducation and lnlf'orma
tion. in Indonesia. The agencies have also been willing to 
nodify their own procedures to accommodate farler in
volvenent in preconstruction activitis-the rehabilitation 
desig ieetirgs and activiies ill Sri 
Lanka and the walk-through exercises in the Philippines. 

This agen'2y teolerance is imlortant f'Or getting tile process 
initiated and for sustaining it because increased f'arner in. 
vcolvement in irrigation developnent depends. in part, oi 
changes in the administrative policies and procedures of the 

agency (Alfonosi 9i I. 
3. A knoo'd,'e-rner'ting o'ganization. Action experi

ments are unlikely to succeed unless the irrigation agency is 
willing lo join with in institutional partner that has a knowl
edge-generating nandate. Often, this will be a research 
group of' S0tle type-such as tile ARTI in Sri Lanka or the 

cnti'al Luzoii State University ill tile PaIs iguiran project. 
The research group pcrfornls the iinportant role of keep
ing track of' what is going on-ot just in terms of broad 

;. . n d t s ii ro i r s o r odevaluation indicators Such as nuiber of grotps iiied or 

number ol* rehabilitation design Meetings held but in terms 
of processes occurring such as the decisions miade ini walk
throughs or actions taken by Iarniers in response to agency 
procedures. Moreover, in the context of action experimniets,
die inlornation gathered by the research group is ilot merely 
stored away until th1e titte of linal evaluation hut is fed bck 
to the project tearm (which includes staff of the research 
group) f'or immediate consideration and project modifica
tion, as reqiuiled. A knowledge-generating group that is aii 
independent partner with the irrigation agency provides a 
Means by whiCh bad news aboui tile pingriain cali be co ii
municated to tile agency and Iestiois about tile Itt idalen
tal assunptionms and procedures of the agency examined. 
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The reality of bureaucratic behavior will severely inhibit construction decisions. The result can be layouts and structhese things from happening if the irrigation agency works tures more suitable to the local situation-that is, betteralone on the experimental effort. engineering decisions-as well as greater farmer commit4. A supportive donor Since so many of the irrigation ment to the O&M activities required by these new artifacts.projects under way around the world are donor supported, it It also isthe case that phasing the farrmer organization effortis important to rio,+ tileimportant role that donor objec- to follow construction means that a very important opportives, expectations, and procedures can have on action ex- tunity to use preconstruction activities as a locus for groupperinients. 10 begir with, there is the point that some donor formation and strengthening is lost. The conventional proagencies, or some representatives of those agencies, will be cedure of attempting to organize irrigator groups after conuncomfortable with the risk associated with an experi- struction is completed needs to be reversed.mental approach-an approach that seems to imply we arc A third lesson emerging is the utility of a catalystlikenot sure about how to do something, in contrast to tileusual worker to act as the important interface between the irrigaassertiveness about procedures and outcomes explicit in tion agency and ihe farmer groups. This is a specialized rolemost project documents. Since, as noted above, the experi- that requires preparation and freedom from other responsimental approach wili dcpend upon actions by several agen- bilities. Thus, it is unlikely to be suitably performed byties (some of which may he unfamiliar to the donor) rather staff such as tho field workers of the irrigation agency or thethan tilesingle irrigation department, there may also be a local agricultural extension agents. It has been somewhatreluctance on the donor's part to enter into these more corn- surprising that the catalyst strategy has worked so effectivelyplex, interorganizatioml projects. Action experiments also in the three very different national settings represented byimply a phasing of acti,'ities in which the initial coverage of the action experiments discussed above.the project activities ni iy be quite limited and expand only Uphoff (i 985b, 2) has suggested that development of theaftcr an extended trial and learning period-again, a strat- catalyst approach is "a promising social science analogueegy that might be in conflict with a donor's needs to move to tilebiological technology of 'high-yickling varieties'funds rapidly Mnd demonstrate widespread effects. All of (-IYV's)." Like !he HYVs, the catalyst approach, with apthis Suggests that if' donor is involved in the action experi- propriate modifications, may be a suitable strategy for ament, that donor needs to understand the various implica- number of irrigation development situations.tions identilied above and have a means by which to make Finally, we can note simply that the action experimentsthose implications acceptable within the ideology and pro- we have discussed also suggest that there are real p'issibilcedurcs of the agency. ities for rearranging tile mix of state and local responsibili-

EMERGING LESSONS ties and rights in irrigation, When effectively involved,rigator groups can provide ir
critical inputs for the state'sThe several action experiments inirrigation development planning and design activities. As organized groups moreunder way in Asia suggest some lessons that might be useful effectively participate in irrigation activities, their talentsto consider in planning irrigation development elsewhere, and resources can substitute for, or complement, the re-A first lesson that emerges is that innovative irrigation sources that the irrigation agency has been expected to dedevelopment projects are being implemented by networks of vote to irrigation. New mixes are possible-but they repeople and organizations rather than by a single department quire changes and modifications both in what fIarmers aresuch as irrigation or a,riculture. 1). IKorltcn (1982, 1) has doing and in what agencies are doing. Action experimentscharacterized such a network as a "working group," which have helped to identify what is possible and what needs tolie describes as be :hanged to achieve those possibilities.
 

a nmechanism ftr legililizing arnd supporting an iniormal coali
lion committed to the change objectives and composed of: 
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55. EVOLUTION AND DEVELOPMENT OF IRRIGATED 
AGRICULTURE IN THE SUDAN 

Hussein ldris. United Nations Developnient Programme. New York, New York 

ABSTRACT THE PERIOD PRIOR TO 1914 
Until World War I there were four means of irrigationThe experience of the Sudan indeveloping the second largest from the Nile, its trihut: ries, other seasonal rivers, and unirrigation system in Africa during tilecentury ispresented. A brief derground sources: (I ) natural flooding; (2) basin irrigation;

account in the evolution of patterns of water Lise for agriculture ( ) liit irri iationsince ancient times is given. lo reconcile conflicting interests of by various meas- .vhadu/'(iually op-
Egypt and the Sod an ii the ut ii zat in of tie Nile waters inter- crated lever and bucket), saqia (ox-driven waterwheel), and 
nalional agreements were signed in i92) and 1959. Tripartite engine-driven puip (internal cotubustion and litter electric 
patnership between a foreign private sector. tihe Sudan govern- tmotor); alld (4) l'oush irrigation from river "pate.
nent, .and the iuda.iewe lenanls laid the early foundation for irri
giltion levehlpnlnlt in tle Zei dab and the (iczira schemnies. Siice Natural hooding
i950 public parastatal bodies. rather thia the I'oreigin private scc- This is the oldest mucthod, the least costly, but it is directly
tor, Iave been Iused in the iripartite arrangemerits. [lie roles of inflienced by fluctuations inthe level 0 1"the river froni year
Ipublic sNector departiients of irrigation and agricultural research to V'ear. Area covered by the main Nile nrh of Khartounand the imanagerial bodies were crucial, as were those of the ten
ants and their associatiois, with whom tie pub licsector ollicials ige s'rom 25,i ( to (io,
0oo i.a.
wlorkcd. Successes of tile followed years of' high cottonscheniesprices. The i ipactl energy crisis of tile 

Basin Irrigation
" mpct of lhe early 1970s inle[.lliii ner crishardis - ithe i This is practiced mainly along tlie nain Nile north of Khare :ihes 


ecloomy of thec country led it)ia shlarp Iccli lie of all schenies iruioi aialack of alppropriate iinvestment rcltsoLrcecs. The cooperaftion olthe toun. B3asins are depressions beyod tileouter banks of iliegovernmiient and the parasmatals with tle World Bank inplanning Nile and are Ilooded with water drawn through rmian-niadeand imiplemiiieniting rehabilitation lieasurcs has started a remiiarkale feeder canals froni the river at higher levels. The basin isrecovery. The Sudan exlprience could be of intlerst to African na- flooded Ior aperiod suflficielit to build tip the proper noisiuretillns and other dcvehlping emri.tries. content of the soil. Excess walei is led back by a drain canal 
INTR()D)UCTI()N to the river. The effcItive cultivable areas fluctuate corisiderably 'ron year to year. The largest basin (Kernia in theThe S idai is corrsidered in this chaptler as allexanple of Northern Prevince) covers an area of 30,000( ha, but several
 

a serliarid SahClian African coLInlity. It has dcveloped, since 
 basins range fro l 20(0 to 3,000 ha inarea.
 
the beginnring ol lhis century, lie largest iriigati ,system ill
 
Alri 'a soutlh of tile
Sahara. It ranks sectril to Egypt in the l Irri(alion
whole continent. "lable I shows irrigated arcas of' leading Shaduf. '[ie Shaduf consists essentially of' two wooden

African cotries in irrigatIion as estimiiated by tle Food and posts supporlng a.crossbar, on which a long wooden lever

Agriculture Organization FA(). Sudan'S experience is vety 
 pivots. The shadlif is worked by manpower at lifts ."ip to
relevant to tile piroblenis of drought in (lie rest ol Africa. 3 il aid all output of' 24--3 in per day, wlich vOtld sup-

BACKG. OUN) porl 0.20-0.30 ha of vegelables. The ishadif srpported a 
few Ihousal lii'ctares on the main Nile during the flood

The distribution f01rainl'ali in the Sudan and the Nile season and was also used 1o a lesser extent to lift water froni

River and its tributaries has influenceid the extent of irriga-
 low drift wells in Kassala ind Kordofan provinces.
tion use. Average aninal rainfall decreases gradually froni a Saqia (Persian waterwheel). Tlie saqia. like the shaduf'.
iliaxinlitn of 1 211 - 1,451 linl illsouLhwest I'1ualotria is inade of' local material. The sif a lilts water flom03 t,Province inthe soilhern S idanito almost zero rainlllI aloig 8 iii. The area which a saillia call irrigate varies considerably
the northern [)orders oh" the counitry. Rainfeid farming dorii- wi!h tilelift and ranges f'roini .0 to 2.0 ha. tbout I0,((i0i.atcs iii Ih laterilic hig!h-rairifal areas If lhe southern saqias, predoniinantly inthe iain Nile, were registered inSuidan and the black cracking clays Ivertisols) of the central 1943. Both shadufs aid Sailias IivC been) giadurally super-
Sudati ;ed by laills aloouiluing to 4(001 - 000nli. The sededI hy 11lilPS during tile last decaies.
White anid IlUe Niles aiid tIhir Irihultaries divide the Sudal. The saifia is drivern by aniial power, which dletiaids
I'rlol f'Orniring lie rlaii Nile at Khartoun. about frlsouth anld east, :hfle irri ated area to be put under I'Odder crop I'orTle Nile flows north of KhariOtlm across the great Nor-hi tihe aninials' coisuinlp(ion. Boll, the shadull andilthe saqiaAfrican desert, through l1Egypt. and its remnaining few drops could provide only sIhsistenrice illCorlite fI Lir a stioi niibet' 
drain into the Medilterranean. of people. 

, 

http:0.20-0.30
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Tahl I Irrigaited areas of le'atding Airican countrics [INcountry and 
region '2). 

Country Area (10' h1a) 
Egypt 2.47 
Sudan 1.90 
South Africa 1.03 
Mladagiascar 0.48 
Mrocco (.53 
Algeria 035 
,hila (.23 
Seneg~al 0.1i8 
runi'ia O. 18 

SURE'R('- : 933tF0d anLdAgricuture ()rganiaion P~roduction Ye'arbook. 
%ol. 37 

The evolved partnership arrangleenits beteein the par-
ties supplyilg tie various iiptittS in the operation ol" the 
sali: IV,de greatly iIIfllenced reIlations btt 'eCii partners on 
large-scale irrigation schenmes developed alter World War I. 
The in pu1ts iiivolvcd rncldC: landownership, provision aid 
nliintellicI- i ie *Satliil.owiie rslip 01'o Ills and sLipply of 
ftodder, pl VisiOn l .,1' andle iilclenlniis andi labor. Ali-
iial power, lab(or, and land are lhe most importalt inputs. 

The cost oft', Is and taxessare shared accoid inrg to tile niag-
lit ode01' Ile iinpuis . The crop prVltcc is shared according 

to tile relative inlportanct' of the inputs. Labor and animal 
power ;re highly valued inputs, and almd becomes equally
ilporitant where it is scarce. Ill general, labor takes roughly 
a halt share, and those who supply 1lan1d, irr'gaiion watir, 
and (Ile IneMis \ihCeb\y it is iraIiscl take tho other hall share 
of the totll col). 

Pump Schemes. The cilliric-driveni pulps were intr'o-
dlccd ili the beginniii of'the ceitLIry: ibout thirteen pulups 
were in operation in 1904. The iotal artilicially ir'rigilted 
area along the Nile %\'isabout 40-00--50,0oo ha. The 
puimp stelnies \wre under g velnil eniii or ptrivate owner-
Ship. They enabled tile irrigati r of arger areas listant 
fi'ol tile river arid helped l Iniligate tile LIccltainitics ill-
hirer in flood :aLd basin LCUlti\,tion. 

Ilocver, sexeral f'actors hindered rapid expansion of 
puilp irrigation. These were rniailvl the restriction of pulIp-
ilig dturilg tile Iow flood period (.larlULrl'' I to Jilly 16), 
\which is ali inlpoitnt Ireiastre to enl'ire availability ol ade-
ILiatC w lterf'ir Egypt, xxliCll lie, d nMl'strelli. The second
tItctir was tie dou1bts abOut (ile ecorioiii icso punip ir-
gation. PuLps were imported aid iiIrreu sindr L sis., 
which included transportation: installation: operation usiig 
wood tolel and, later, oil: eliplovlilent oh I'tOreign engineers 
Midt IIIil.tgei,: laud1elaiiCg leveling. arid cialiZatior. 
Workilig capital requireierits %ere high during tile dCVCIOp-
llen stage, irln\tviig untried Cioppiil pattrerls and arious 

other ri,,ks. 
The period bChore \Vorld \'ar I aiid inuuCtlilrLrtc'x afe'r \Wit-

nessecd illiportart trial venture, oil tle us. ofl pulp irriga-
tio, that paved fie road for Ile estalihnslriierl of the lai'ge-
Scale sciihells,. 

ILessonis oUlZeidah Scheme. The Zcidab Sclicnlc wxas lie 
first xcuiirC hy the goverllent to attract torcigri Caiial and 

enterprise to work in aSsociation with tile local cultivators 
and develop puIIp irrigation agriculture in the Northern 
Province. 

Tile Zeidab agreement was for 4,000 ha. The Sudan Ex
periniental Plantation Syndicate Ltd. was registered in En
gland in 1904. During the course of implementing tile 
schemes, several changes and adjustlelts were made and 
Iany lessons were learned. 

The company operated the lirst two seasons with direct 
paid labor. By the io08- i(9 season it had developed the 
idea o I and and water tenancies o Itile grounds that liese 

would igive a more ccrtaiii return than the d iiua, ndb to 
that time disappointing yields by its owni farming. Restric
tion of*pereiinniiaIlpunlp ng to 016oy I , f' oi tle estate IhtI 
duced retunis on iinvest inli. Flood punping irri gated tile 
rest of the estate. This restricted the cropping pattern in 
these areas to quick-maturing crops. like sorghumi, which 
was not prolitabl when cultivated by diicct labor. IiI view 
o lthe low value ol'cereals the goveril iClit uiged productioni 
of cotton. Cotton, it it was to be picked bef'c thetle cold 
spell, had to be planted belore July, while flood puning 
begaui in nii-JulyV. The sw i.ch from Egyptian (long staple 
and long maturing) to Anerican (rediuni st,ple and early 
Iiiatlring) cotton vaitieies solved that problcm. Wheat r'e
qoircd irrigation until April, while pulping stopped at the 
end of' February. Neither cotton nor \vh ieat could give a ia
soiablc r'eturn oil lie heavy capitalization. 

These diflit'ulties, together witi others relating to land
ownership, contr'ibuted to the eompany's decision to coll
tiniLc as a landlor aid anager. instead of' as a fa rnler'. The 
estate was divided into tenancies of 12.6 lii each, and in re
turn Ior ain inclsive rent (land. tax, and water) tenamts 
could cultivate lie Ilad and \%ere pr'ovided with rate r ac 
cording to the needs of tli, crops. A rotation was cnifoirced 
oI cottoi-whcat-faIlw or Icgouiles (usually fodder lcgiilue) 
on each 12.6-ha holding. 

The comipany prv idcd l'ireigni 111n1 agelrlemrit StI 10t Sit
perintend tie rotations aid to advise on crop husbandry, the 
tenant being required to I'ollow tie technical adicc ofl't red. 
Ploxwing, ridging, threshing, 111d ginning xVCe also dome for 
the tmiant against the inclusive rent. 

By 1914, Zeidab had dcriiostrated ie technical, cco
rionlic. and social feasibility 0f plnl'p irrigated agricultire,
 
revealing both the positive and the ncegative sides. 

T lE R)I) AF''ER 1918 
Idcntiiticat io ofsouii'cCS of rc\exulic, pait eiClarly cxpOultS, 

had pIcocCLIpied tile attentiol ot the SLidalieSc governulicnt 
in the beginning of (lie cltuiry. Folloving the example of' 
Egypt. dcNcvlolprcnt of' irriateCd a'ricilttirC arid cottol as a 
pronising export .'rop \is seriously considered. A carly 
su.rvey shoxwe'd that soils of good quality arid suitable sliope 
wcic ablundlant. As for vater, even lit thai tiruc ttle x' iwhole of 
(ie riaIIal IlOx I rivr x Used y E-gypt I'roli ealV intrt lxS 
tle year' (.lanuary-.March) until tile rise of the fhood in JLIly, 
arid ii was clear that eitherc(lie crops to be growx'i in tile 
Gezil must requirelio irrigation I'roli (Ile beginning ot' 
March Ori'aitd, or sto'age must be prtvitilcd. Cotton was 
thi'i arid is i'ow grown in Egypt frl'i March to Novcinbcr. 
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Fortunately, in tile cotton found to grow bestSudan was a. Covernmet: provided land, rented compulsorily Ironfrom July or August to March. The idea of building a dam its owners at about 23.8 piastres (oo piastres = £ .oo)cn the Blue Nile near Sennar, to store water for irriga- per hectare per annum, and allotted to tenants, without renttion during the shortage period, was conceived in 19o8. or land tax. Provided the water, by means of the SennarPreparations for building the dam were interrupted by World Dam and the canalization down to the minor canal. Pro-War i. Building of the dan and canalization of the Gezira vided auxiliary services such as public health, security, telearea. between the Blue and White Niles. were commenced phones. etc. Provided support in agricultural research.in 1918 and completed by 1925. b. Concession 'omIptinies: managed agricultural activil''investigate the feasibility of growing cotton and other ties in the scheme through resident inspectors, who supercrops innder irrigation in the Gezira environment, the gov- vised the tenants' watering, cotton husbandry, picking andernment cstablished two experimental punip schemes oilthe bringing in cotton, and cleanup of dead cotton plants at theBlue Nile at Tayiba in it)9lI inaat barakat in 1914. Cotton end of each season. The companies kept individual accounts,und several other crops (sorghum, wheat, ses 'ne, legumes, for each cultivator and undertook ginning, transport, andetc.) were found suitable for tie area. Cotton grew best marketing of'cotton. The companies also operated a lightwhen sown in tile beginning o sininmicr rains fro in idid-July railway system or cotton transport to their ginneries and ato mid-August. This was tinie when the Blue Nile wastile fleet of cable plows for ridging the cotton areas on the ten
ill
1ood aud pIrliiplng of Water was not restricted. The log ant's behalf.

staple Egyptian type (GossVpium hI'rhulvn.s,) of 
 cotton c. "l'nants: were responsible for agricultural work onWould be irrigated from August until February or March. their holdings, including excavation and upkeep of theTwo other pu1P schemes at Ilag Abdalla (Io2 t ) aid Wad el water courses aid water channels. Supplies such as seed,Naa I 923) have alIso contributed to tile trainiig fIle sU- and work done on their behalf*, such as plowing, were debper visir g st alt"anrid cultivators ard provided additional data ited to them. Cash advanrces were made to them ait suitableon agronomy ard water requirements. periods to mect their expenditures in sowing, weeding,Tie lessons froln Zeidab and tileexperinienlal pniip picking, etc. The size of the standard tenancy was 12.6 ha;sclierlies: tile role played by the l)epart filent of Irrigation in one-third was pot under cotton, another third under legumesurveys, identilication. aid SuVervisioll o1 building 0it the and sorghum, and the remaining third was left fallow. TheSeriliarl Dam and caiali/ation: a ldthe el'Orls of' the Agri- whole of the food MId fOdder crops were retained by the tencutliral RCsealrch l)iVisioll together with tilepioeer hlrri- ant. From the gross proceeds obtained from the sale ofe is oi tciiarts laid tile IMindalioll 1or0exparision of' s's te i- cotton were deducted lie costs of'ginning, transport,atio irrigation by gravity and

in the (iczira and other areas. marketing, arid the balance was divided, 40 percent to the 
Sit'iificant inlterpay of these riral institutiors1Id also strted, arid others tenlats, to each according to tie yield fromrhis holding, androughly 40 percent to the governiMCit ard 2 ercert to the
(;ezira Scheme concession companies. 

The period frorii 1925 to 1)31 witnessed rapid expansionSOlIll ol'the main I'orces behind the Gezira Scheme's devel- of' tle scherle friii 33,613 ha cotton area (1o1 .61(o haoplmnt are: gross) in 1925- 1926 to 8o,5o6 ha cotton area (244,149 ha'The establishment of, systematic gravity irrigation. gross) in 1930- 1931. Further expansion until 1958 (cottonwhich l de possible irrigation on a large scale at low cost. area I15,915 Iha, gross area aboiut 544,000 ha) Was shown,
The siciieg o' tie Nile Water Agreement in1920 between and a plateau 
was reached because of, tile utilization of* lie
I£gypt and tlie Sudan cleared tlie way for develop ileil. The iajor portion of the stored watcr in tie dani.
agreemere allocated to the Sudan sufficient water to warrant 
 Because of'tie drastic reduction in yield in1930- 19?1high levels of capital iivestlierit . SLudall'S share of tie Nile and 1932- 1933, attributed mainly to leaf-curl arid bacterial
\aIcrs S fixed at 1.47 billion ni ' during tlie restricted pc- blight, the rotation was changed from three 
course to fourriod, fouii Jainary to mid-July'. The SCn iardarllhad a grilsS course. The standard tenarcy was increased fromi 12.6 iha tocapacity of O.t)3 billion I '. 16.8 hia. Rigorous cleauip ard pulling 0it coteolstalks and2. The choice of' .otllrl Ws the Ilaili crolp. which was in burning were strictly observed.high lCillild as illCxport Commodity.The AglricUltral Re- The collipariy coricessiors (the Surdan Plantation Syndisearch )ivision of tilel)epartwcit of*"Acrictlture eolldocdl cate) ended, and management of the Gezira Scheme was nathe necessary research I*Or pirdlnCtiori tioializedtile ald irotectioll 01' ard undertaken by ai independent corlpora tioncotton ill the (iecira. Excellc it agricultural research inl crop the Sudan Gezira Board. The board manages production,agronomy, platll breeding t'Orresistance to lise Ie ohio-rid markcts tlie crop. and promotes social developmlet and tileiiiology iiiade possible conliilled groiwiiig of cotton in the scheme plopulation.(c/ira over the years. Since 1951 1'"' changes have Occnurrrenda ri (lie Gezira 
3. '[le Orgarli/atill a d r.Illirrislratioll ol, tilescheme Board is directly wspoisiblc to the Minister of' Agriculture.based ol [lie tripartite p artnership betweenri tile goi'ernri l: The tripartite structure includes lie governmn , the telt!e Iwo allied Concession compalies, the Surdari Plartations ants. aind the board. The governmrrlt provides the land andSyndicate litd. ;rnd the Kassala ('otto Company L.td.; and irrigation. The tenants indertake production of'crops. TheIle teii I cult iVairs. Their re spectlive firnctIiois COUld be board is the overall coordi nator and ranager. It provides Iisir riiiiil zed as fkilows: na nci1 rig 0'finputs and services and markets the crop. 
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Until 1979 tileGezira tllowed the crop production rela-

tion system ol sharing tle net proceeds of tile
cotton crop, 
as follows: 36 percent to thle gownmlent, 49 percent to tell-
ants, 2 percent to local governent councils within tie irri-
gated area, 3 percent to the Social i)eveloprent Depait-
ient, and to percent to the Sudan Gezira Board. 

The net proceeds Ironi the cotton are derived by deduct
ing tileJoint Account Charges Irorn the gross proceeds. The 
Joint Account Charges include cost of sced sown, fertil-
izers, spraying, transportation of cotton to ginneries and to 
Port Sudan. picking ad\va nces, cost of jute sacks. ginning, 
storage, insIIrince, etc. The tenaItsII have full control on 
tile
production and IttlrnS of other crops, which included 
gronidnuIIIts, wheat, sorghtin, and fhodder legunies. 
The production relations wcrc revised in 1979 in flavor of 

tileland and water :harge on all crops. 
The Sudan Gezira Board is composed of a chairman/ 

managing director and representatives of ministries of Agri-
culture, Irrigation, Finance, vid Planning. Agriclthural Re-
search Corporation, coniini sioncr of tileBlue Nile Prov-

ilce, and the tenants union. 


A new Nile Water Agreement wIs signed in 1959, Which 

increased tile
SLian's share of the Nile waters to 18.5 billion 
inl',providing tilepossibility of a considerable expansion 
of irrigated agriculture. Since that tiic [lie scheme has 
doubled in size through the additiorl of the Managil Exten-
sion and no\w covers more than 840-000(ha. The cotton area 
is about 2(.00 ha.ILThe tenant farmers exceed 75.000 ha. 
The Geira Scherie istileworld's largest irrigation sclieic 
Under single nmanagemrent. The building (d' lie reserves dali 
in tire late 1950s and early 96os and tile availability of' 
more Nile waters enabled implementation of a progressive 
plan of' intensification and diversification ol cropping inthe
Gezira Schcme. The older part of tire scheme f lowed a 
wide. douIle four-course rotation (fallow-fallow-coltori-
fallow-storgh t In-fallow or legtmIire-faIlow-cottn) inclding 
50 percent of the lnd under fallow. The Managil Extension 
adopted from tilestart of'a three-course rotation of' cotton-
one haIf sorghtnniiloie h;i leii" Ic -ftall ow, resultiig in only 
30 percent of land under fallow. As Irom the carlv 196os
wxheat, groundtinuts, arid vegetables were graduial lv intro-
duced in the rotation. At present the old Gezira follows the 
l'ollowing I'tir-coLirse rotation: coltoni-waiet-grotinidmiiits-
fallow/sorghunilvcgctabils. The Managil Extension fbI-
lows aii intensilied tiree-course rotation: cotton-wheat-
grotitiiits/sorgiitii/vcgetablcs. 

New Wadi llalta Schermle (Khlshinl l (;iria Sclhere) 
Expansion in the developiniit oI*Systematic gravity-irrigated 
pro jects continued Iy the establishment of the Kashirim El 
Girba Dam on tie At ara River in1964 aii tIle launi ching oF 
Kashim El (irla Scheme, later called tlie New Wadi I falfa 
Sclleiiie. The 1ai a stoi'age capacity of' i.3 Million Ilhaild ' 
which is enough to irrigate a IolaI cropped area o' aoILlt 
210,O000 ha. The schenie vaS settlel with displaced farmers 
f'rom file Wadi I lalf"a asregion whose hands were sihmerged 
a.result oL tile builing of' tlie Aswan Iligh I)ai inEgypt.
Some members o1" the local seiinionadic tribes were also 
settled inthe scheme. 

As from the 1964-1965 season medium staple cotton, 
wheat, and groundnuts were grown in a three-course rota
tion. The scheme experienced nunerous dilliculties inlater 

-irs: structural problems attributed to progressive silting 
tihe reservoir behind the dam and socioanthropological 

.o,,istraints related to adaptation problems of the settlers. 

The Rahad Corporation 
Tihe World Bank assisted ill tilebuilding of tileRoseires 
l)arn, '-stablishment of the Managil Extension, and linanc
ing of tile of Rahad Corporation. Thedevelopment the 
Ra had Scheme is located east of tileMile Nile, 16o kill 
southeast of Khartotum. It draws water lroili tie seasonal 
Rahad stream and by punps from the Blue Nile. The schieme 
started productiol ill 1977- 1978. 

A pilot project at Tanlbul at tile northern tip of tie Rahad 
begun in 1969 conducted innovative trials, including new 
methods of irrigation such as long furrows using syphon
tubes and requisite thorough leveling of land, mechanized 
sowing of cottonland groundnuts, and meclianical picking 
of cotton. 

Iistitutional organization and development is of special 
interest as it is intended to be an ilprovement over the 
Gczira model. The project is managed by a parastatal body, 
called tileRahad Corporation, which is nlanaged by tie 
Rahad Corporation Cotuncil. The coucil is composed of a 
chairman, who is tilemanaging director, and nine other 
meiimbers, who are representatives of government ministries 
arid Units such as irrigation, agricuItLre, and Gezira Board, 
tile tileprovincial coii-Agricultural Research Corporation, 
missioners, tie Cotton Marketing Corporation. and tileten
ants' union. The council is directly responsible to the minis
ter oLagriculture. This structure is similar to that of the
Gezira Schemie. 

The project covers an area ol i26,oo( ia,divided into 
1,3( tenancies 0f 9.14 ha each growing inairly cotton and 
groundnuts, with asriall riniiber of tenancies of 2. 1ha each 
under fruits anid vegetabLi.;, ard some ioo tcnaiies of 
about 5. ha1oeaci fGr live tock and dairy prodution. The 
tenants are also given land to build a hlo1,C Ov In :illotted
village site. '[he tenancy has indefinite lnure and would be 
teriiinated only in death or dcfault by the tenant. Tlie cor
poration purchases and distributes on credit most inptits re
(uired by tenants especially fertilizers, pesticides and spray
ing services. It purchases and coll,':cts tenants' crops and 
delivers to Port Sudan tileprodLice to be exported. Storage 
and marketing are undertaken by the Cotton Markcting Cor
poration and the Oil Seeds Marketing Corporation. Fruits, 
vegetables, and livcstocks are irarketed directly by the ten
ant himself'. 

lollowirg initial settlement and a grace period of*three 
years, a1ianna land and water charge was levied. Pul
lie health arid eivir(Iiniiicnital iliCsLiiCs were bLilt into the 
project. 

The Ministry of'Irrigation has the responsibility of con
stiLc ting, operating, and maintaining tie irrigation a ii 
drainage system. Field inspectors oii tle corporation's staff 
are responsible for the agricultural rianagnient ol'the schienie. 
Responsibilities include intertnnit coordination, scheduling 

/
 



water indent with irrigation engineers, supervision of irri-
gation in the field, monitoring timely delivery of inputs and 
services to the tenants, and advising the tenants on agricul-
tural practices. 

Although the Rahad was conceived on the Gezira pattern,
it differed in the following areas: production relationship;
settleiient of tenants; cropping pattern, practices, and in-
tensity; size of tenancy; level of mechanization; approach to 
horticulture and animal production: irrigatior layout and 
use of long furrows; social development and services ap-
proach: and tenants' participation. 

The Rahad Scheme has started fairly well but has been 
facing several difficulties. Some of the constraints are com-
mon to all the agricultural sector and are of national propor-
tions. Specific problems related to the scheme include 
shortaige of trained personnel to cope with the requirements 
of mechanized agriculture, new irrigation imethods, and 
highly intensive cropping. 
Expansion in the Private Pump Schemes 

An important development in irrigated agriculture, parallel 
to that which has occurred in irrigation by gravity, has taken 
place in the private pump schemes along the Nile and itstributaries. Since 1925 two categories of schemes have de-
veloped; the private cotton estates, mainly on the Blc Nile
and the White Nile, and noncotton schemes of the Northern 
Province. 

The pumo schemes of' the Northern Province. Until be-
fore World \,ur II in 1937 there were 77 private pump
schemes, but in view of increased prices of food crops during
World War 11,the number of schemes increased to 147 by
1943. The schemes were operated purely by the private sec-
tor, which included local notables, merchants, retired gov-
erinent officials, and cooperatives. Some owners farmed 
the land thensefyes. but mainly owners provided water to 
tenants on a crop-sh:aring basis,

Other factors which influenced expansion were the intro-
duction in the 193os of diesel engines, which gradually re-
placed tihe steam ingiuc; the Nile Water Agreement of 1959; 
andi the demand for vegetbles, fruits, and fodder to meet 
increasing huiian and aninmal population needs. By 1963 
the number of schemes reached i,o4, covering an area of 
dbout 96,oo ha. The government had established eight 
punup schemes cwering an area of more than io,oo ha. 

The private cotton estates. The first private cotton es-

tate was estabhished in 1929 at Aba Island on the While 

Nile. Estate development was stimulited by raising of the 

White Nile level after completion of the Jebel Anlia Dam in 

1937 and by igh cotton prices in 1951 and 
 1952. l)uring
the decade of the iftics the area under cotton increased 
eightfold, but because of ;n1exceptional ly poor yield caused 
by pests on (ie 1957 1958 crop and the fafll in cotto prices
in the 1958- 1959 seaison , further development was checked. 
For this reason the Nile Water Agreemient of 1959 did notresult in more ex(pansion.reul n ireeuasor.I 

In 1963 there were 741 cotton puip scIhcmes growing 
97,440 ha of cotton , predominantly of the long staple type.
Eighty-six percent f these schemes and 93 percent of the 
cotton area were in the Blue Nile Province. Licensing of 
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pump schemes was governed by the Nile lumps Control 
Ordinance of 1939. The Nile Pumps Control Board was 
vested with issuing or withholding of licenses. Most of the 
land was leased from the government.

The relationship between tenants and licensee on pump
schemes in the Blue Nile Province on which cotton was 
grown by tenants on a profit-sharing basis was controlled by
the Nile Pumps Control (Blue Nile Province Tenancies) 
Regulations of 1947. 

Estates were financed by owners, who were a few rich 
merchants or, in partnership with financiers, mainly coin
mercial banks; the Agricultural Bank of Sudan, a govern
ment corporation, was established in 1959, and since t96o 
it has formed the major source of credit to these schemes. 

The setting up of the Sudan Cotton Growers Association 
in 1956 has been an important factor in safeguarding the in
terests of private cotton growers. 

In view of low cotton prices and feuds between tenants 
and the estate owners during the second half of 196os, the 
government nationalized most of the private cotton estates
and put them under the Agrarian Reform Corporation.
Since then these estates, in common with several major irri
gated schemes in the country, have faced several difficulties.
These problems are discussed in the following paragraphs. 

ieneral Performance of Irrigated Agriculture 
in the Sudan 
The Gezira Scheme, which embodied in its design and plan
ning the lessons learned from the saqia (Persian water
wheel) and tie Zeidab Scheme and influenced greatly, as a 
Model, succeeding irrigation projects like New lalfa and 
the Rahad, is taken in this study as an example of the suc
cesses and failures of irrigation development in the Sudan. 
The results of interaction among various institutions be
longing to the government and !he private sector will be 
reviewed. 

The Gezira Scheme and the cotton crop in particular have 
dominated the economy of the Sudan for most of the present 
century. Revenue from the export of cotton accounts for 
more than 50 percent of all exports. Other exports include 
groundnits, seasame, gui arabic, and livestock. 

Cotton productivity over the years has been marred with
 
periodic fluctuations of yields. Early setbacks in productiv
ity in seasons 
 1 30- 1931 and 1932- 1933 were attributed
 
to diseases of leaf-curl and bacterial blight. The government

agricultural research institutions at the Gezira Research Sta
tion succeeded in selecting and breeding disease-resistant 
strains of Egyptian cotton, which ensured the continuation 
of cotton growing in the Gezira. 

The scheme's perforimance in twenty-two years, during
the period 1958- 1959 to 1979- 1980, was as follows: 

Average area under cotton 2o8,733 ha 
Average production of'seed cotton 292,524 
Average 140l ighest yieldyield recorded 1968- i969 i .95 t/hat/ha 
Lowest yield recorded 1963- 1964 0.77 t/ha 

Serious depressions in yield during this period were at
tributed mahnly to pests such as bollworms and whiteflies. 

IfA 
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The sharp and consistent decline of cotton yields in 
1978- 1979, 1979-198o, and 198o- 1981, wNhich recordfed 
yields of 0.95. 0.82 and 0.75 t/ha, respectively, is a new 
phenomenon. Besides the Gezira Scheme, all the other live 
parastatals which produce cotton experienced similar de-
clines, and overall cotton production in the country dropped 
to 3o6,ooo t of seed cotton in [98o- 1981. compared with 
659,ooo tons in 1974- .975. 

The main reason for the decline of' cotton production and 
productivity were: 

I . Shortage of.esential inputs. This resulted froni (a) de-

ficiencies ii,water supply dile to silted irrigation canals,

which were ncglccted and not maintained because of' a lack 

o1" spare parts and machinery; (bhdisruption o1 field water 
management because of' total breakdown of' the telephone 

system and, consequently, inefficacy of the water indenting

mechanism: and (c)shortages in f'ertilizer and pesticide 

supplies because of' insufficient financial resources and real-

functioning of the Sudan railways and the Gezira light

railway. 

2. Low titld d'clining prodtver prices and incentives. 
(ia)
This resulted f'ron overevalatioll of' tie exchange rate; 

(b)export duties on cotton; (C)it revenue-sharing formua 

between tile government, tile parastatal, and tile tenant, 

which acted as adisincentive to tle more prod ,:tivc tenait; 

(d)delays of pmnlleits to tenants. sometimes fo0r as long its 
IwO years. di. i iiiinishig tle link between cf''ort anrd reward: 
and (e) tile crcatCd tile of' againstbias il ninids tenants 
cotton, becatuse input costs of other crops (gr(otntnluLits. 

wheat, and sorgfin1iii) that were privately market ed were re
covered f'roii ctton revenues. 


3. Poor r/iorinaje, o+fparasttials. This resulted from+ 
(a)brain drain losses of senior and skilled personnel, who 

migrated to the icigiboriig oil-prducing cotntris for 

more re itneriltivc jobs. aid (h) iialltCqlati.: ilnaiiagcii ent 

sulportetd by weak iniOriation anL accounting systems. 

The general deterioration of tile as a re-Sudaii econoiiiy


stilt of tie eriergy crisis and the spending of viore than 6o 

percent of'tile l+ had all Overriding
export rVenuel Or Oil
ce tofhe ei prtcivitfor ol had an veorrdg
eff~ect. The declinling prolcitrivity of' thle [ham export crop,
together with tlleburden of external debt and its service 
ctnlitiments, created a cr-itical balanlCe-Of-paVtuenlts

-
situa;-tiron it mte t s ceate 

tiolli ill late 1978. 
The Rehalbilitation Measures 

lintile saiiie yea.r the govCrnimieiit, iii co(operation with the 
IMF and the World Bank. embarked on a Financial Stabili-
zation Prograii (SPI) aid aii I-.por Action Programii W AP), 
a1 inetliliii-tcri e.olioen ic re'overyl r rl tLesigi d to 
achieve stabilization anid structural clhaile tuirougll illlia-
sis oil rehabiliitation, export growlIl, and iimipoi't restraint, 
was initiated. 

Th'lie EAP eiiviSion)Cd (it) I 'iSiii 01fexternaf ~iiSitaiiCe 
to satisf'y' the iinendiatc iilport reqliremienlts of tile iiajor 
irrigat ion sehfines, (hi a series of rehabilitation piojects 
illthe 198OS coverin all major irr'igation SC'lenes'i and 
(ci policy and institutional i'elorliis to remove iliajor Col-
straints inhibiting higher cottoln li rotction and prduictixvity. 

The g velrliin't anlitd tfieWorld Iaink COliiinienced jointyi 

in 198o three key studies in the areas of' (a) cotton pricing 
and marketing, (b) production relationships and the recov
cry, and (c) government supervision and support of'para
statals. The government was prompt in implementing rec
ommendations of the studies, which included abolition of'
the export tax on cotton, improvements in the exchange rate 
applicable to cotton exports, application of export parity 
principles for determining the domestic cotton price, re
placement of' the Joint Account System by the Individual 
Account System for each crop, announcement of' producer
prices prior to harvest, and prompt payment for cotton sLIp
plied by tenants. 

These measures, ii- addition to the provision f1'$70 inil
lion worth ofequipment and spare parts, resulted in a marked 
revival within two years of cotton production: 

198o- 198i ISt - 82 1982- 1983 
Production (O t) 306 461 573 
Yie!d (t/ha) (.75 1.26 1.42 

The rehabilitation program scored a remarkable success. 
Appropriate investments restored capabilities of the scheme, 
and the new appropriate policies and measures created a 
favorable environment of' incentives to tie tenants. 

As a coisequtenec of' these initial successes IDA re
habilitation projects f'or tie Gezira Scheme, the New IIal fa 
Scheme, alld a project each for the White and Blie Nile 
pu ip sche ies are now being implecmented. Additional proj
ects involving cotton processing and marketing, as well as 
research, extcnsion, and training, have been prepared. 

I TO SIARE WIltt O'tlEREXI)EIiINCES 
DE'VELOPING COUNTRIES 

iLessois learned f'rom the experiences ol'the Sudan in fie 
development of' irrigated agriculture could benefit develop
ing countries in Africa and other regions. Both successes 
and IailIres are relevant. 
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56. MAKING INSTITUTIONS WORK-DEVELOPMENT PROGRAM 

C. Subranmananiarn, "River View," Kotturpurarn, Madras, India 

SUMMARY 

The challenges of managing both supply and demand for water 
arc assuming urgency worldwide. Developing countries are making
sizable investments in water development, but the projects are 
yielding poor nrLris because of poor management, user indif-.crenc., and institutional bottlenecks. A major international effort 
is now necessary to alert all concerned to tle dangers of' Continued 
haphazard use of water, and Io provide tcchnical ind linancial as-
sistance lr bringing about Ihore sensible use of water for all hur-poses. Sncsitive pColiticil questionS Iced to be faced before nationswill engage in cooperative action. A participative approach that
involves users. techuoliogisis. aind ollicialN for evalutilng current 
trends and for evolving progrillS ot' iction ill each country holds 
pronlisC Of achiCviii sustainCd results,. l.oCal cnuuunity involve-
inlnt is crucial to success. Public sector institutions have a crucialrole to play Ill InanY aspects of water supply. colservation, and 
use. iild they need to be CItcoliraged to lake uI a;IStSlai ned illl-
pl'venient program. At tile iterllatitonal level, liidiigs of the 
preselt Conference need follow-up for identifying couniry-specilic 
prtograms of assislance. as well as for evolving flatmewlork for
nioiilizinc resoturces and Mnonitoring aind evaluatiig results.


"If you wish to establish your rept 
 atoil aUliong your people", 
sang tile sage by way of advice to his ruler in the "'hunil epic "'Pura-
imatrUrtl 2 ,ott0years ago. store realat tILI+ltieis of water in tie 
valleys of your Kingdoim. Those who fail to store water will fail it 
sttore, their glory..' 'Ie reasttin %'igsimple. rtwas 'hose iye food 
give life. And food isbui tie union of land and water. This arc-ininilit has not lost its validity even todiy. SuccCssi\'e World IDevcl-
tpiment Reports convey this very imessagc. ()ily tie plrascology
has chalnged. 

Perceptions relating to water iaong the clieonmmon people are iot 
Uniltorin artund (Ile globe. The ilotlladic tribes ill deserts, tile ill-
habitants in arkd zones. the residents of foothills with heavy
cipitation and ishermen tin seactlasts cach have their owli 

pre-
wav of 

hookillg at aild ltili/ing this reCsoUrce. India mirrors this great vari-

ety, and 2t 
 perceni ofl the world's irrimamed arca is iii India (Kan war,
t173, 226)

l listric;Illv in Ihldia. the initial attitude toward water was une of 

reveemm (%with 
 rivers beine namied alter goddesses . In the Course 
o lithte, ho yeever,nunier offa irrigatitn cun Ilood cttlrol svs-

teils were estaIblisied. A netwtrk of nman-iade tainks 
 (of which 

5100.00011More Ilhan[i have survived to this day) ptercolatit Ipodls,

irrigali n canals. and 
drai nage channels was construct'd. While 

the irulers took the initiali v_ tir the initial ilivesliuatitol for lamd 

chostrudion u tlie se resptosibhility t (liillte. nc wits
wtorks, tor 
gcerally assumed hy the Ct1uiu1un111 '. There"are parallels illT'l iI
Nadu to tie kind of ilitiative that ile inmiiitants of the Negev Des-
er hal siow iough 
sands i' \earsilwo. The cazetlcers Compiled by mheBritish recortl
this asto ishiig acliius'enient (SaIa .. \;'o'i '. i t)51, p. 51. Also, 
the "'(irand Anicui" 

nin harvcsting raiinwaier riliolf in r terrail thti

iuilt acrtss the river Kaveri by KirikalaChei idaheartly 2.ooo years ato, Continues to serve its purpt se eve 
1ttlay. The engineering aspects of this solid work ofi lllOlry, laid 

Ii brick and stone oi 
a salid bed whichlihas sitod the test ofinle, 
Constitute an unheralded wonder f' tihe world. 

Population growth, attainment of political independence. ,nd 
burgeoning economic ambitions have occurred in recent decades
in India, as in many other developing cointries, providing a new 
thrust for aug:initing irrigation and drinking waler s'ipplies. Of
(ie 23 million ha, increase in irrigated area that materialized in 
Asia between 1966 and 1982, 14 Million ha was in Initdia alone
(Asian Development Bank, 1LX, P. 41 ). As irrigation ieeds grow,
water requirements for domestic. industrial, transportation, and
aninal uses are also on tie increase. ('hallenges in managing water 
sapplnud demlllld llC aSSUmiling urgency wordwide. Ill assessingtile nature and dimensions III tie problem in tie decades to come,we need to take critical stock of our experience in the past and
devise policies and institutions that will facilitate a balanced and 
scientilic exploitation of this valuable resource between lifferent 
regions, uses, and generations. 

LESSONS FROM EXPERI EINCE 
The inajor lessons that caln be drawn frot recent experi

ence in water utilization are given below 

Indiscrimjinate Use 

IlI many localities there is aftendency toward indiscriminate 
water use (National Academy of Sciences, 1974, 2). Paddy
tricts in the southeast coast of India provide exam ples of' 

and ofte' indiscriminate tse of water for crop 
overiwlhogveoent
cultivation. Local fart,':rs tend to use water at muIch greater 
tntensity p r c op y a h c a e t an g o o i ts o e st 

per crop year hectare than agronotists sd rconsider 
necessary or even advisable. This pheotnenon is particu
larly prevalent in areas where water flows Ifron field to field 
without being regulated through properly designed water
courses. This cont ribites to waterlogging and erosion of' 
soil and its nutrients and results in los.; of productivity. Yet 
the wasteful practices Con t itue. Altiy attenpt at diverting 
water to more needy areas i', strongly resisted. Vohra esti

mates that India has already lost at least 6 million hato va
terlogging and salinity and that large additional areas ate 
being affected year after year even in the commands of coll
paratively new projects (Voh ra, 1t98o. 6). Siinilar develop-

IImelts have beenl recorded in Pakistan, Egypt, ilie United 
States. and tile Soviet Union. L.ester Briwnl cites United Na
tiollls data to show that one-tenthI of' the world's total irri
gated area is already waterlogged (Brown, 1t981, 25). The 
obstacle to more ratio al use appears to be a very localized 
lperspectivye atind lack of' aM ong f'artiers nd local 
leaders if the long-term implications of continued indis-

Inelicient Use 

A tendency ftr itefficient use of' water, eveln in ai'eas where
it is in short supply, is appar-ent. The reasonis I'e mlany and 
incltde igrtorance of' (or lack of' access to) water-saving
technofogies, unenlightened public po licy, and urnsu itable 

I,
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institutional factors. In tiledensely crowded agrarian econo-
mics of Asia. for instance, land holdings tend to be small 
and scattered. There are crisscross ridges everywhere, and 
scientitic water distribution arrange ments are the exception 
rather than tilerule. Water loW illsuch an environment
erodes rat her thani enriches thle soil. P:roperty laws are ofte nesh athter thn enrs theleady snial holdings rfur-
ther subdivided intoeinUscule proport ions where the iidi-

therS~bi~i~dinucul ntoprporionswhee te idi-
vidual farmer acting on his own can hardly be expected to 
practice any scintilic agriculture. Writing on irrigation 
nuanagenient in Taiwan, Y. T.Wang of that country's Joint 
Comnrission on Rural Reconstrnctho refers to tie chawic 
conditiens th't prevailed inthat country before a land con-

solidation program was initiated (Wiang, i973, 218-19). 
But lie k;nd of drive for consolidation that 'laiwan we 
through has not occurred in most other countries of Asia. 

Lack of' Participation 
There has been a widespread breakdown of comlurluity 
spirit and farmer participation in arranging even routineriga oue 
ma inrtena nce of' irri gat ion works. it" Irrigatiori develIopin 
on which the stale has siunk vast resources uinder successive 
Five Year Plans in India, has f'ailed to activate old practices 
or to set Ip mote fornu, Iinstitutions like those in Taiwan 
(Stavis. 1974, 105 -o8) or in Korea (Wade, 1983, 32 -33). 

Public Policy 


Public policy has not re:p0IndCd qtrickly or substantially to 
these emerging threats arid att ilies has eveni accentuated the 
pressures. Illtany developingCountries there is 1io effIctive 
incentive for good use or disincentive for inlefficieit use 0f 
water by various users. Rich urbatin dwclles Misuse scarce 
potable water to water their gardens: giant industries pollute 
maajor vatercou rsCs and render then ulit for use down 
streai anll fieni farrs resort to ov exlploitation of' 
groUiLlwater. 

Research and )evelopmenlt 
Even in erns of research and developnient pi iorities illag.-
riculture, it appears that the niainriftort has been to maxi-
iiize crop yiehls per unit of land ia ther thian per unit of laid 
anl water. There is,1io LIoubt, oiigoirig research to evolve 
drought-resistant seed varieties, but concern for tilelong-
term scarcity aspects of'water does not appear to have been 
as explicitly built intotresearch and developmlent programs 
as the concern for scarcity of land as such. 
Fragmented Action 

Even where there has been some appreciation of the elnerg--
ing problems and the need for public intervention, the poli-
cies and programs have tended to be isolated and frag-
nlited. Experiences inAsia and tileFar IEast indicate that 
in most cases centralized or unified water administration did 
not exist and that the various I'tictions were performed with-
out adeqtaIte aid effective coordination (IECAFE, 968). In 
order to get ovet this well-identified problem of multiplicity 
(1 reg ulatory and promiotional agencies and to ensure a 
more coordinated approach intie planning aid operation of 
irrigation syste[ils, tile integrated Coiiiiinildconcept of an 

Area Development has been tested inIndia in sonie of tie 
new irrigation projects. However, even here the experience 
has not been very pleasant (All, 1982). 

TASKS AHEAI) 
The major tasks facing planners and managers alike as a 

consequence ol the above experience are listtd below.i.Objectives of' water policy need to be stated in clear
J 

and concrete terms on the national as well as global level, 
along with a firm coluniitrient to achieve these goals. 

2. Prevailing water use policies aind practices at various 
levels and for various purposes mlust be critically assessed,and guidelines for better water use as part of tie overall de

yet
vehopnent strategy inlISt be developed. 
3. A technological base luist be established in each 

country to facilitate continual improvements iii water rlan
arenient and use. 
frvtrueefcinvby all users riust be enforced. 
Io witter use e icierc v 

4. Anl effective package of incentives and disincentives 

5. A coordinated and participative approach in various 
incso ae inementmutb'doe.aspects of*water nlanallement must be adopted.

I6. Resources mlust be mobilized to ensure that the needed 
p 6 rrsoare backe bldequt ea a tengia 

s are backed by adequate inancial, tecnological,
prograr 


INSTITUTIONAL FRAMEWORK-MICRO AND
 
MACRO, PUBLIC AND PRIVA'I'
 

Merely highlighting tile presentdangers inherent in tile 
pattern of water use around the world would be a useful role 
for this conference. Ilowever. it should reach beyond such a 
limited objective and indicate how the challenges are to be 
met. It can provide a trseflI fortnii for exploring at least in 
broad outline lie Iiiain featnres of an institutional frarie
work that would be needed to initiate and pursue a sustained 
program of iiiprovcnient. Any such framework needs to be 
highly flexible to respond adequately to differing physical,
socioeconomic as well as political environnents. Any at
tetmp to inipose a rigid framework froni above, whatever its 
theoretical refiienient, would find little acceptance and 
inight prove counterproductive. 

At the sane time bold initiativos are necessary for break
ing down political obstacles or other barricades to a rational 
utilizIation of at least tie major rivers witlin alld betweei 
countries. The India-Nepal and tile India-Il angladesli river 
systeris provide ready examCles from the Indian sLibcoliti
ient. Similar exanmples cotld be cited from the other continents. Existing arrangerlents are not nierely suboptinial in 
ternis of flood control, power generation, and irrigation but 
positively Ilarriftrl to the long-terni ecological balance. Yet 
the barriers to cooperative action have so far proveL ICr
niid able. The Luestion that we light ask otursclves at a 
gathering like this is: Can we break these barriers by press
ing into service eminenit individuals of oulstanding public 
reputationt and witll no bias for or against tile interest of' any 
particular country? Their elforts, coupled with tie backing 
of irternational science aid liiance, can prod leadership ill 
these Coutries to work for their nutual benefit. Success in 
one or two cases initially might prove infectious for the 
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more recalcitriutit ones in course of time. Let the first steps the countries can then painlessly adopt and from which itin this direction be initiated at this conference. :an reap rich rewards.Much of the action for improved water management will This is not to deny tihe importance of confinmed researchbe inter'nat to the countries, ill 01f
more part iciitrly at SbLIha- and development vaious facets Water conservation.tional and local levels. A question Ihat needs to he consid- Adaptive research for localized needs, regular lield trials,cred in this context istilerole of private and public ages- and systematic diffusion of findings deserve high priority.cies, respectively. It ispossible to argue that governments Intern donalI assistance could be particularly valLable in thewith so inany dcinalidS on theiir ttile and resources. and following areas:
withllan uninspiring record of' achievement inlthis lield in tlepast, arc ill equipped to take oil li l- sources u valcr. particularly crouidvate.a ialior role ill I ne suesngtecfiiqtes in survyig oni anidlilernappigin monitor
bitious endeavor to rectify this situation. Voluntary agen- ing changing river ltows and crop stalts.tis. uintiversitiCs, business corporations, and financial ill- - betler techniques of' harvesling and storing water to minimizestitutions, it may t, arguedMIt, could instead be eliCOna'.172Ced to soil erosion and evaporation loss.develop thei own networks to intcract with use's of' water - increased irrigatiton ellici ncy by reducing loss illconveyancedirectly, which would involve miniminit interlace with ltov- ainid application.eI'tielltll M.thoit0ritiCs. * evolving cropping sy.temns and cultural practices to take fullI all,however, of tie view that illliecontext ofth'tie- dVallvt:lgc
of' available water (e.g.. use of saline water) and\lopili countries, .la pr'grI.lmS thai bypass tile ltllori- imnproving drought resistance.

ties call have but marginh impact. It is n these uses ( u.
a f'act of' lil'c diflerctatwaler fr the same use (e.g.. industrial) andcoun: ries that go\verllllcll[sal'einvolved Invirtulc. lishis+,,and irrigation). forVery . 1 1lt'l'eori ses ceg s and rriain .- •fotla~;.tion oflwater codes anrd streingtheniing the niachineryaspect t' collonlic significance to its people. Water, as , r entorceniett.
 
vital n0atiotia1l resource, is alrCady subject to varyine 
control
 
by governments illthese countries. Regulatitig 
 its use ]0t- Assuming that we broadly agree on tile,sed and urgencyVol\es sensitive Social engincerinig. No lotg-lcrl-i ilmpro've- for international action ill this vital area of concern for hiuniett inits use pattetIr can be b1roughutabout tiless tie ,ov- Inanity as a whole, let a i'ew wordsIne say as to how wecrltncnts themselves are conlvinced of tie need for acntiO might approach tileluestion of ol'low-til action. Possibiland are ready to take the proper action. AUlnLti Sillstiti- ities and ;;'odalities of' acting in contcert with Ot.oing initiots, research agencies, and dottor institutions neverltieless tiatives uniler tie auspices of tile United Nations, tile Worldhave aCritical role ill bringing relevantt facts :o tile attention Bank, and other such bodies need to be Cvahn:LtCd, Uvcn1 ifof* the highest decision-making bodies, ill hiighligiting the it is ullttiiatCly decided that WC should pursue out tailalong-term intpllications of apolicy ofl'cotitinucd drift, and in concerns independently. At tIletinitni)iiit we should drawoutlining the broad areas of' poteiiial assistance by them. lessois from previous e[forts and learn what pitfalls toOte way to provide additional tIiollciitlltl ilitiallly Would avoid. A cotrc_ group COH perhaps be iditilied ard enbe to stititulate popular debat oi these issues within tl'ese trusted with this task. A budget and a titte schedule wouldcountries under the auspices of reputed local institutions also have to be agreed upon.
and therebv build tip public opinion infavor o 
 lchange. \ssniiiing thiat the efforts of' this group evoke favorableAnother stpportive aictiOll ssoufd be to pr,.vide training respo nse anditlat necessary Inlding can be e ns ured. altimlacilitiCs to both oflicills antid
c] tOiiiniimnit\sOICIdCrs lha.ll portant step Iurther would be to arrange national-level contechnical cipabilities as well as public awrVcss grow sultations with political leaders, oflicials, scientists, andsilultalieously. relevant cotlnnitittlity organizations. The purpose would be toThe assessment of requirements of a prFog ral of action ill crystallize perspcctivc and priorities of'water Imallatagtilemliteachl Cttllry and idetitlificatioll of their relative pI'iorilies problems rele,,int to ,ach count[-',' inthe shtort run and ill thesIIunLd eliCerge thiougli a coisullitivC pro.'es, low\vCCr, long run. As par't of these cOItsultations, willingness to parmnaterials aleady available do provide sollilclues inidenti- ticipate inpossible meas of' international cooperative acfing a initial set of walet niiagetnent Ft;bltis o faitly tion, taking note of ongoing national prograls, will alsogtneral relevance. IPerhaps this coifernce could devotC need to be delineated.sonie attetntiot to ipinpointing critical problet i areas that Nationi need to be encouraged and assisted incritically


prita facie lend the insclyCs to intcrnatioaI assistatice. 
 reviewing tie prevalent water managemtent practices, identi-Ihere we Might distinguish between progratMis (such as fying specific areas and potential f(Orimprovenment, atnd asprovision of' fiCld clianiels, draiia1e courses, evaporation sessing requiretiiellns of technology, skill, and finance. Thisand seepage less devices) that are badly needed and cati be can be followed by a selection of specitic progratos of'inter
put into efflect oi tie basis oflavailable knw-how on the o national cooperation that would bes, serve tle tieeds ofcactitiaid, arid activities I1t may hiave t await furtlir iefile- count ry.roents illtechntoogy and equipment oi the other. For the de- Silltatlneously. etforts to attrlct pledges of support-veloping countries, the first category itself' poses a tmssive money, nnpower,andmi achines ---will ieed to be pursuedchallenge. The interaliotnal cotiunily outld be doingl a with all potential donors. The follov-p institutiotnal ardisservice it it were tt)give the impression that it is goitig to rangetnetits Call be given further slhpe f')rtile purpose of'cotle ip With soiile tiltirauuLls breakthroughs in water- tmobilizing inlternational resoulrccs oil tle one hand. andcontrol nliethlodtlOgies or vater-sharing agreents wiich marrying tlem to national needs ot 
Ile other, on a continu
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ing basis. Procedures will also have to be built up for ensur-
ing proper use of the aid that is provided and for evaluating 
results periodically. Ideally, on the basis of mobilized politi-
cal will and donor support, an institutional network can be 
thought ofat the operating level that minimizes political con-
trol in the management of programs. Indeed, the needs of 
ecosystems rather than the vicissitudes of political bounda-
ries, should become the touchstone for providing assistance, 
Perhaps the arrangements that have been worked out in the 
field of crop research, through a partnership of donor agen-
cies and centers of technological excellence, provides one 
tested model for promoting international collaboration. 

In the formulation of programs fkOr international support, 
it would be necessary to take note of ongoing work and re
suits already achieved in various national and international 
forus. The temptation to launch comprehensive p granis
on all aspects, ignoring work already done elsewher , Shou ln sBrown, 
be strongly resisted fro tn the outset. 

An early kind of program activity that recoin lnenrds itself' 
is to identil'y specific de mon st rat iott projects drawing Ipon 
results achieved at one phacC for application in other areas. 
A data bank, ;1re ference service, and ;i specialists pool are 
also potential areas of assistance internation ally. Recasting 
legislations and codes relating to water supply ard use, 
methodologics for their more effective application, tcchI-

ni quics Or successful intcrd taritmental and interagency co-
operation in phaning ad implementtion, and stimulatingL_ 

cornlnlulllity :,wareness alrd involverient are other possible 
are as for international support. 

We live in art age where techniques for mutual lestrIctioni 
are getting refined and perfected faster than techniques for 
iLtla. advanrcemllent. Governlents seein toLiV catght ill a 
mad race where there is greater urgency to allocate scarce 
resources for arrtimamruents than iOr developnenit. AfIllience is 
becoming synonymlotuS with inidulgetice, even as poverty ex-
tends its vise-like grip ott mil Ilions. Our nonrenewable assets 
are getting depleted, and our environment is being ravaged 

remorselessly in the meantime. We can no longer look upon 
these ominous trends with indifference or a sense of' help
lessness. There is still room to act, but the time to act is 
now, before the impending damage proves irreversible. 

Enlightened public opinion has to assert itself in every 
possible way and at every conceivable forum to reverse the 
trends. Water is in ile forefront among the resources that 
now calls for cooperative and rational management. Let us 
proceed further with this mission as part of the sai: en
deavor that brought us together at this conference, with op
timism tempered by realism. but undeterred by cynicism. 
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57. THE OPTIMUM ROLE OF THE PRIVATE SECTOR IN THE 
AGRICULTURAL DEVELOPMENT OF LDCs: AN INVESTIGATION 

OF THE ENTREPRENEURIAL AND DEVELOPMENTAL DYNAMICS 
OF SMALL PRODUCERS ORGANIZED AROUND A CORPORATE 

CORE 

Ruth Karen, Business International Corporation, New York, New York and Orville L. Freeman 

POLICY RECOMMENDATIONS 

The successful agribusiness enterprises in developing
countries investigated in 'his study have tour major actors: 

i. The small farmer-producer who wants to move from 
subsistence agriculture into an active role in the market 
economy and is ready to trallsce nd traditional constraints to 
create socioeconomiic colditions that offer greater oppor-
tttitics for him and his I'aiilv. 

2. The company-- foreign, domestic, or joint venture-
which envisions the opportunity, takes the risk. and trans-
feri, the required technolIgy ill all Ifacets o' the undertaking.

3. The government of the country in which thi enter-
prise is h,cated (referred to as the "host governuient"),
which promulgates tile laws and regulations that directly at*-
fect the cnierprise amid provides and/or supports a range of 
illstiutins vit whIich the eliterprise neccssaril iriteracIs.

[ieindwith hi-th entri she pecesarlinterats,
4. The industrial Count[, ill Which ile parent company is 

based, which itteracts both with the host governiment and 
with the operating enterprise in aitnumber ol ways. In this 
study that industrial colunitry is described as tie 'donor 
contry," and usit ally refIe rs either to tie United States or to 
the United Kingdom. 

The policy recommendation., outlined below address 
each of ic actors separately and have evolved directly f'rni 
tie case histories. Ilowcver, it is important to recognize that 
tile success of a agribusiness enterprise in a developing 
country, with success Measured in both bottoii-line and de-
velopmcntal terms, stands in measurable ration to the de-
gree with which the four actors pursue a coherent policy. 

TIlE SMALl, FARMIER-PROiUCEIR 

For siall fariiers in the developiig wolrl, the traditionial 
goal has been survival. Generally speaking, they have had 

iieitusiies rionistntrpes repigtee rethertneithler the resources nr recourse to file ingredients re-
qit ired to move beyond that goal. As a result, rural areas intie developing countries have becotic increasingly im pov-
rishyeatr 

taliiiIy land to cuiIi ltvate, have li;lwel to tie cities. There, 
most of thnt have becomel ICi deizens of socially and po-
litically incendiary slums. 

The systematic approach to agriculttral devetopenlt il-
vestigated in this study, in which small farniers am- orga-

nized around a corporate core, regards the farmer as a vital 
ingredient of the enterprise, as each of the case histories 

hears out. 
A farmer in the Dominican Republic, participating in the 

me!on-gro wing venture of a core company (Agro Inver
siones), spells out in his own telling terms what the system 
nican; in his life: 

I got my own land, uder the Dominican Republic's ag,'arianl
reform, in 1971. I don't own it, but I have tie right to work it for 
my lifetine, arnd my son has (tie sa me ri ht when Idie. Itcan be 
taken from me, or from him, only if sell it. or ifI let it lie idle. 
I don't intend to do either. 

Here is my pay-ofT: From I972 to 1978, iimy inconie was 
)lto pet tarea 16 tareas i acrc]. From t978 1o 1980, it wis 

DP4 o per tarea. In I98 1, it was D9o per tarea. Now, since I 
have moved mostly into melons, and grow two 'rocps a year for 
Agro Inversiones, my income is DlPI6o per tarea, 1, my vii'c,
and my two eldest sons do most of tife work on the farm. For a few weeks during the harvcst season, we hire about 15 people 
to help. 

What do I do with tie extra inc e? Ispend it on my family.
oti clothes, on lixing up the house, and mainly ol education. 
Two of y children are in high school, and both intend to go on 
to univursity. I want both my boy, and my girls to have that 
opportunity. 

THE COMPANY 

The assumption here is that tie paramoutt ccnpay goal
consists of maxinizing profit potential, minimizing risk,
and achieving a satisfactory return on investment. The re
search shows that while some trade-ol'Is come into play in 
all three elements of the company goal, organizing small 
far iiers around a corporate core achieves a satisfactory hot
tom line iiore quickly than any alternative form of produclion organization. For example, the case history of an agri
b Vsiness RO!enterprise (pig 	raising) in Thailad reports an 

raiol, Th(1an angdet(return on investment) with three dimensions: % 

The first Iimeasit is ati cal R I t nat t vbegiiis ile ry first 
of operatio . Tactically,[tie cornpany cosiers thle firstlive years of cach project Ite developint al phase, after which 

the tr:.ining and direct supervisory functions of the company 
are atICnuatcd. 

The second dimension of the company's ROt cois into play 
at that stage when tile colipaily eticuoUrages the fartiers to mat
age their own affairs via a B3oard of Directors made up of se-

W, 
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lected farmers, with tile company assuming an advisory role. 
conipensated by a mamagement contract. 

The third dimension, operative throughout both processes, is 
the conpany providing inputs such Is fecd and breeding stock, 
at a reasontable profit, and doing the processing and market-
iug-a a reasonable profit. 

Il the hlmi ietill, te com[a,,nly sees the college-educated 
children of tiese prosperous farmers lalinaging their own family
fartiis, with It iiimali outside services in cither technology or 
nanagelent, btl becoming increasingly larger c s o ers for 

tile c¢oinpany's products, and sources of supply for lie coin-
paty's processing andnmarketing activity. 

A U.S.-based company operating in the Dominican Re
public, without the integrated structure of the Thai corn-
pany cited above, also reports a satisfactory ROI the first 
year, aid lull recovery' of invested capital within three 
years. It should be noted, however, that both cases involve 
crops with short production periods and, in the case of the 

ioiiicanit Republic, tile special advi'antage of diity-free ac-
cess t) the U.S. market. For tree crops aMd other crops with 
a longer culti vatit/productit cycle. the calculations for 
a saltisfactor' R()l would necessarily involve a different 
tiile frame. 

For enterprises such as the I)ominican Reptiblic under-
taking (nelons and vegetables for the U.S. winter market),
tle policy implicatioins, both financial and operational, 
are clear: 

I. Ilands-oni commiim nt and involvement at tie inlarta-
gerial level, the technical level, and the field supervision
level are essential for success. (;iven these three ingre-
dients, a relatively modest scale of oper:.tions can produce 
a net profit oi sales during the first yc... and a respectable 
return oinvest i it , inclnding Rill recovery ol capital,
within 2-3 years. 

2. This applies even when there is 0hi-site comlpetitioll 
for the fIarrners' outpuLit. 

3. For export-oriented products, it is vital to have a well-
defincd market plus a market organization, in the case of a 
bigger company; or a well-structured relationship with food 
brokers and wholesalers for a smaller company. 

4. Transportation is a ina(or cost consideration, and 

available options have to be aialyzed careftlly. 


5. Financing, even if availablc locally ;it subsidized rates, 
tiay not be the miost desirable form if credit. Given the 
snarls and obstacles 0if bureaucratic delays, it may be more 
cost-effective for a company to finaice farmers directly. 

6. From a sociopolitical point of view, in any operation
designed for the long term it is advisable for a company, 
particulary a freign compaily, not to own lnd. If land
-holdings are needed for pilot projects or a nuclear estate, the 
land should be leased. From a sociopolitical perspective, as 
well as a productive One, the most desirable arrangement is 
to work with producer farniers whLo own their own land and 
work it largely with their own faiily members. 

In the Philippines. a company with integrated operations 
in a wide range oif food products reports an ROI on its seed-
corn enterprise that spills over strategically into other as-
peels of company operations: 

Working directly with small fairmers represents a range ofI husi
ness opportunitles that strengthen vertical inltegration of corn
pany products and/or provide atsynergetic hori'ontal extension 
of product lines for tile domestic market as well as flor export. 

A careIully structured outreach program that involves tech
nieIial support il a tnimber ol ways, and includes social Icalvities 
and contributions to comlmunity concernls, f)rlulited on the 
basis of tilongoing diaulogue with relevant community groups,
has direct bottom-line results. It hielps to create markets for 
'ompany products; it serves as an innovative aspect oLadvertis
iig; it alleviates, or even eliminates, law atid order problems for 
comnpany activities; and it creates a relationship with producers 
that represents potential for addit ional profitable activities. 

While companies, in their feasibility studies for agri
business ventures in developing countries, have corporate
specific strategies to detcrnine the suitability of soil, climate, 
water, transportation and appropriate financing mechanisms, 
generally useful policy implications emerge froti the case 
histories in the areas oftmarketing, relationships with 
farmer-producers, management, and macroeconomic as
peels of. the enterprise. 

In marke'ing, vertical integration works best Thus, in 
the Philippines, the San Miguel Corporation, with an inter
nally integrated market for its seed-corn enterprise, reports 
a four-pronged result: 

i. A stable qua lity supply for its feed operations and its 
downstream animal products. 

2. A stronger market for its other product lines. with re
suiting better profitability. 

3. An increased market share of seed corn (the coin
pany's market share in 1983 was 24 percent, targets are 33 
percent for 1984, 44 percent for 1985, and ro percent-plus 
thereafter). 

4. A return on investment of 20 percent on funds er
ployed, which includes amortization of research and devel
opment activities.
 

i Turkey, Pinar, a nililk-processing operation based in 
Izmir on the Aegean coast, developed a range ol' consller 
products with which it successl'ully penetrated the domestic 
market nationwide, as well is developing an export market, 
primarily in the Middle East. 

In the Sudan, HIaggar Ltd. notes that the payback for its 
tobacco operations is immediate because it is vertically iin
tegrated in the production of blended cigarettes, which the 
company iiianiulfctutres and sells. In contrast, the payback
for the company's coffee and tea operations not only takes 
hnger because of' the nature of the crop but also requires
volume and/or processing facilities for added value. The 
company points out that the highest payoff is obtained when
coffee and tea operations are extended to include packaging 
and retailing. 

In ('ompnv'vrelationships il/h Iu'nt'r-ln'oduu'rv, farmier 
loyalty is vital. The secret of success in this relationship is 
stated succinctly by arn executive of Adams Internatiomnal's 
operation in Thailand: "You have to deal with the faiter riot 
only as a producer, but isa person." 

'[he multi-f'acetedness of this process is spelled out by the 
manager of a major milk processing facility in Turkey, who 



couches his recommendations in corporate-specific terms,
which, nevertheless, are applicable to all agribusiness Un-
dertakings in developing countries. 

Our company is aware of the fact that its own success depends 
not only o the incrcased populati n of milch cows it can il-
duce and the higher yield and quality of milk it can help tarners 
produce. It knows that inlTurkey, for small farmers, an eCononi-
ically viable and developmentally desirable farm requires an ap-
propriate mix of livestock and crops, with abalance of food and 
cash crops. It knows, iswell. that achieving this mix and this
balance calls for sociopolitical anod cultural skills as Well as eco-
nonic organization aind technical expertise.

Current plans call for a broad diversified productionl base that
woul proide a iiarket. ari~d act alsa teclnolog trarer agent
for such integrated develpiopmeni. 

\Vhlat should probably be added to the company.,plans is a
systematic effort to broadeni its existinrig ha se (0 inclode illnong
its liareholifers as many fiarmer cooperalti\C, and individiat 
small Ifarmers itsisfeasible, given econonmic calities. 

As an operational matter, est alilhing a satisf'actory
ongoing relationship with its producers requires that the 
company offer not only a lair purchlasing contract, but an 
appropriate mix of four additional contributions to tile 
farmer's welfare. These are: 

a. Competent, dependable extension services that are re-

sponsive to the farnier's needs not only in tie product lie fur-
nishes tilecompany but in other activities important to tie 

farmer's economic base. This 
means giving the farmer 

whatever help tie extension agent cali in the cultivation of 

ciops or tie raising of livestock that does not represent di-

rect income of immediate sourcine for tile
comparry. It is vi-

tal, in this context, f'or the company to encourage a bal-

antced use of land by tire farmer, i.e., a division between 

food crops and cash crops that adequately meets the direct 

needs hoth f tie company and of'tie farier and his family.


Typically, with sinaI I farrers indeveloping countries this 

balance is tanlamilount to having no more than one-third to 

one-hallf of the farmer's land devoted to tilemarket crop, 

with tile
remainder allocated to food crops for faiily con-
SUmlption or for sale to the local market. An important
fringe benefit of this arrangement is that the company-
farnier reltionslhip does not result in economic dependen-
cies with explosive sociopolitical overtones, 

b. Impro ing and enhancing, as faras corporate resources 
permit, tie social environtent of tlie farmer and Iis family.
This includes. but isnot limited to, sports. health, education, 
and access to appropriate consumer goods. 

c. Acting as a catalyst between the I'armer and existing
goverinient institutions designed to serve the farmcr. In 
Most developing countries, competent bridge-building is re-
quired between small t'armers and their needs and tle h-reaucracies intended to serve these needs. 

d. Assisting farmers, in locally appropriate ways, in 
structuring and strengtlning their own organizations, and 
organizations involving their failies and comntuiit ies. 
I lindustani Lever Ltd. (a subsidiary of Unilever), operating
in the district of Elahi , state of Uttar Pradesh, one of the 
least developed regions of India, has foriulated "Ten Coin-
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mandments for Rural )evelopment," which, with relevant 
modifications and alterations, are applicable in any LDC 
(less developed country): 
i.Establish credibility through honesty and integrity.

l'hese quialities have to be not only internal bu externally
visible ars well. They are best conveyed by committed super
visors \sho ire honest, apolitical, and corruption-proof, and 
can earn the respect both of elected officials from the village
level up and of appointed civil servants from the district 
niiagisirate down. 

2. Ensure that plhns are generated at the grassroots
hy the farmers themselves. There is an initial hesitation by

farmers to make suchtile plans, but the resistance can be
broken down by supervisors who know their business and 
their comuities n by ianagemen: trainees Who actU

ts
 
ally live in tlie villages. 13Both tlie supervisors and tile man
agenment trainees have to establish tilekind of'relationship
with the farmer in which they can say "no" iswell as "yes"
and still retain the respect and trust of' the villacers. 

3. Set up an effective organizational structure fIrfI llow
through. Frequently, government and voluntary agencies
have marvelous ideas and brilliant concepts but no one who 
iscompetent or interested enough to follow through.

4. Provide or organize financial support. The need is for 
on-site banking institutions that operate effectively at the 
vil 'ge level. 
5. Build a viable cotinitunications system, both physical

and people-to-people. This includes roads that are acces
sible throughout the year, and every f'orni of transportation. 

6. Upgrade agricultural practices. This involves every
thing from water management to crop rotation, from seed 
improvement to livestock care. 

7. Introduce animal husbandry, not as a replacement for 
existing cultivation of food or cash crops, but as a viable 
secondary Occupation for the f'arn family.

8. Promote appropriate alternative energy resources,
 
such as biomass, fueled by cow dung.


9. Aid village industries, particularly those relevant
 
to woiiie~i.
 

to. Help to build health and educational infrastructure. 
In management. For tiletop management of the enter

prise, at least initially, tie company, wherever based, must
 
reach f'or the best: not the best it can spare, but tile
best it
 
can muster. This applies to both executive and technical
 
stafling. It is important to recognize that "tilebest," in this
context, has to be delined ina way that exceeds narrow, 
or
 
even broad-gauged, expertise. At the executive side, the top 
manager tiust not only know his product and his iarket but 
be sensitive to people intheir social and cultural context. 
On the technical side, crop knowledge and people knowl
edge are pragmatically intertwined and equally important.
Tile history of agribusiness comipanies in developing coun
tries is replete with problemis and outright failures created 
by executives withluiiniquestionable tecliical and managerial
expertise who failed to relate effectively to tie people in the 
undertaking's host country environient. 
When the company is a foreign concern, it is also avail

able to work as assiduously as feasible toward tie goal of 
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replacing foreign nmanagment with local management. Sys-
tematic and thoughtful recruiting and training programs ie-
signed to achieve this goal are a major ingredient in the suc-
cess of the enterprise over the long term. 

For a'l companies, whether foreign or domestic, "people 
contact" works best when it is closest to the peer level. For 
example, one company discovered that for its hands-on ex-
tension services to farmer-producers, a team of local gradu-
ates from agricultural institutions did not work out. What 
did work was a system of' recruiting extension agents fron 
the f'arm tamilics themselves and giving these best and 
brightest farmers the technical and administrative train 
ing they ncedcd to becomie clective and respected exten-
sion agents. 

At a more senior level of peer relationship, companies 
have found that local research and development is con-
(fucted most effectively when htost-country technical and 
prof'essional peopie--and indeed more ad ytvtIIOLIS and cx-
periment-minded I'armcrs-arc involved inthe process as 
soon as feasible. 

In the macro,onomic area, a successfuilI agribusiness 
enterlise produces visible economic and social results that 
penetrate tile coinin nity hoth horizontally aid vertically in 
ineasurable devclopmen ftal terms. 'I'his enhances tie image
of the privatc sector in general aind, where applicable, 
Multinational corporattions in partictiIar: and validates both 
in their role as important engines of growth. In most devel-
opinig countriCs, such image enhancement is important. Inl 
sone, it is crucial. 

Another macrocconotmic coisideration is the f'act that 

sIccessfl l agribusiness enterprises involviiig small f'armers 

in tile devclopinrg countries slbsta iitially raise rlie porchas-

ing power of these small I'ariiiers and their faiilies. ''hcre 

arc today approxinmately Ihillion snIall I'ariiers in tile ie-

veloping world. If. by Way 0if tile of' calculations,
sitonp1est 

the income of these farmers were raised by only U.S.Silo 

per year, the sti nhialiVC cflect on tile gIobaI ecoiioiy

wotld be stagger inrig, With mIuiOlt1ipcir effects not onI y for 11g-

ricilt Lral outpLt t bt for iiantffactutred goods and services as 

well, both iii the devcloping countries antI ii tie industrial-

ized world. 


'HE HOST COUNTRY 
Alhost Without exception, political leaders inrtle host 

countries today recognize tile importance of agrictiltural Lie-
veopment. Indeed, gr icuilturc is,atid aIay s has been, tlie 
key to economic developmelt. No couiiitry in liinlail his-
tory, with the exception of a f'ex merchant or military city-
states, has ever prospered and built a sound ecoioniiy xvith-
out a solid agricLitural base. 

The problemi is that while the recognition of this is prexa-
lent, most host countries are at I'ast ha fIfed, and more ol'teni 
oxerwhclhed, by the nItinittde, the comiplexity. and the 
political probflemis involved ill carryingforward aineffective,
sustaiined program uf agricuiltural dcvcIopt nCi1t. There is n, 
doubt that soLind agricultural policies arc (Iillictfllto dcvelop 
arid carry' (out.Tie tite spali required to pit into place all 
appropriate land/peopl c halancc: to make available credit 
anid necessary inputs to the grower: and to construlct stor-

age, processing, and marketing capacity is longer than the 
usual time span of a political officeholder. In addition, 
carrying out a sound. meaningful agricultural policy calls 
for changes which, by their very nature, shake up tradi
tional social and management patterns, with the result that 
changes are fiercely resisted. This is true in industrialized as 
well as in developing countries, as even current EEC and 
U.S. policies demonstrate. 
The problems host countries need to address most ur

gently fall into ten categories: 
1. Food policies that ha'e an urtan bias. Food policies 

with a persistent urban bias may have short-term political
payoft, but are clearly counterproductive in the long haul. 
They slight agricultural producers, undercut production, 
and motivate mss population movements from country to 
city, creating in the process the socially explosive slums that 
bedevil almost every host country. 
The clearest nmanifestation of' this urban bias is price pol

icy. with governments using a range of price-setting mecia
nisnis to keep producer prices low, sometimes even below 
cost. An illustrative example, with counterparts in every 
host country, is the support price of cotton in Turkey. That 
price was set at '7O (in 1983) whe" the market price 
was T 150. 

2. Agricdta,'al tavation. Ililost host countries, tie bias 
against f'arier-producecrs' manifest in pricing policies is 
equally prevalent iii taxation policies. Agricultural OUtpUt is 
taxed at too high a rate, a policy that extends even to such 
measures. cleary coutnterproductive 'iroi a ilacrocconolic 
viewpoint, as levying substantial taxes Ol agricultural ex
ports and oii imports required for optiiiILi il output inl tile ag
ribu si iess sector. 

3. l'X/cange,ros (nhd e.chan''"'It" oni'ols. InUnaliy 
host countries, exchage rates that overvalu tihe local cur
rency are maintained, ofte i'or inage concerns that have no 
realistic economic base. These currency value distortions 
are particularly harnful to f'arniers producinig for export.

A recent example of a reasonably policy iii this area, 
leading to productive results, was a policy iinplc letented by
the Dominican Republic, which introduced a iiulti-tier ex
change rate, with the most realistic rate available to expor
tei's of' nontraditional products, specifically including igri
cultural products. 

4. Restrictions oil iite,'nalfrod mov'ement. Soiiie host 
Couitiie s actually have Iaws and/or reg iilat ions that restrict 
domestic iiiove ueniit of food crops, mainly f'or political rea
soils. Ilimany, indeed iii most of' the host countries, internal 
Iod lovement is effectively restricted, and to a consider
able extent prevented, by inadequate infrastrtctCiiic and 
transportation, as well ias by inadeqitate and quile often 
ionexistent storage facilities. 

5. Credit availabilit '.WhileiIliOst 1i0st cunmtiies iake 
an effort to provide agricultural credit. With widely varyiiig 
deCrees of resource allocatiotn aIId adiliistrative cotupe
tencec, none o tle host coMItnrics in tile Stutdy has yet manii
aged to get anywhee near enough credit to tile smallI'ariii
crs, who constitute tlie backbone oift le agricuitural sector. 
Indeed, tle case histories indicate that with rare exceptions
it is only xxhen private sector companies. foreign or doies

.1 



tic, supply supervised credit themselves or act as catalysts
and/or mediators between Iarmer-producers and host coun-
try financial institutions that small farmers actually get tie 
financial assistance which, in theory, has been designed
for them. 

6. Redistribution qlad. Evidence around the world has 
demonstrated that the tfamily farm, with a land holding ade-
quate to apply modern technology effectively, is the tmostproductive size. The incentive that results when tileproducer
benefits directly from his e[florts cannot be duplicated by
large holdings whether they are privately held, CtLiunalf,
Cooperative, or state owned. Results from tie factory-sized
organization of state farms and large collectives illthe So-
viet Union are dramatic demonstrations of how not to 
organize agriculture. A system whereby the producer on tie 
soil benefits directly from his efforts is the single most im-
portant element inincreasing prodtrctivity, liI most places ill 
the world, this means producer ownership, and it requires
egalitarian land policies, adequately supported by tilegov-
ernment. Adequate support, illthis context, catl be delined 
-s a network of physical and social inl'rastructures that make 
possible economiCally rewarding fa'm produtiton and pro-
vide eiiough social services to induce farm I'amilies to resist 
thc lure of the cities. 

A deionstrative exailiple of successful agrarian rel'ni 
and its results is tlie efl'Ot made by tle I)ominican Republic 
inthe Azua valley. Thc reforn, allocating land to f'aiiily
larmers. was c p Ic Cieented by a web of' inirastricture se r-

vices, includiiig irrigation, electriica:ion, farn-to-mu-kct 

roads, effective credit institutions, health arid cdhucation f'a-

cilities. and help with housing. '[he result was a 300 percent 

increase in per capita income in less than a decade. 


7. EV'-p,'iation or tt'liML,tl1i0L11 0/00od i'dust'ies. A 
nuiiiiber of' h untiiSave tipursued such policies, with 

results that range from paras'sis to disaster. l-\Nry case his-

tory' ill[hils stirdv showed thIiat competitiye government cii-

tcrprises reqI.'Tud 2 to 5 times the resourices that companies

eliplved, and took at 
 least twice, and iii sonmte instances 3 

and 4 tunes as long, to achieve co nparalflc results. 

8. Politic )/tr(,* aPilahI00ireat(tiCimpltnepss. Where 


government is invol ved ill
providing or supporting services 

to sma!l f'ariers. it is desirable to make far'er prductivity, 

not political patronage, tlie yardstick. Intile
Phil Iippinus, l'or 
exanmple, where the KKK (Kilusang Kabiluayari at Ka-
tilaran or National Livelihood Program) is generally as-
sesscd as being both imaginative and sound il tiledesigni of 
its progras. tileilnplemntation of these piro'grallis is hai-
pered by the fact that !oo much of th' KKK's ioney still 
goes to f'etidal leaders illtIle Colntryside and their po litical 
allies, instead of being channeled to tie small producing 
farmer. If small farniers were supported morc effeclivcly,
desirable ec(nonilL and poliical results Could bec hiicved. 
Farmeer income and cotiunuity standing would increase, 
and the po litical leadership, n( ver hierarchical in tlie 
rural areas, would have to listen iiore attentively tIo its 
constitucnts. 

Au illui;tration of obstructive bureaucratic ineptness oC-
Cu's itt India, \vhcre the effect iveness Of a comprhiensivc 
set of'services the go'erninlit ol'l'crsits rural population is 
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marred by bureaucratic corruption and by paperwork too in
comprehensible and too cumbersome for villagers to under
stand and deal with. At present, the paperwork required for 
villagers to obtain any government service is daunting to a 
point where the overwhelming majority of the rural popula
tion simply has no way of obtaining the service to which it 
is entitled. 

9. Privatesector involvement. If host governments wantto attract and support private sector activity in agriculture,
domestic or foreign, the host couttry government will have 
to make clear its conitnlitrcnt to agriculture, and its deter
rination to implement policies it has proclaitned, and to 
honor promises it has made. This includes, but is not lim
ited to, acess to foreign Currency; admittance of necessary
expatriates; pronpt approval of necessary imports; and, as 
noted above, tie development of reeded infrastructure. Per
haps most important, it requires a commitment not only in 
the political and governmental institutions at the top but 
also in provinces and localities. Concurrently, the political
leadership at all levels must lead tie way in building public 
understanding and support of' this conmitmnent to the coun
try's agricultural base. 

i(,. Relations with multinational corporations. Most 
governments' relations with multinational corporations in 
the agribusiness sector, whose teehnology, organization,
processing, and marketing expertise call make a maajor iii
pact, have several special aspects of complexity. A blueprint 
for inutual utderstanding and successfti collaboration is
 
liined below. 

a. Plrofthabilit' al re.vmsibility. Both mnaltinational 
corporations (MNCs) and developing Countries must recog
nize tie dual, 1funridalmcn t 'l1eIs that ( i ) private companies 
are (and by their structure Must be) motivated to make a 
profit on their operations and investments, and that (2) host 
governments are must(and naturally be) concerned about 
tile development of' their countries. Fach side should clearly
recoignize tie legitimate interests of tlie other. The essential 
point is that governients Must allow MNCs to make and 
rcmit a reasoablc profit, while MNCs hust acknowledge 
and f'llfill the full range of their economic and social devel
opiient responsibilities to tilehost countries. Further, it 
slUId be recognized by both sides that COntrilbutions to the 
progress of a developing country cal bi made in many 
I'riis, both economic and noriecrioniic (e.g., training aniid 
educating people), and that all forrits of contriblulion appli
cable to each investitieut should be given full recognition. 

b. hifinmation and reporting procedures. Access to cr
lain kinds of' information is oilen a key point of' contention 
between MNCs arid devseloping Cuntiries. ()n Ill--' one hand, 
governments ol'ten feel that MNCs are "'secretive" and do 
not ftlly reveal their a'tivitics and practices. on th (i othr, 
companies are sensitive about proprietary inormation get
ting into the wrong hands--for cxariiple, comiiercial corll
petitors tr social adversaries. If' deveopiniug Countries wish 
MNCs to reveal sensitive ifo'riation to tax and olher gov
erulent regulatory atill'ties. they inMrst be able i guar, 
against the iistuse of that iif'oruuation. 

c. 'l'echnoloy. Technology iii broadestthe sense-in
cluding material, managerial, in irketing. organizational 

.,y
 
j. 
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and other skills, as well as advanced technical infornimation 
such Ias secret know-h, .--is at the htI ofIthe problcim 
diffelrI.' iating developed froni developing countries. l)evel-
oped cI.,untries should, inlthe overall conltext oI' seeking to 
assist and aid countries working hard to inipi ,. them-
selves, address this problel and seck to facilitate the trans-
foer of,techlnoogy. Ilowcver, NiNCs that are pri vate proper-

ties Calinot and shlould rot he expected to give away skills 

and knowledge that may have taken years (it'
nit decades), 
as Well as great expense, t ldevelop. Nor is it rcasonable 
that a cotintry should expect to get somlething for niotlil'. 
RelasOInab IPitiie1Cl tS or tCeIllIL gical c ntriblutions 1w 
NI N's to developing COIliltriCs shUlid be ex pected. If tile 
tccilL olL isC tiritinutsly updated by injeciris oLflresh 
ad va lees tliese t L shlLid be cLipensated. I IL ever. pay-
irrerits slhLtIlh cease aflr a n1uribCr l1 \'Cars illwhich new 
iniect ioiis tLO 110t LCCtlir. 

d. Implo.\n'lland labor.('otlllllittssh tIl clearly Ott-

line arld corlriurlicate their iarlip wer objectives and ex-

pect:rtitlis to NINC's. arid N('s should do their best to

fnilfill throse Llbicctiies. V'llere apprlipriate. fl'e union ac-

tivity shluld be peritnittCd. but NINCs should not be picked 

Liltit s alrgCts f'or Clelirlils +lOt 1lilde 0l local 1iOllparlijes. 

NINC's shiL.ul pay IprVailing iates a,at nlillilltulli;
Oil tIle 

otlier hid. if tlhcv l iO than thrnmiilu. cith(r ii 
ternls LI direct l);IN' or Lf, other hellefis and iringes (e.g., 
tusing, scllootil , 1lnch prig1ralns). the eIfct Lif such 
costs ol tire MNC's local oLpcratitiis hLILl. bc taken intLo 
[aciLiit by the host go\'elliienit. 
C. ('olx.,,1er-protec-tion. liimm iiterilational hcalth 


and sal'etv stanrdards should I worked otl. and itstandard-

ized internitional labeling svtcn iitroduocCd . Anyv prodihi 
lions Lor restrictions ilI pIocess Loirproduct imnosed by holm e 

CLitFIttries sliIiLId be rcsealcd t)o st cturntries.
 

'. ('umperitin andul maiwkei sh re. Counritries and 

NINCs sIilLId work oul export and1l purchasing Ipolicies at
 
tilelitle iIIVCSIelCIllS shLiHull clearly es-
1i IIialc, a1d tlhe)' 

tablish the lerilth oLftihic that such policies (and any restric-

tionis Lm ticri) are tLbe in eficlt. 

g.Tran./l'r/,t'icinu,.Traisfer pricing is a dillicult and ex-

IrcnclyI, complex area of initernatioial hisiiiess. At tileout-

set, two tinglihis sliIlIud be IliOIlCstv recoied: Irs-t, by Ihet 
hosl.t lhatl c lanIOt alt ithCOLItIrIv, thie subjcCl bel-Iitially. 
plistic sloiganis or formnulas, and second, by the MNC' that 
therc have il fact been cases Lf Srius abuse iii pricing 
policies. 

A reasontable tralsl'cr price for a IrdutnC imported int a 
developinig C)L1111ry Iforftirtlier LISe illani N(' opLFeratio il 
that cLiitry Will -ver tilefull Costs (iiicttiliiig R&) a1d 
engineering costs) involved l ii making and shipping that 

ill/1)oII'l'd
prduct, plhlS a fair -loliili the If'oII't. The 
transti'er price sltouhl lLtot inclule any -hidden" IOlrlls i! 're-
turn to (he NINC. stichi as special services "elideiied hy par-
elittcdonll mpany Specialists that are [lot 1einlibtrsed for llotar llit (W let-,+rehlsts th eiri"nlbultl rcclin bank 

ofLthe host coti ll rv sLibsidiary. Conmpanies aire Stlliuelies 
telptedi to take out retLlrns for the[,i ilnvestmnrts via thee 
IranslIcr price whenii tiley are rLt peri iitted to clharge what 
they consider reasotnable royalties, service Ices, trademark 

l'ees, and the like. Itis the interrelatimship of all these fac
tors-alfectig bothIocalI subsidiary and pare nt company
 
profits-that makes transler pricing such a comiplex area.
 
The only reasonable way to approach this prolIenl is through
 
openness and honesty oil both sides: thronugh reco.e iiition
 
that constructive ecoinomic activity is entitled to prolit for
 
its efforts, bit that, at lie satile time, considerations of 
simple hrurniahlity and relative ability to pay must temper 
specilic expectations of'return. 

Ii. 71uhe econunic roh of ivolmen. 1o ithost cou lntries and
 
MNCs nlust address attentively, corstrurCtivCly, and ilnie
diate tlie CorOltic rol e LilfWLM el1 agt'iCul ri]artirclarly ill 
tire. Womeri (0I 78 Percelit Lf the Iarinwork ildeveIlping 
contries, inc lIding IOL<hct6ion, processing, ill!market
irg. Tliough results a i lnCeds va rv hI0ln trrgion to regioL
and fron culture to ulture, soel elenents of the elfects oI 
tecIinrology tr:IisllsfC oil WOLe alre constant. 'Fcclill)tlogy-
anrid especially the oLpe ration of large Iiachincry--is tradi
lionally' sCCn Ns Work fOr unii.Illagriculture, this leaves 
WOlileri both with igreater workload ill manual tasks (soune
of which they will pass oi to children) and also witli a loss 
ol prestige or pride o place in the conlmunity. 

At the samiet1liti, vomen tlrOuglitit the deviLopilg 
world are interested iii <hmlestic tecl ligy and illcrop pro
ccssilg and storage technoltgy tha! will lighten their work
load. I lost co~untries andiMNCs need to in1cluIle womeni in 
the planing stiages oLfdevehplent strategy, particularly ill 
the agricultural sector, thereby enhancing l'aimily solidtritv 
anid tlfeJririg greater possibilities for the long-te:,i Success 
ol the faniilvlarnil. 

NINCs must remieimber tIiat dealing with farnilcr-rLiduce rs 
invltIves WLolen asiiwe asIt iev and, illone way or anllttier. 
tile enire farm laitily. 

An Etvolutionary Process 

A descriptioLn Ot the evtlitilL oL"host governlent thinking 
vis-ai-vis agribusiness., \ith clear policy implications, is 
offered b1y lsclil"private .ecto "exeeutie ill'lailand who 
earlier served in tlie public sector at tihe cabinet level. 
Ie said: 

'IIwaigoverini vWalt 

welfare policy vis-il-vis tile tarier. Ittreated the 'arrrer as a
 

tile fietilpu rsLedl was essentially a 

backward lhifit. po and ireducatd, and provided him wilhhaidots iintie form of frec seCI. subsidized ferlili.,'rand sup
prices. lit it oLfIered 


and services ior the motivationIo make him sell'-supptrting.
 
Ili addition, tile goveruriillt's attitutde toward Ile private see

lt,- thai the private sector wotld exploit tile
 

iport liiher tie full package of klw-how 

in agricului,: was 

Larmer and was theretore not to be trusted. This airilude is be
ginning to) chanlge as tile gLovernillieit realizes that it cannot
 
CIeilICIeinaiIiigfut riral devclopment ahne . At lhis slage, the 
-veriiiimeni is rhinking iil terms o,coo)peration 1trom tlie private
sCctor ill rural develoiment, and lins long-tericLiraging private I chtor acti.ity in aeri busi ness,inlicitions ofclwitIi the go-
Crirnilt graduilly putting out. 

the g 

and the privale sector o'wlr:t rural develolpment is aid ilmearis.
 
The goverment is still inclined to lhink of rural to'veLoipmet Is
 
helping poor lariers in stibsistcICe arcas. while tre private sec-


A colicerli lal difference irmains bet ,,erun verrillicilt 



tor thinks ot rural developnnt as creating and supporting moti-
rted 'arners to cultivate products that meet market criteria. 

Conceptually, what is needed oni tie government side is tie 
recognitiotn that atny coumlry, in order to industrialize Sue-
cesslutlly. muti tiave sronmst mvea as€ Sond eve~p-cessull,astrong agicuturfl]tellt is not riciIfArf base. Soundrdevelop-ipossible by leapfrogging the agricultural ctmpiJo
neni. A sound aericulturat base raises Iariter income whici, I 
turn, increases deiiaitd tor Lolluitler indistries;d thiaitlaturn, creates tthe ieed alnd Itoarke r heav indt strv. All11iuidus-
trialized countries and all successful developing countries,
have ftllowed tiiiis pattern. 

Inthis process, goverllil s IIistlist r l.eiier Ihat th,.e private
sector ctlolpanty is lot Idevelopment agency. but it is an aenlt---
a very dVIInmic aceit--i tie OLvcltpieit p incess. 

TilE DONO)UCOUINTRY 

I)onor cIititriCs-- it they are prCLred to fto 'tll t ate tile 
appropriate hlg-te rtit plicic es, cOiltit the indicated linait-
cial resotit-ces, aid 'tollow thlrough with tite required itple-
nlettatiitl ;it both the diphitlatiC arid tile adniisttrativc Icv-

els--cai play a iiajor, positive role. They catt exercise alt
important inilhlencc in guiditig host cott.tries towmrd for-
11latin appropriate policies arid ittileientitgIouttdIl 

practices, ther ey kI iodatiotitig iteft fur sLIstaintable eco-ituilnic aMd sicial dteveloptent. 
so lI )r c tical 

cciti ,es to private 'ctor risk-tlakers, doitIestic anId fioreign.
whit are preparCd to pLIt ttil te littC their expeArtise, tecnIiol-
Og\, idI shiarehiolitCrs' ittey, t0 lauticliagr'ictltunral 'ell-
tures that cartniake t llealliatgftil comrihiition to the goal of 
itneati i rtgful devehopriet, . 

At Itle p/ii'yr level, (1donor iOitrie. Iitlist iMpress tite 
govett rlt'Itts tt [hoSt coLinitries with tite irtiperative of making 
a clear comtlitletnt to tie imphcrtance 

They cart al Flisi suIPpor anitd concrete ill-

of rite agricultural
stcttir, its growth arid expansion. This commitmenlt itst 
include specific undertakings to sel product pr;ce levels 
that will stimtlate tile acceptance of new and, in many 
cases, untrid technOlog,,, and cultt1atiiol itietiuits by st1all 
growers. 

As a Political iSSLIe (clearly not ar easy one to Ctrtloll),
this miieals thrt host govCrnne ltu st he persuaded to ior-Iii 

iiLII atC atd StPPOirtit adet1 atC agr iltuirFa)l policy ratiter
Zi 

thnlii a cheap tfood policy. Titer-c 
 is ni do1tbt that lhis Will 

retLire wistoil, insight. atnd iotlitiCail colturage brunt host 

cOLrtlry leaders, who vili need the staunchest possible sup-

Port frotlo dollor nalions. 

Ttis support IiLIst he expressed and delivered not otnly ill 
dtor country capitals but, ott il artictliit and consistent 
hasis, it tie iost couilries. I)otor country diplotmatic 
posts. Startintg at the ambassadurial level, need to understanId titat providing this stnpport is a high-priority itertn oi 
their overallLiltatic tmtanidate. 

At tfe iple ato n lvdl, ambassadors a d iedirec-

lotoke ctm;._ ct il i v el ith th e irect o 

Ihost country ill wiCh tile,, ser-ve. beginning witht tie chief
oi s eLevrrn intitutig at Iapp topr-it e triuists aS wel ' 'S 

i ei relev tIt g oive r-nmtent ist tilt io s . T he thrtuist ti INS 
efftrt siioulid itot Ie ti exercise pIcSSIII'C ill rite liSi sense,
hot (I Conlvey itiltnlistakably the SipplNt of the d ,ntr gov-
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ernm ent for art active agricultural policy directed at the 
smal It arner and implemennted by the private sector.

I-or tle Uni'ed States specifically, it would be important 
to stretthe ie sta It (lte Agency tor Intrnaional Dvelopment (AID) director iln tile host country 1)y assigning,i 

at tt.e ighest possible level, a representative of tie Bureau 
ftoi Private I n terprise, with Coitmpetence for atnd insight intoprivate sector approaches and operations. 

TO host countries prepared to tollow tie policies de
scribed above, donor countries should otTer tile IttaXiLIuM 
assistance feasible ill con stlrtLcting tile in'raStruCtire networks, both physical and social, that will provide opt inltll
conditions tor agrictIlttrial growth through tite instrollerit of 
s all Iarnter-producers acting ilta private sector conttext. 

To the piiale sector-local or multinational-donor 
counties can provMde a nutmtitber of practical services that 
wvill lielp redice the considerable and inevitable risk inher 
ent in all agricultural enterprises: ri,.ks exacerbated in de
veloping cmitttries. 

Specitically, dotor countries cait ( j ) linarce or partici
pate ill tile fiitatnittg of fCasilility studies: (2) provide ap
propriate insurance or reinsurance; (3) sLipply tiltacinti fot 
small taritet--producers it ilie form of supervised credit.This tinancing can be channeled tirougi. :xisting host gov
e rinent inaCiial institutitms where thiese are competent 
and capable of reaching tie smtall ttrtner. Where this is not 
tile case, superviseid credit catt be cltaInteled throigh tile 
private sector Cottipanty, local Oir multintltoinal, that works 
directly With snialt I'arti er-prtdUcCIs aid whose owtt inter
est it tile fItrers' ecototic pe rtoitatce dovetails withthat o1 ttie institution or orgarizatiot thlt supplies the titian
citig; (4) ofter the services of development experts wiih a 
sound grasp of ecotntomnic realities and htatLts-0ii experience
itt working with institru*ionts, contittiunrtilies, at1d fanities itt 
developing countries. Suich experts couldi help companies
especially, of course, l'oreign cotnipanites-o address some 
of the sensitive cultural, social, and sociopolitical issues 
that inevitably arise when traditional practices and rethods 
are altered to achieve ittaxiit tnlutproductiott. These develop
teit experts could, where indicated. help build Iitrmer or
ganizati its 
 at woold I'cilitate cotttpa ly negotiations and,

where advisable, work 
 with intermediate ittstituOtions to 
achieve a harmonious integration of the goals of ithe private 
sector conmpany, the small Ilriner-producer, and tite host 
coittntry.

These experts could be firnished by donor countries ei
ther to the coatpaty or to the host COittry ott a reimbursable
 
basis.
 

ON-SITEI SJG(;ESTIONS 
Case histories in this study yielded policy reconittenida

tions froti on-site sources that concretize te general recom

nlendations outlined and provide stime specific additions. 
From ''hailand 

In the past, US policy has channeled Al) funids only togovern-
Iterlts tind to tie military. The new eimphasis oil the private sec
tir, and direct bilateral coiltact between te private sector of tie 
US aId Thiilaud, with governient entcouragement and sup
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port, is likely to bring a positive dynanic to the entire ;aid pro-
cess. The allocation of USAII) resources to bringing together 
the private sector of the donor cointry with the appropriate 
partner in tilerecipient country Will ndoubLtedly have more ini
mediate and direct results than -halneling fundiiLs,overnmentto 
organizations and institutions, where demonstrable develop-
menrt results i1iay or may not be achieved. 

Frotm the Sudi 
Three positive action -poilits seem plausile: 

(I). To filid, or create. mchanisms that will channel funds 
as CXCditiously a id ilieXpen si ely as )OSSibIC to "bush plhit-
ers" for tileprOduCtioni of' cashlcro)s 1t stliltlinlit their Iod 
crops and raise their living standard. 

(2). To devise wayN in wlichi a lortioni of coulltcrpirt funds 
(which will airiount 1t th. e:Lliivadlt of ",too million in itj,,I) 
caln be clhannic!kd to the privatle sector. 

(3). Using whatever policy-making levvrage the U.S. gov
crimeit has to persuade tie govclllel:it "llanSud, that Cel1lor-
aging private investmlenit ill be c flCt i\'Caorinhosiniess \would ill) 
uietliod to miake Use of Smdan\', comiiparativc :advaMlagc of arabic 
hinld to raise the living standards of' its people. and to corit ibulte 
tuain kil y to the pi),enSetly hIalaice ofadusting lops ideil 
pay"..lts. 


iroin Turkey
[t.lthediso 

Ii donor cuuntry' cati e.rcisc its persuasive pil ers tO 

sate sector do M,hat it does elliciently and effectiely while coli-
centrating piblic sector attention onl itilastrt.cture UtndeitakiiigsS" 


0 social. thit arceMotliic i d bevtid t Private sector's colpe-

Dconor countries shud prosie scholarships for jiilior :iiid 
Miiddle naiagel.cimi only in the public sector, but illthe.,not 

private sectlor as well. 

Sone USAID funds could be allocated specilically for tile 
importation of high-yield cattle and of frozen semen from 
the U.S. 

From tie Philippines
 
)onor colntry funds shoulId be channeled, at least iinpart.
 

through the privale sector intileagribusiness area. Such luids
 

CooI I be earmarked, for example, for appropriate research and 
developiient as well as arange of other f rivate sector activities 
in agribusiniess designed to make small farniers optimally pro
ductive and increase their earning capabilities and purchasing 
capacity. Aniexample of how such donor country fuLInds could 
be used illinnovati'e ways is the creation of a pilot project ill 
which the private sector would support a group of farmers orga
nized as a cooperalive or association by guaranteeing linlincing, 
providing technology, and monitoring the f'Zrincrs' activities for 
a prom ! and loss orientation. 

For the United States specifically. a linal policy 1recol
rintdaitio manifesis aI additional dihension relating to the 
vhlal role of the Unitcd States sileader of the Iree world. 
Thamt dimn i linined ilia receit editorial of" Finmaio was 
(jet,: The Jornl,,md o/ Pri aw Sec or PoIl w: 

At ittime whenite \world has grown bitter and skeptical about 
I.,S. leadership, agriculture could be tie way for this coontry to 

reclaim the moral high ground it occupied iot so many years
igo, when it devoted its vast uiniarned industrial pmer to re
hwuilding the world after World War II. lii those helping. con

years, the .S. e.\eplified leadership. inl iiioral iideitas well 
ii tilway-isit material wavy. 

It has the stuffl do it again-to-l a great and growhito ,.et 

tiaterial need. to feed tilestarving, tokindle hope, to regain 
cotiidetice 
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ihose of irs who have been involved in attempting to assist
food deficit nations to increase food production are espe-
cially aware of the constraints imposed oil crop yields and 
produlction by moisture shortages during certain critical 
phases of plant development. The constraints of water )n
pttential fofod production are greatest in semiarid aMiid tropi-
cal regions where temperaturcse arc I'avorablc for crop devel-
opellrlil r1irolliln the year. 

Only within the last tVo dlccadcs has much attentiotn been 
given to breeding neo\ crop varieties specifically for greater
droulit tolerance. I Iowevcr. it is iiy be :cf that for Iilliny
lcadCs ilCucl of the bCclit derived f''o1 i+ll'oo1 lilic 1e-
scaich arid its application, which has collectively resulted in
higher grain yields (e.g. fallow, stubble Iiulch1. Iillitniur 
tiltc, weed cotrol, aid corrction of soll infertility, corn-
biried with Use of irlrrovCd crop varieties), is primarily the 
result of better ltili/ation of, soil imoisturc. 

Ufri tt1m atclyN'. it is0111V il 61r1e of widesp-read fa in e re-
suting frorri crop failurcs Irieucred .. drought, siuch asexist iilmany African counttriCs at present, tdat the world's 
attention is focused oil tile vital importance of water for the 
well-being of mankind. Nloreover. it isonly inittie of crisis 
that rrOSt o! Us rClect On the illo'rtaucc Of all of, the inter-
acting factors that affect crop production and the availability
of, fool 

It is at such tirries that urbal people ill the afflhuert lcvcl-

oped nations, who krow very little abo t 
 Ilie agri culture of

their own country, ask tlitCSioris about why agriculturc re-

mains so priimiitive arid t r idu1iuct il tile developing na-

tiors despite rimore than threc 
 decaCes 01ffOrecir technical 
assistance prograiis dCsiriCd to coTrrct its dicicincies. 

The neglect oifthe agricultural sector in developrmclt pro-
grars in virttall\ all developing nations, woselled by
chreap fId i OliciCs that favor the tlrban coistrllrnel iinority.
has coritrbibtted to pCrlCtuatilg a stagriant. low yielding tira-
ditiorlal agricultrrl pfroduction systrri . I"'."poding poplrta-
tin gr inwth air d rcsiltanit fIood (Icll.i hirave (Oliltpaced tlie 
ability of" tradilional agrictiltul-c to i pr dr ce tile reqired
I'ool. NL(iorCOVCr, it iadClIrate cc iOnriic sipport for agricil-
tirral Cdu,cation. resCarch. ardI extension prograris ill dlc\C-
oping nalions has iradc it iipossible to lcvelopy iriiprovidi
IrMir-lctiori teclirrlogiCs capable)of' coping with the in-
elrcased deirllld for food. HinrllV. the iil adeliClatC v linancCl 
y'oirig esCarCh prigrirs are fut er handi-arid csllrsiloul 
Caped ii) virtually eve1Nry lcxchI0 inrg igci itrt'H bv a bhnCd 
burcatcracv Ihat Iurther limts their efficiency. 

SOME FACTORS THAT INFL UENCE THIE
 
EFFECTIVENESS OF FOREIGN TECHNICAl
 

ASSISTANCE PROGRAMS
 
I have spent the past four decades attempting to assist 

farmers. scientists, and political leaders of many food
(Icicit countries of Latin Amcrica, Asia, and Africa in 
increasing their food production. It has bcen both a frustrat
ing, and gratifying experience. In some cases the results 
have been spectacular, while i, others they have been only
modest.
 

I would like to share with you 
 some of my experiences
relating to foreign aegricultural technical assistance pro
grams. At the outsct let me Criphasizc that there is no first
fix technological solution that can assure the rapid transl'or-
Ilation of a stagnant, traditional, low yielding agrarian
agricultural ;ystenr into one that is highly productive an)id
noderrin.Essent ial ingrdicnitS for sUCh a trals fo m at iOi 

are: I ) tlie deveIlpmcnt of a corps of well-trained andhighly motivated scientists, (2) a well-executed multi
discipline research program to develop a reliable and appro
priate package of inipioved technology capable of increas
ing yields by 50 to (0 percenit wleii properly applied,
(3) widesprcad demrrionstratioln ol faris of the potential
benefits of tile new tcchnology. arid (4) lile "niarriage'" of 
the new technology to economic policies that will stimulate 
its videspread adopttion by farmers. 

This is a slow process, especially vhec an attempt is 
made to transformi a traditional agriculture systeli iin a 
country' where there are few trained scientists. Experience
ill a riuriiber of developing coUntrics indicates it takes 2(0 to 
25 years to identify, tra iii arid provide adeqtratc research cx
periece for a sulflicie!itly large niumber (if young scientists 
arid technicians so that a national research inslitute cal be 
orariied andstaffed effectively with the capability of 
carrying oilt an effective research, extension, and lproduc
tion prograi. Whilc tile team is being trained . forei gn tech
nical assistance personnel can be ver'y useful, if"propcrly
educated and trained. il helping niational prograllis to or
gariizC arid execute research, cxtcnsion, alid IrlOdtuCtiol 

l prograrls. 
Exp1crience has shown that no matter how excellent and

spectacUlar the leSCalch is iii each scicntific disciplinle, its 
application in isolation will have little or i) positive effect 
on Ce( ) lprodttitor . Con seth ienitUl y', I Iave be I''ctl to ibe
conie an integrator across scientilic disciplines ill order to 
levelop a reliable pkCl.,tgc of ridirCtion tccliniohogics cal

pable of' dramatically incireasing yields when it is lilpilcrly 
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applied. Moreover, new ipoduction technologies nlitst he 
tested on hundreds ofl'arins over a range ol soil and cliniatic 
conditions iii order to establish both their potential to in-
crease yield and, in tile process, establish tie level of' risk 
likely to he encountered in the use of' new technologies
under fami conditions. Fillly. I hwave I'OLId thai once a 
package ofI improved producti n tec liogics has beeni de-
veloped, verified fr reliahility and widelv demonstrated, it 
nust be "married" to a governimental economic policy that 
will enicourage and permit its adoption by the majority of 
small Itartn ers to increase l'Ootd pri d uCtion. 

I would like to counIcint briefly about Whly I helieve sO 
iiany of' tlie world's foreign icult il teehnical assistance 

prograns are ineleclive. 
In tile first place, the turnover amiong scientilic personnel

is too frequent. It takes from six to eight years for an ex-
patriate scientist to becomc thoroughly f'aniliar with the 
order of importance of v'ariouis constraints that limit yield
arid prtoduction ill a host couttrv alld to devehip the research 
in form atio, improved varieties and agriionic practices
capable ofl 'e(rconlilg these ohstlacls. Moreover. scientists 
must develop, evaluate, and establish the reliability o, the 
techinoogical pkage of Iiproved )'ctices on iMiany f'arlnis 
and, \\bile doing this, gain the colziidence of' the scientists 
of tile [ost coIilit r' and 0' its farmrers, plicy iiakers. aid 
political leaders. All this is required to convince leaders of'
the need for a soUnd. stiillaltOrV CconOiriic agricultural
policy that will enlcoLrage widespread. timiely adoption of 
new technology by farmeIic rs ad. in tile pro cess. ilncrease
food production. I.nfortunatelv, expatriate scientists in 
most foiireigni assistance progr,,is remain only two to three 
years ait a given pist hefiore hcing shifted back to theiri hone 
counltry or to anithlier developing contry. With this handi-
cap it is not Surprising that they are relatively ineffective. 


Anoither f'actor that redLices 
 the Cflectiveliess of tech-
nolgical assistance programs is that most expatriate scien-
tists want to conlinc their research to their (mvn discipline. It 
is niore conil'Ortahle to sland anlid work in tile shadow if the 
tree Of your owii speciality withOWii cknw ledging that the 

f'orest is made up of iMiiiy trees of lilf'erent sizes and LsLit-

ally f several species. iWhat
is also needed to manzage tlie 

f'orest properly are a few vcntu resomc scientists who are 

both comforlable and willing to integrate across the shad-

ows (disciplines) cast hy 
 all the tres in the foirest and 
thereby assei hIc a,package of' iinprovcd prioductiion prac-
tices capable if' increasing and sustainiig tIle prtLductiO of' 
the "f'orest" as a whole. Fidially, uiaziy l'oieigri assistance 
prograis are organized so that the expatriate scicitist oper-
ales strictly as a c'isihant. which liiits his effectiveness, 
in contrast to where tle expatriate scientist actively part ici-
pates as a "'hands-oii" collabho'atior. 

THIE ( tRINT AFRI(,AN FO)O)D) PR M 

Let us now examie the cause of' the present food crisis in 
African countries and possihle nicas of intigating the illis-
cry it has hrought. Iii recent niontIis tlie interiational news 
ruedia have focused the world's attentiin oi the huian trag-
edy that is Videspread in may Lf' the drought-stricken
countries of' Africa, especially I lthiopia and tile StLda . To 

Most citizens oif the iffluent nations whio have never 
sonally experienced hunger, the tragic 

per
scenes of starving

people and their dying animals staggering aimlessly across 
desolate, drought-stricken landsca pes in search of ftood and 
wvater are deplorable and incomprehensible. 

When one speaks of tlie world food shortage, however, 
one iiust recognize that in reality, there are three inter
twined aspects of this problem. The first is the need to 
prod uce sulf'tiiiett l'Ood to iieet the neceds of tibe present
World pipulationi of 4.8 billion, while at the same time as
suring the potential for expanding production to provide the 
additional food required for the 84 million people being
added to tlie population a nnuaI ly. The second predicament
is in trying to assure equity of distribution of food: this is 
complicated by p,werty resulting frioii lack of purchasing
Fpower at two different levels in Iood delicit nations. At tile 
governnertal level, a shortage of foreign exchange often 
limits tile amount of food import,; that can be made by a 
food-delicit nation, even when there are ample stocks avail
able il exprtinig nations. Eveni after adequate f'tOod has 
been imported intoi'ood-deficit countries there remains tile 
prohleni of equity of distriibution at the cozisuzuer level. 
Miany Iow-incoe families lack purchasing power because 
of uIenilploylienit or undcreniployment and are unable to 
buy ade.LIate food. The paradox of' the current world food 
situation is that while f'amine is wvidesprcad in Africa, huge
siirplscs ill the United States and Canada have depressed
agricuiltural prices and are driving many fiarmers into 
hauikruptcy. 

The third factor that lnust be considered in irder to assure 
a stable world Iioid SLpply is tile year-to-year variation 
in production resLilting fio Lii favorable weatlier (e.g.,
droughts, Untimely frosts , and losses caused by disease and 
insect pests. Consequently, an adequate world reserve oI 
grain must be carried in stick as insurance against a pool*
harvest. If'this reserve increases too ziiuch, as is currently
the case. it depresses grain prices to a level which is atdis
incentive to prodic tin 'he middle course liList be steered
 
to meet tile needs of' oth consumers and producers.


The seriousness of the culrrenit fIamine in Africa niandates
 
that a two-pronged approach he used to at iz a stable siL
tion ti tle problem. I tile short teriii, eiiergency I'oiid aid
 
ziiust be provided to alleviate the suffering of those left des
titLute by drought. In the longer term, means mtlSt be 'ouind 
to increase tlie productivity of' Af'rican agriculture.

Many pIblic arid private orgazizat io S Ihavc recently
given generously to provide eiiergency f'Ood for the IiL igry
arid suffering in Africa, especially in lthiopia and the Sudai. 
It is essential that this aid be coitiiied until the droLight is 
broken. Uni'Ortuately, the eff'ects of' food shortages, uiziderz'
iuitritioi arid Iiiaiiiltrition are not restricted to these two 
conltrie s, hut are widespread ill Moie thai 20 countries.Regrettably. nost donors, hoth private aid governniental. 
believe that once the drought is broken agricullural produc
tion will prmptly recover and aga in provide alr abunrid aince 
if' food. This %Vill not Ihappen. Over tile past i5 years tile 

rate of' increase in lod prodLuction has been falling lxhild 
tie rate of' increasing dcmand for f'ood, caused by e, plosive
piptlation growth. Many faili to understand tlie linilations 



on yield and production imposed by traditional agricultural
methods. Moreover, they do not comprehend that the present 
disasters, in a large part, are tile result of long-term neglect
by political leaders of the atgricultural sector in economic 
development programs. 

Since about 8o to 85 percent of the total population in 
most African cout rics are subsistence farmers, the only 
practical way to improve their income and standard of livi lg
is to improve production ;11rid sIle of*' agrictiltural products.
Moreover, increased food prodtction will Iaso reduce the 
threat of' recurring faminc. 

A striking similarity can be seen between the food deficit, 
famine, drouglit and stagmant agrictltuial production condi-
tions now present in At'ric a, and those which existed in In-
dia. Pakistan, aid the People's Repu blic of Chita frori 19) 
to 1966. 

During the food crisis of' Irdia aiid Fakistai fioi 1962 to 
1966, high yielding. sCmi-dwarf, rust-resistant wheat vari-
etics, together with I package of improved zigr'onoinic pro-
duction practices. were iitroduced I'r(ni Mexico. The pack-
ige of' improved ritaiiagecinit Ir)idtluCtiOI practices was 
tS ted on hundreds O fa ii's in India and Pa kistan over a pe-
riOl of' three .Cais w ith 1l (dilications iiade ;is needed to fit 
local soil and climatic coLitions. The revised package oI 
improved practices \x'a's then married to an ecolimiic policy
Iilat provided Icrtilizer, seed 01' the in PlrOVCd :,cii-dli'rf 'a-

rieties, ail credit to purchase them. Also, al arliLtIice-
ilnit was nmiade by tile g ,v'erunillmnt before plating that 
tile Ifa riier would receive a price for his whenat at harvcst 
Celuivalcnt to the intcr'nationhl market price. With these pro-
v'isions inplace, tnational whiet proLductioli campaign wx'is 
laInchCd iii both countries, ,ascd on the iliportatiot L1I 

otoo tons ol seed 'roi N exico iii 1965 and iL)66 (arid 
two years lathr' ill rice) that increased wx'heat production 
Spec'taCularly. The dramatic jLIump inproduction by 1968,I
(tubbed the 11Green Revluation." had its cnesis ill the first 
I'orciign agricultural technical assislance program. known as 
the Cooperative Mexican Governimenit-Rockefeller Foarm-
dation Agricultural Program, wxhich wias lauiched in 1943. 

Wiat is needed iow to alleviate food shortages is a 
"Grcen Rcvolution" in sorgliu and liaize prodLIiction ill 
AfIrican countries Where these cereals are important basic 
fooLls. The tire is right. ConsiderCIble potentially valuable 
scientific data nla number ofIa iniproved crop varieties are

owx' availablc to "el such I -evolItiori. During the past
fil'teen years the international centers fIor agriculttural re-
search- -the International Maize and Wheat Ihprtvement 
Center (CNIMYT), ill Mexico. and tile Intermnati al Crops
Research Institute Ior the Semi-Arid Tropics (ICRISAT). in 
Intlia--havc declopcd improved varieties of maize and 
sorgliti. respectively, as well ias considerable inforiation 
on improved agronic prodrctioi teeli ology. These ma-
terials and data hax'e the potential For greatly increasing 
yieldi d prodtliOill sexeitl Af'riCali CoLintries. I Lwx'evcr, 
xxe Must rereiiiberinthat it Wx'ill take many years to transf'orm 
the traditional low yielding Africiai ag rictiLIral production 
systems into higher y'ieldng systems throughotrt the large
and diverse A frican continent. The transf'ormation MLst 
happeni as soon as ipssiblc, beginning first iii those COLiii-
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tries where data and varieties developed by CIMMYT and 
ICRISAT, in collaboration with national African programs, 
best lit. 

I wouldlibe remiss if I tailed to emphasize that most Af
rican countries are handicapped by a shortage ol' trained ag
ricultural scientists. Consequently, training of large num
bers of scientists must be an integral part of the program 
effort. 

Today there are some political leaders, and also a fe 
naive scientists, that are advocating that developing nations 
of Africa aid Asia sIleuId use an approach to riraIl develop
ment and industrialization simil-ir to that which was used by
the United States to slowly trans form its economy from 
a traditional agricultural society to aniiindustrial society 
i6underpinned by a highly productive agricultural sector. To 
mc this is absurd: th Situations are entirely different. The 
developing nations of Asia ard Africa arec Currently denscly
populated, employing primitivt', Unproductive agriculttral
methods, while when the United States was going through
its slow transfornmation from a traditional agrarian society 
to an industrial society, it was not burdened by heavy popui
lation pressure. In fact, it was blessed withIa vast frontier of 
largely uninhabited fertilc land which provided I6o years 
to make tile transition. The Alfrican and Asian nations must 
make this trans formation in i fe decades. 

One of' tile iiiost pertinent qLiest iols of our time is how 
tie food-delicit nations of tile developing world, especially
those generally burdened by the double curse of ovcrpoptia
tion and a fragriiented, stagriant, traditional, agricultural
produCtioii systcii cart iltnustrialize fast enouUgh to move 
some oi the populIaItion frori the land into better opportuiii
ties ii industry aid coimecex,while at the sami time ill
crcasing Iood production , and slowing population growth to 
rianagcable levels. lInillny iris tarices With agricultural de
veloprnent in the United States there was a gestation period
of more than 8o years f'roi time time research was initiated 
until the technology was applicd i a Iar'ge commercial area 
to impact production. It is obvious that shortcuts Must be 
found if'the agricultural production oif the developing world 
(where yields are currently x'ery low) is to be dramatically
 
increased inrtie next two decades to ofLTet rapid population
 
growth and avert disaster.
 

FO AEIGNrECHMNICAL AGRICUL'rURAI 
ASSISTANCE PROGRAMS 

For the past 41 years I have been privileged to participate

in technical assistance programs designed to help increase
 
fl'o':d production in more than 30 developing nations. As a
 
result of' this experience I have seen some draiatic changes
in yield and production of a Iex crops, especially wheat, in 
a iLiniber of' countries. I take this opportunity to sketch hiow 
some of these changes were achieved and what factors Iad 
to be iianiipulated in Order to increase yield aind production.

The success Story of the Cooperative Mexican AgricLI
rural Program is now well knewn. This program wits under
taken jointly by the Mexican Ministry of Agriculture and 
the Rockef'cller Foundation ill 1943 and represented tie first 
attempt by either a philanthropic organization or f'oreign 
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government to asSist a dCVClfpIlg nati On in iInfprVing its
 
agricultur d. 4.00 .
 

The orritinl directives, in cstalishin , the Cooperative
 
iexic;an lrogranm were to: (I) develop a1research progranl 3.50

toiproduce technology capable of incrca sil the viehI and
 
prodtuction of' hasic fottid Clops Such Ias Corn, wheat . and 

ILearns (litef tlhCI c''S \l'Co'p ildLd), (2) paI 3.00 c dwc'Chl ide st 

network of' agricultural c !c'rilutnt stations oil which to
 
cOnductt the I'cesearch. altlhotnh it the OUtILt it was IIeed 2.50
 
that nulch ofIthe research slhtould he don1e oil fairlners' fields
 
(3) to tlfain aicotrs ol vtng Mexlitcanu airicullIral scientists
 
ill all ofl tile disciplines that1 influence Crop production: "C- E t.00
 

ticiCS ind plint hrcedin.lSoil fertility 11nd a ronony. rrr
gatioill, weed Control., plant paitiltiy and entoirotlolty (il- 5
 
;ic iltural ecoitiii's and cereal tc.tinolocv wcre added
 
latcr), (4) to ftorlliulict package of' imilprtved agro itnltlic
 
p0lit tiol pl'iI:;icCS, hIasld pon lt rieerChC'Vt iCtlts, 1i1d 1.00 

to i rIrcr CiSe lIi'tid c l i rtr IaS 
t r ai s ,' l r t IrIIt t l a r ut er s' f i e lds 


SOol ias pissiblc. arid (5) to -work ourselves out of the tlob"
 
as soon its possiblec'titiltliltltiit~ri~nby transferringIl il"ihy the responsibilitics folr 0.5- bb-59 60-64 65-69 70-74 75-79 160-8t4tll7 ~l'xc'in+ icni.+t,+;i,+1945-49 50-54 

sooll as suflicicrnt nimrirbers had bee'n tr;:inled arnd acliired Fit. 1. Mexicr- ,thtreat Vichs h01ti r915 to It1984 (Iicvted over
 
sufliciCnt CpriCnceito Cffectively carr ut t le prog a in. fivc-year priod).
 

Mily hal.lcm,'s were neit ilrd over+orric ill Ile initeverll
illz e.Vf, btut tre LtliIatC sutccCss o' tlre 1prlot-liil is urIlues
tiorled. Ill I1945 Mexicin Whet yiclds wr ani -\
low Mid sta-'-.-

rir ita 75 0rkiltorar s pcr hlectare . I dtrct ion w Is lnrerl' V D AYS K -,I.2

365.000 ri trki. tonS, only 40 pcrce'nt oI collrsIiptior. 13,, GETTING t CIANO \ -- "9°
 
the ca"l'v I905 tie impact of, reseacl alid its application oil 3 9 M
 
yield ailld prOIlctioll Wa., bcCtirillt cVidenlt. This ICStllted SHORTER'
 
frrli the dCCllnrcnt tif" aipackage of' improved rcl ogily "". 000 KM I
' 

(iiproved Ililh vicldilrg. Cal'v ntriaui'irItl. bradly adaptd. . ---- ..-......
 
r'lrSt-res.,iait Varier ics gr'owr elliplt'il irnilrlVd lr- -19
 
noriic pra(tticLS) ;iIdtl its rapid :irrd widespread transfer to *DAYS "-< 264 0 M
 
fillre'sl fields irideL' tire ilICeIIive f' stiiltor0'' Crinic GETTING
gt Vc r'IrlrIICII( [)ulier'. ('t11iillIIlCLI w ith tIre t945 bisc period by GI
 

Ir56 yields had increaed 8. peri'vet, , I level of' 1,370 LONGER-
kilogrami s per lhic , e harr il Vr s'e t dIr'titlI 11ihd risCi fri.... 
3,(00t)o tI1 I.25 nirillitl It0rs ai'd Lxico had icllieVed self'- INITIAL PERIOD AFTER SOWING 
Srfliicinrrc i w tirrtri'ln!tOr. Bot wIhai Viclds aid pIro
dct ioll rave corntiired to increase drrai atically hi Mlexico . i. 2. l -0C'i ll,, Cle iit ti nl;ll itud eswhere M xicaii whats 
The I 84 lirillii avIc, yield rCiCLd 4,30t kilogr'ams wcre grtowrn I''tr rtie "'shuttle bceding- progrimrr. 
Pfr hctill-ce aid PrOtuctitll illcl'c cl to 4.5 rrilliorn ttors. At 
tIre present tire the better larners harvest 6.5 to 7.0 tol 
per tec tare ill l'avt'rahc yearls cutlpared tt02 t20is in I1945- The unique hroal adaptation of' tie new Mcxical varri-
The ih'iir(ivelIert in yield 'luut 1945 t0 r1984 is Shown in etics resulted from tie thCl-urrnortliodox "shuttlc breCdinI"g
lie. i. irctiod thit wa irised in telCil de'eloprlIett (Fig. 2). 'fre 

The irmrportanit point tto be emplhasized flili tllhis cxpCri- shuttle breeding technique involved growing and selecting
Cie is thai tihe draiatic yield aind prourection itnicreases t\wo SCegreCrtelCd ptrl)L tilitiris cacti vealf tlridtwC" o eIrr iViitli
w'ere tie iresrltll tre devCliriritlard widesprea rise nf ill inits that differeh+i latilud., Soiil, disd widely in clilriat. 11ari 
appripric Ii nclcthnlhv pack iac'. The packa c riti il pit)- Cases. ()nly thle biest iidividual plants were slcteicd in each 
vidCd carly inaturring illi-vi-l'dirrg. broadly adapted vaii- ericralitil fitrlil cacth scL'riatd populatini t caacth of tie 
cti s that were diwease aid fodgiri., resistant (dwarf), hi lt two lcIatins (Ciant inad T'Inil). Seed ilti tIe selecCcd 
thcy were alsti rii're cflicicnl ill tire rtili/,atiol tif btlh f'er- plants was shulcd for t.r-gr'ti\viili aind reselecttilnduring 
tilicr arid ritLitl aridigenelly renri'dlnd rhrturleifavor- the ncxt segregating genreraition it the alternate site. Only
ablv o tt.r hl1itlidIV. (GhVCH'lriril.rl corilollic policies tltse CgI'CgtCs (plaitS) With gottd yield potentiat, plunrp 
providCd incentiveC s which Icri0curaed rapid. nlisiieili erairi.l. bIrtid disCIC rsCistace arid gotitid adaptatinii tti brth 
adopt ion of' tic ccliitulho bybyl u'irers hrcatitiors \were continued inrihCIrefbrdi rig progra it ve ii
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tually become commercial varieties. The broad adaptation 
of the new varieties simplified the seed multiplication and 
distribiJon problem in Mexico, a mountainous country
where the crop is grown under a wide range of planting 
times, latitudes, elevations, and soil types. Many years later 
tile iinportance of' this unique breadth of' adaptation per-
mitted the Mexican varieties (after adeqit ate test iig) to be 
successful lV grown conmerciallv illmiany other spring 
wheat regiorts of Asia, Al'rica, Eirope. SOLith Anierict, 
North Anitrica. and Australia. 

Most important, [lhe Cooperative Mexican grOLait ie-
veloped aitL left illplace a well-trainedidreca of1national 
scientists to contiilue the task. 

13y tile tiate 1950s, it was evident that the food situatio ir 
Asia was becolmting mtiore and more critical. Anticipating a 
forthcottin crisis in tile i6os. Dr. J. G. Ilarrar, thei 
director (later president) of Agricultural Sciences of the 
Rockefellcr Foutndalioi. aid )r. F. F.Hill, vice-president of' 
the Ford Foundation, took the initiative to est:i lish. in col-
laboration with the lPhilippine goverinern, the first truly 
Ihternat ionaIl Ag ricultural Resea rch Itstit itute . iliCI, tie 
International Rice RCsCarch Institute (I.R.R.I.). IRRI be-

a!i to fit nction ill1902. 'oday tlere arc 13 international in-
stilutes in the s.'stelil, including (IMMYT. The Mexican 
wheila research i ograiln was us.d as a i l Ifor estabIIlis-
ing tlie international rice research prograi. 

AG ICULTRALPROGRAMI"OINI)AET I TS 
A(;RICUI+TIJRAI PRO(IRAN ()MII',]SITS 

MIISSION IN NIEX ) 

lv t)yio lec ockeleller on itl iOllhiad cotipIlctd its 
Mission ill Mexico with the IOllowirng results: (I)Mtore than 
700 scienists and technicians had been trained, (2) the. 
research programt'Its well orealli ed and functi oning 
snlioothly. (3u the technology that was being gener'ated by 
research was bein tiransferred to fartits, (4) Mexico was 
self -suflicient in cereal grain production, aid (5) a graduirate 
school had been established to provide advanced degree 
trainin ill agricultuiral sciences. The Rockefeller Foui-
dattio's scientists had indeed 'workcd thetiselves oul of 
theirjobs." 
To achieve Ihese oblectives the Rockefeller Founda-

tionl 6.I iltilliotl (S23 mnillioll in It)65 dollars0)had invested 
f'rot1n 1943 to i961 in ile Cooperative Mexican Govern-
itent -- R ,ockefle ler Ftunilalion Ag i'ictlul ll-tIPrOerin . With-
out doubt le elorritortis benefits derived were far greater 
than were anticipated when the programtt was initiated. Even 
tLre artiaziig were tileiiinse unariticipalted. indirect 

econotmic and social benelits that were derived during the 
I965 to I970 period is tlie Seels aid technology of' t0ie 
Mexican wheat revolution spread to India, Pakistan. TL'urkey, 
aid iany other countries. ' 

Th researc.'h p'ogranm and the teaii ofyounrg NIcxican se'i-
elitists traiied it tihe Cooperative Mexican Governnreni--
Rockfcl'flecr ouirdatiion po jcct were tlen transfer'red to 

Mexico's newly foi'tucd National Institute of' A"ric'uhiuiral 
Rescarch tINIA t. Most of' the Rockefeller Foundation staff' 
eitlie hald beei transf'crrcd to otlher prrtrainis or had rc-
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turned to their home country. Several, including myself, re
mained in Mexic, tenporarily to assist in tie transfer of 
responsibility and to serve as consuilts to the new organi
zation. Visits made to several South American countries in 
the late 1950's confirned that Mexican wheats also were 
perforning well under many conditions tII roughout Latin 
America. 

During r96o, under tile joint spotnsor 'tip of tileRocke 
f'eler Fouid ation and the Food and Agriculture Organiza
tion of the United Nations (FAO),I visited all tile
nations of
 
North Africt, the Near East, and the Middle F:ast to observe
 
wheat prodiction problems aid to try to determuine whether 
the Mexican wheat research experience anid genetic materi
aIs iniglt be of sorue vahIie for increasing production in 
these countries. 

It became apparent that in Manv coui'tries I visited, with
 
the possible exceptions of' India and Egypt. there was an ex
trerne shortage if trained scientists. Nloreover, tile
few sci
elitists that were available were generally ineffective be
cause of poor research orientatiott and inriadequate financial 
aid organizationial support. I rtlidia and Egypt, however, 
where there were a considerable nutber otlf well-traincd sci
eritists, m11ost were working oiltheoretical problertis only re
ritotely related to solving their countries' wheat production
 
problems. Nonetheless, amittost everywhere I visitted, arid
 
especially in India anid Pakistan, I thoughLt I saw opportLuni
-

ties to effectively' utilizc the Me"ican wheat varieties and
research experiences to iticrease i)rOdtlctiiri. At tie end 
o f tile trip, I recoienided tiat IAO and tile Rockefeller
 
Foundation jOiIitly spuisor a schIolarsllip prograi to train
 

younrg North Af'ricart aind Near anrd Middlc EaSic scr rtell
tists in Mexico inder illy' As pail of the prosuperv isiin. 
posal, I also suggested that we or'anize a Near and Middle 
Fast-Mexicanii Wheat Yield Nirsery to be grown iii all of 
the Near and Middle East aId North Afri can countries. as 
well as in Mexico. The nursery was to include the principal 
coinlrue reialIvarieties from each coiutr'y in the region, si5 

well as the best coriitercial Mexican varieties and the most 
prormtising Mexican experimnital lines. It was to be pre
pared in Mexico ats i training exercise under my Super
vision. The proposal was accepted arid the first group of* 
trainees cate to Mexico il tihe fall of 1960o. 

Little did I imlagine then that the establisliment ol' this 
("hands-on" or intern! ritnin! rpr tcc! would have t tr'
iuCldOlS i[iipalt Oi w heat prolduction in it ntunmber of Near 
and Middle East countries within the next seven years. 

The youtng trainees arrived itt Mexico intitite to be ill
fcCted by th, euphoria 0f tlhe high-yielding Mexican setii
dwarf wheats. which were then in the final stages oif Cvala
tion on fiarrts. Whe cyile'ttrrCL to their cotuntries, they 
took with tie lany small sarllcs o1 experinenital liiies 
of' the Mexican wheats. 

Three yeai's later, I was invited by tile Goverinuent of In
dia, whose scientists had not participated ill the training pro
grant iinMexico, to visit tieir wheat r'esearch prograi. By 
then., lie euphoria connected with tlie Mexicai wheat vaii
eties had spread to riarny countries. )r. M. S. Swariinathan. 
(hen a yOurig Ind ianrwheat scientist and now the director 
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of* IRRI. had ,obtained seed of live of the early dwarf Mexi-
can wheat lines thlrough an international wheat disease nur-
sery, and was fascinated hy their appearance. lie asked ie 
whether I thoulgh t they had iny pote nt iaI vILc fOr increas-
ing ind ian wheat p rdticlion. I reIfu a judg melntsed to make 
on the basis of tile live iiferior, oh-pCerfcirn ta nce of tliese 
soletC lines. I told hint that I would Withhold a decision until 
I had visited Pakistan and Egypt en route back to Mexico to 
see how tileMexican sem i-dwarf wlieats were pr'rfornling 
there, since I knew that trainees from these two countries 
who had been in Mexico had taken back with then ini y 
advanced experinental lilies. 

I was invited by the director of research, thc senior vheat 
scientists aind the rninister of Agriculture of Pakistan to re-
vicw,, thlir Vheat hrecd inrg rIursery at I.aill pu r (now I%,isala-
had). Trailing along in the hackgronrd were the two vouig 
Pakistani scientists whO had been in Mexico in the traiinirg 
program. I was di'.app linted to see ilie pe rf ritanlce of 
tie N exicanr dwarf wicats inthe demonstration plots. They 
were iitcrior to the Pakistani wheals uInder best conditions. 
I lowever, I could see tht tie x rcals had not been properly 
fertilized or irrigated, althouglt tie senior whcat scientists 
assured tie that tihe ietIds that ithad iteen Used in growing 
the delntoistratioiS were optintum for conditions ili Pakistan. 
I stayed at the euest house oiltile research station that night 
and w'IS scheCduledI itolMVe tile at teii o'clock.next norl'nl 
At daylight I was awakened hv fhe two young wheal scien-
tisis who had been trained in Mexico. who said Ihey had 

sonmthing to show ile. We walked to a remote corner of the
 
research station and there I saw ftour superb plots of.Mexi
can semi-dwarf wheats. growing as Iheautihilly as in their
 
native home in the Yaqui Valley, hlll'way around the world.
 
When I asked why they had not LIsed the saine agronomic
 
practices to grow the Mexican dwarts inItle main dCmon
strationi plots we had seen the day hefore, I was inforied
 
that they were picvented fronl doiiig so by tile
senior scien
tists. It was then I learned that whein one reaches the grade 
of senior scientist in a gover nirenl organization ina densely 
populated developing coru nt ry, one prelers the condition of 
1status rio'"(tile rather thar, risk "change" (tileknown), 
unknown). The visit to E-gypt revealed the same state ot 'at
fairs. After returning to; Mexico, I wrote aIreport to the 
Govern ment of India informing themn thai the Mexican 
seni-dwarts could iiideed play art imiportant role in increas
iIng wheat productio in beth.India arid Iakisai. Within a 
tew weeks, many additional small cxperiiiental samles of 
Mexican vheats vere sent to both Pakistan and Ihdia and 
the race was soon on betveen scientists in tIletwo coutlriCs 
to lild out Lwiether Mexican wheat varieties could contribute 
to incrcising food production ii their respective countries. 

I vill briellv describe tilehappenings iii tie Indian pro
graiti. The aveC,!e pruluctioii of wheat over the 1959 to 
1966 period was i0.95 million metric tons. The high
yielding dwarf Mexican wheats, together with improved
agronoinic practices which pernmit Ihem to express their 
high genetic yield potential, were introduced into India on a 

T hhe t . The imipli II iinpr,evedtchnIllilIl l oil Indian Mle;il yiel, iilttiitiii. and huid ic id afic ttiesei,het e t he llt revlictuin. 
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commercial scale in the 1965-66 crop season. Since then,

both yield and production have 
 increacd spectacularly, as 
shown in Table 1.Indian wheat production reached a peak
of 45.1 iiiilIion metric tons in 1984, more than quIiadrupl e 
the production of the 1959 to period,1966 and yields in-
creased more than1,23 percent inthe same period. The in-
crease in gross value of product ill 1984 due to ir'creased 
wheat productin
iiover tile base perted was $6.8 billion dot
lars, most of which Ifoolnd its way into the pockets of several 
Million sn tallla rlmeis. The additional Iprodictionl in 1984 
over the 1959-66 base period was stlflicient to provide 
65 percent of' the calories for .250 Million people. [ lad the 
1959-66 yield/hectare prevailed, it would have required 
54.5 million hIectares to have produced the 184 Ihar vest i-
stead of' tile 24.4 million hectares that actually were in-
volved, tlhis resulting in a saving of' 29.4 nMillion lhectares 
ftor
other uses. IPrhaps even le ilort ant isthat the in-
crease in wheat producttion. combiMned with a ctrrespoilding
increase inrice prodution icsoIIting fron the introduction
of 
silficient in cereal producltion for the first lite in 1977. 
Moreover, during the wheat and rice harvest of t1978 and the 
wle at hlarvest of 1979, a grain reserve stock of 22 millionI 
metric toils was accumulated. The moisoon tailed in tlie 
sitlIner of 1979, resulting inwh:,' was reputed to have been 
lie vorst drought in go years. I)espite the drought, resulting

inl a drop ill rice prIdtiction of 1 2 Million tois. Inidia f'ed its 
people from tlie reserve grain stock and emerged having a 
reserve of' ab)ut 7mi!lion tons of grail il storage when the 
wheat harvest of'i98 coimme nced. 
The dramatic increase in Prodtic lo'it wheat and rice ill 

Indiiin this Past re stlt of tile iiteract ion of'15 years is tIle 
the use of high-yielding dwarf' varieties, tle use of niore Icr-

tilizer (Fig. 3), i iproved cIttirial practices, and wise gov-

erinent eco noiimic policies thIiat A-ilatel)lCd PirOd Ction. 

The changes inwheat and rice production technology, 
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ig. 4. Wheat production in akisian from 966 o 9 3.
 

high yielding rice varieties in1968, ImadC India .sell'-combined with the use of' more fertilizer, have also ushered 
inthe widespread use of double and sometimes triple crop
ping on the same land which have further contributed to 
fod production. 

Pakistan Ias aIso made spectacuIlai progress inincreasing
wheat and rice yields, employirg the dwarf Mexican wheats 
and dwart' IRRI rice varieties. Since 1966, wheat produc
tion has increased f'roiii about .4mill;ion metric toils to a high 
of' t2.5 Million Metric tols in1983. an increase of illore
than threefold (Fig. 4). Yields have iore than doubled in 
the saime period. Ill f'act, tIp until 1969 when political in
stability set in,Pakistan was miaking faster progress than 
India. It became self'-sullicient in wheat production f'or the 
lirst
time in 1968, aid then retrogressed to become a mod
est importer as progress inproduction slowcd because of 
political instability, aid per capita productio llcII becaise 
of rapid poptilati tion griowthI. Ii recent years its wheat re-. 
seai'ch and productioi progralii is back on track producing
enougli wheat for domestic needs. Al though its rice produc
tion is only abIout one -I otiri that if its wheat production , it 
has been a rice exporter for the last 12 years.
 

last'I'urkey has more than doubled its wheat productiol ill the
to years and has again become a modest exporter. 
anglIadCsh, aIltlotgli still a si1tall prod ucei of' wheat, Iias 

made spectactilar progress iii increasing production in the 
five years.

'The People's Replblic of China has made fantastic prog
inincreasing cereal production during the past decade. 

It has long been tlie number-one nation in rice production
and ranks second only to tlie United States illmaize prodtic
tlion. I l1984, China harvested 87.7 million toils of'wheat 
and thcieby displaced the Soviet UniionL, a'ves cd 76which Ii 
million tons as the ini ber-one wheat producer in tliewt rld
 
(Fig. 5) Most of the whcits grown in China are winter vari
ctics. Ih:owcvcr, the wIw'. Mexican spring wheats have been 
used comlmcrcially in the soulh, along the eastern coast 
where winters are less severe, and inthe nortlieastern prov
inces, espccially inKirin, where thcy are sown inthe spring. 
The CIMMYT (Mexican) dwar'f wheats or their deriva

tives selected innational programs in developing countries 
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Fig. 5. Wheat pirduction in China fromiT6i to 1983. 

ai'e Iow grow i on about 45 million hectares intile develop-
ing nations. They are also grown on large commercial areas 
il 	 such developed nations as the United States, Canada. 
AustIalia, New Zealand, Spain, Portugal. SouIth Africa, 
Israel, and Argentina. 
The spectacular incrtease ill wheat productii and rice 

production that has been achieved in many developing coull-
tries during tle last two decades should bring hope to food-
delicit African nations. 'o convert tie hope to reality viii 
requiii re drastic changes in goveI'rume ntalattitudes and poli-
cies. If the governients theI ftod-delicit Al'ricali nations 
aire to become serious ab(1t inceasin g Iood prlductiul1 they 
miiust have the poliical will to: (I ) abandon tile policies (4 
cheap food t'or the benelit of hlbai con srumers (minority) . a 
policy that has been maintained at the expense o' the large, 
por,sub:;islcnce foond-prod tiCing RIua Majority. (2) invest 
more capital in rural dt-velopment. (3)provic', greater ill-
vest retIIIs il i-ui-al Cdtication,(4) provide greater s:ipport for 
the trainikie lf'agricultur-al scienti,ts, and (5) pAMvid in-
creased and itll'C continuotus ecoinoin ic Support I'0lrdy-
liausic programs ill agri cuilti r'alI-csea rcI. cxtension and 
p)roducti o n 

. 
There currently exists inseverl African fItod-deticit na-

tions, sCvCrdI imiiproved variiCtics tt' stirghulii and riiaize that 
ai'ec ritrior csider-to local varieties. Mt rcovet', trle ii 
able iil'orniation oi improved agronomic and plait protcc-
tion practices tlat, ws'hert applied prop,-rly, will permit the 
improved varieties to rnaiil'est their lear superiority over 
tlie traditional varictics ard practices. The improved vari-
etics anid agiroioic practices forist r'gIit lard iiiaize have 
beeii developed jointly by national prograrms. ICRISAT and 
CIMMNIYT, respectively. At present. most of' this resea rch 

lies unused or underutilized. What is needed now is the po
litical and scientilic vill to launch and support aggressive
extension and production programs in both sorghum and 
maize in areas where these improved varieties indagro
nomic practices are appropriate. A revolution in sorghum 
and maize production in a few areas, where the research 
materials indicate this is possible, must be made to happen. 
Success in one area ''ill catalyze enthusiasm and provoke 
changes in other arcaS as Soon as the research data justify 
such an undertaking. 

A 	LOOK AHEAi) AT FOOD PROBLEMS FOR THE 
NEXT )OUBLING OF WORLI) POPULATION: 
I would be remiss if I did not express my concern about 

tile poplulation explosion.humanAs I look ahead at tilemagnitude and complexities of the 

world food needs for the ilext Iia II-ccnt ury I am apprehcii
sive. In 1975, when world piipulation reached 4 billion, the 
world produced an all-tiinc record harvest of 3.3 billion 
metric tons of all kinds of food, for example, grains, pulses 
and grain legumes, tubers, oil seeds, sugar, vegetables, 
truits, nuts, eggs, milk, chcc.,e, meat, and lish. It took from 
thle beginning of agriculture and animal husbandry (some 
12,000 to 14,00 years ago) unti! 1975 to gradually in
crease production to those record levels. If human popula
tion growth continues at the 2 percent levels of 1975 it will 
double to 8 bill.on in abou t 40 years or by the yearA.1). 2(15; 
consequently, food production must be doubled and more 
equitably distributed in tie same period. 'lhere is evidence 
that worldwide population growth is beginning to slow 
somewhat, especially inthe developed countries, but it coil
tinues to grow at a frightening rate in most of the developing 
countries. lBut even if we assume that this reduced rate will
prevail, aid that tlle tinru to double to 8 billion will increase 
by 5(, 6o, or even 8o years to A.D. 2(25, 2(35, or 2055, 
respectively (which I I'eel is optimistic)--the necessary
food production increases are staggering. In essence these 
projections mean that Wilhini the next 40 to 8o years, de
pending oii how population growth changes, world lood 
pioduct ion must again be incrcased at least as Much as was 
aclieved during tie 12,000- to i4,oo(o-year period frorn tile 
beginning of'agriculture ipto 1975 juSt to maintain per cap
ita production at the inadequate 1975 level. Moreover, most 
o 'this increase in production ill tile tntuturcmust come from 
increases inyield.from land already under cultivalion, since 
in most oi' the Lensly ptpnlIated conuntrics there is little ad
ditioral land suitable f'or agriculture that call be brought 
rder cultivation withonut huge iinvestmi elits inirrigation,

both extremely costly anid sitow 
Lest we !orget, tlie world population growth rate ex

pressed as ainnual percentage tl' natural increase is dcceiv
ing. Although the n'I'crcltage tifannual increase has lIalleni 
flroti2.0% to 1.8; in the last live years, the annual inice-
Ilent in luniai hriniitbrs continues to incrCase fIrightecningly 
beca use oI'tic larger ptpulation hasc. We need to remem er 
that it took perhaps iI to 2 Million years fir tile uman popu
latitun to g'ow to I billion, which itreached ill about 185o. 
It requLired only 8o years to reach a population of 2 billion 

which aire 	 to bring on line. 
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(1930), and the 3 billion figure was reached in t975; and it over, we must recognize that in the transition period, unless now appears that the addition of the 5th billion will be corn- we succeed in increasing the production of basic necessities
pleted in 12 years or, by t987. and more equitably distributing the benefits to meet grow-

I am cautiously hopeful that food production can be ing human needs, the world will become more and more
doubled within the next doubling period of world popula- chaotic and social and poiitical systems will collapse. In re
tion (40-60 years) provided that world governments have cent years the "human rights" issue has generated much inthe political will and give high enough priority and continu- terest and deba:e around the world. It is a utopian issue and
ing support to the agricultural sector in their development a noble goal to work toward. Nevertheless, in tilereal world,programs. It cannot he achieved with the mi.'erly and dis- the attainment of human rights in the fullest sense cannot becontinuous support that has been given to agriculture and achieved as long as hundreds of millions of poverty-stricken
forestry by governments over the past 5o years. Today the people lack the basic necessities for life. The right to dissent
horror of the faminc and human misery in Ethiopia and does not mean much to a person with an empty stomach, aSudan shown on television screens around the world shocks shirtless back, a roofless dwelling, the fiustrations and tear
the general public and political leaders, but tomorrow it will of unemployment and poverty, the lack of education and op
bc forgotten by most viewers. portunity, and the pain, misery, and loneliness of sickness

To double food production will require a change hi focus without medical care. It is my belief' that all who are
indevelopment piograis and at upgrading of' the effort in 

born 
into the world have the moral right to tilebasic ingredients

agilculture and forestry, especially in the food-deficit dcvel- for a decent, human life. However, to speak glibly and sancoping nations, where crop yields are still low. We must train timoniously about the morality of tie "right to life" while 
more and better agricultural scientists, expand our scientific ignoring the morality of the "quality of' human life" onlyknowledge and improve and apply hetter technology if wc adds confusion to this fundamental, complex issue. 
are to make our finit,; land and water resources more pro- Those of us who work on the lood production front, I
ductivc. If our foreign technical assistance programs de- believe, have the moral obligation to warn the political, relisigned to assist developing Third World food deficit nations gious, and educational leaders of the world of' the magniare to be effective, their administrative procedures must be tude and seriousness of the arabSt land, food, and popula
streamlined. Bureaucracy and paperwork must be drastically tion problems that loom ahead. If we fail to do so in a
reduced while field-orientatcd, action-type production pro- forthright, unemotional manner we will be negligent of our grans are greatly expanded. 'lo become more effective sci- duty and inadvertently contribute to the pending chaos of'
citists must have longer assignments at a given post. This incalculable millions of deaths by starvation. A solution tomust be done promptly and in an orderly manner if we are to this complex problem is imperative. The imminence of the 
meet the growing needs for food. We must educate the disaster is before us. It is closer than most people realize, orpublic to realize that producing more food and fiber and pro- are prepared to admit. The problem will not vanish auto
tccting the environment can, at best, be only a holding oper- matically and to continue to ignore it will make its solution
ation while the population monster is being tamed. More- ultimately more difficult. 
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A. 1-1.Macpherson, Environnent Canada, Ottawa, Ontario, Canada 

INTROIUCTION 

Every country, every society, has its own recipes for suc-
cess: its own memory of what worked and what did not in 
similar circumstances in the past. Canada is certainly that 
way. Although we are of diverse ethnic origins and we live 
il an equally diverse counti y, we have devchoped a distinct 
and recognizable institutional culttre. our own ways of 
doing things together. 

I need go no further than to otitli1ne how we teel our in-
stitutions differ, however subtly, froni those of our closest 
neighbor, the United States, with whom we share many 
holds and ideals. 

Fundamentally, I think we see ourselves as more prosaic,
and you may ind evidence for that in the coitrast between 
the primordial American ethic "'Iife, liberty, and the pursuit
of happiness- and ours, "peace, order, and good govern-
ment. - Also, we like to say that we have umdergone no civil 
war in Cainatla. In fIact, we did have a brief, lopsided one, a 
century ago this year. But is is generally truc that Canada is 
built on compromise between interests: regional, linguistic, 
religious, cultural, and economic, rather than ori contests in 
which one sitle wol and one lost. 

Il fact, our approach to problem solving has been u-
usually lnonadversarial. All example is to be foiund in the 
comparison of the environmental assessment and review 
process in tlie two co untries. In Calltai, federally, tihe rele-
vant policy is specitied in various forms of cabinet decision: 
there has been no law passed to enshrine it as thei- has been 
in the United States. There being no legal basis for the envi-
ronmental assessment and review process federally in Can-
ada, there is therefore no recourse to the courts, no appeal 
except at the political level. We could, I am sure, find a 
number of parallel examples, contrasting the American tra-
dition of problem solving through the courts, and the prcf-
erence of Canadians for using their legislatures. 

Institutions can take a variety of forns. They can be built 
of people and physical fIaci lities, and we can think of nally 
exaIpIes, suchi as universities and hospitals. They can also 
be entirely abstract, as is the institution of property. All, 
however, are social expressions of a collective perspective, 
directed at the achievement of' specific objectives. Perhaps 
institutions can best be visualized as Iorming a conltiltIlii: 
at one extreme they are concerned With specific social bele-
fits, such as equitable delivery of educational or medical 
services; ant, at the other, they may take the form of a 
broad complex of norms, internalized in our behavior as an 
expression of our culture. 

In a fa';t-changing world, institutions in the broad senseNreqtlire continuous redefinition, and institutions irn the nar
row sense must adapt or lose their places to more relevant 
ones. And this is a fast-changing world, whether we look at 
our monetary system. energy, a,ricultural resources, or 
trade. 

With this introduction. I wontld like to survey relevant in
stitutional arrangements in Canada, tlien discu ss the en
vironlclt and its economic dimensions, of which water 
management for agriculture is one, and finally note sonre 
cturrent initiatives in the internationial institutional field. 

Canada is a federation with ten provinces. It is a funda
mental fact that the four founding provinces were, in 1867, 
at the tinie of' confederation, separate colonial territories 
evolving toward separate states. Their nion was negoti
ated, not imposed, and they ceded to the new federal level 
ol government only those powcrs they felt impelled to. As 
new provinces were added, thcy acquired essentially the 
samilie rights as tlie f'ounliding provinces. 

Natural resources, gv'nerically, fell to the jurisdiction of 
the provinces, though Will exceptions. Fisheries. for ex
ample, were seen as a federal interest, although lithe atmin
istration of inland fisheries was later generally ceded to the 
provinc iaIl jitict ion. Agriculture was s- en as a shared re
sponsibility, trade being regarded as fedIral. 

There is one departure from this clear division between 
federal iand provincial levels of' government. 'This lies in
the status of the northern territories, the Yukon and the 
Northwest Territories. These arc federally adminis:cred the 
territtcrial councils. though in practice regional govern
lniets (albeit with restricted powers), are legally only ad
visory councils to a federal minister. The resources olf the 
northern territories are mostly administered by the federal 
government. 

Many institutional arrangements have been established to 
facilitate economic development and promote social har
niony in this diverse aind complex state. We have, froni thc 
beginning, made considerable use of state enterprise-the 
Crown Corporation-particularly in the transport sector. 
And there are several examples of coni;,iittees nlade up of* 
provincial aind federml represcltat ives oii equalI footing, to 
harlionize activities for which the jurisdiction is shared. 

One of these is the Canadian Council of Resource and 
Environment Minister,,. (CCREM), a ministerial level hotly,
with representatives from all ten provincial goverlinents 
and the federal government. Established approximately 
twenty-five years ago, CCREM operates as a national lorIl 
for discussion and exchange of views on environmental and 
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renewable resource issues among the federal, provincial, 
and territorial govet'rnments (tile latter officially present as 
observers but in reality playingin active role in delibera-
tiois). Its purpose is to stimulate ani.l develop corulpatible 
policies and cooperative programs bet'veen the two levels of 
government. 
- CCREM , with its decisious based on consensus, is a key 
actor ill Canadiani intell'ii sd ictiOIil en'Vironnueit, aIIaTirs. 
I lowever, although CCRIAN has pl ay'ed a role ill a wide vari-
Cty of ie son rce issues, it Iias not inhibited tie developiment 
of sepa'ate iristitutiona I riangerents directed at particular 
proble m s. 

Of these separate 11'raNIgteiMts, the nrost useful, alid 
uhiqtuitous iin Can;,ada. is ihe "'sltilld-Cost igreerient," 1o 
which Ilu vrintleit ('aiaadia has Inor! thart 250 cureiiItly ac-
tive, under which such disparate activities as native wildlife 
harvest sur'veys, floo&d /on miippiig, a nd iazardotus waste 
fntitge lleilt )il utiii -Ccoil icted. 

Constitutioiialy. we have alloicated tlie adiiiinistratiol of 
on1.r ilindnl waIte's to tle lcrtivie aI gVCHenrienIs, 11tthough 
the federal gover'i ile rti htlds certain responisibilities, l'or 
example, t'Or navigation. There are obviously a number of' 
prbl c s with i11s aIppirCIth, rd I Will t nch also on tie 
interitioal Idlimensions in atfew n iniuItes. 

A public iniILit'y is niw tr ,lCIWay iinto tile federal respon-
sibilit y fOr waiCr. It has couplc ted hltiarigs natti ott \ide, and 
soite 300 iiterestedcirt ics I avC ade rseI iiati(ttns. The 
irtlUiry Will repor't diring the stilriner, hut it has already pro-
vided a trscftl review of our record iii water imniaagemtient. 

Cllallda has, of course, cricotlitercd ItitnscrociS inter-
rjurisdictioal water problems. The ,SaskatchewanRiver sys-


tert, fOr examfple, runs generally west ti caIst ti r(uigh tle 

three prairic provinces, arising in Alhcrta itl the slopes of 

the Rocky Mountainis, flhoing tir'orgh arid parts of Alberta 

anild S askaitche wan, 1id ciiiltying intoI lrdson Biayt IIotLIgh 

[.ake Winnipcg and the Nelson River. in Mianitoba. The 

I 1r;i ric PIroViices Water Boa lid wsi', crcateid in t9,t( i0deter-

mine thi' best use of' the castern-flh wing streaims '
waters on 

the basis of' cooperative planning between the f'ederal go'-

eiirllent, oil tile one hand, a! tlie IhIiice p ovincial ,adri-

istratiors. Since 90 , wiet tlie IPrairie Priovinces Warter 

Apportionmritent Agreementi was signed by tile four parties., 

the Ciluital le apportionment of all eastward flowing waters 
has been agr od to, and water pIanning and other nian-
agenicrit studies have been uidertaken to clat if'y specific 
concerns. 

In this case, tie sharing of' i Itajor al vital water re-
SouCce is tirst i ttalter of shlring cOtifislptive lsc, pinrticr-
Ilrly iI irrigation, and seconl one of' sharing assimilative 
capicity. [or riotther large western Caladian waler re-
sourcc, that of' the MaAenzic River, the questioi is one of' 
taaginig flows I'or the collective henclit of peoiple in scv-

cr;il jurisdictions. 
The Mackenzie River ,,ysteii includes l'ge rivers draii-

ing parts of BIrilish ('olu bia. Yukon. Alberta, Saskalclic-
\wart, a11L tie Northwest 'T'erritories. The closing cil a hydro-
electric ilaii on one of' these. the Peat.c River ill Iritish 
Coltmbia. in the late r96os, h ad se r'icrsilors tnrcaie fl'lf'¢s.d 

In 197 1, the six governments concerned began to exchange 
inf'ormation Ibrtally on the water resources of tile basin. 
Currently. v.ork is under way ol i whole series of bilateral 
agreements, and ;n "uibrella" agreement, to allow for 
better coordination if] tile Iuture. 

The current federal water inquiry has revealed it deep 
public concern not only l'Dr the qua! ity (f our suriIace waters, 
but also over tile adequ acy of our planning and policy 
f lrai for niaiaging this vital resource. The recollinework 
itiendat ions of tile inq uiry are thIiis likely to be directed par
ticuia'ly toward improved ini st itutionalI arragemiienits. 

The Canladian experience necessarily includes it coltsid
erable history of hilatcral relations of an institutional naPire 
concerned with the waters that are shired with tile United 
StateS it tile Cal idiiin hor'der. The HOUlldairy Waters 'l'reaty 
of' toj established the principle that neither nation sh:all 
pIlLite tile other's bhol iay \VwatCis to thI: extet of cairsilg 
- inLjury t(o hea lth or propertV," arnd it gavC each one c'equl 
a id similar" rights to use of tlie boriler waters. 

The l ouildary Waters 'l'reaty also provided for tile estal
lishient of lie Canada/U.S. lteriationalIoint Comimission 
(IJC) with tile mitissiot of resolving comtinon water problems 
thritgh cooperation, rather than ad' ersariaI proceed irigs.

The IJC (itade lp o six memlbers, three f''rtn each cotn
try) acts as t single body seeking coniion soltiOiis ii tile 
joint interest of both parties and tie preveition of' disputes 
betweeii tlie parties, ill Iccorda rice with rle s an1d principles 
as laid down aind agreed Oi in the 19o9 treaty. Without 
going into d.etail, it can be said thit Cailail's experience 
with the operation of' the IJC has been very' positive, with 
rit1n'y CXpa riitrg politicall prohIcuts being brought to resolu
tion by means of a practical and pragritatic approach. One 
fairly recent and to date \cry successful outgrowtl of' this 
process wiav the signing in 1972 of' the Great L.akes Water 
Quality Agreement, which I Icliclad it Ilaitr interniationial 
f'l lluitori con.trol f'ogrii.n 

There are several internatioial initiatives o 'which to take 
note. First. however, vc might cx amine how each category 
of eniviroririiertal problems has its specific irnstitutioral di
riension. IFor cxarmple, though soil degradation may per
haps b,. seenias a consequenrce of internationtal market 
f'o'ces, ir is ricntlie!ess a problem essentially arienabl e to 
Ioc!tl rcsolurtion. On the other hand, a problem of' acid rain 
origiatilrg throtugh tile long-rrge transport of'atmtiiosplieric
folltaits is one that ieltas)ds regional, national, ard even 
internatioial institurtioral remedies. And iii between ire 
such probleris as toxic chentical pollutit aind eutrophica
tioll of' surface watters. 1itia1lly atueriahle to point source 
Or regional waste iainageiient conlrol, or' regional drainaige 
and sewage ti'catment wor(i'ks. 

AltiorIgh Wiater iaiagetierit inlstitutliciOs tefid to be fe
gionial aind national, aind only raie~y internationall, the irdi
recl environrienital effects (fd trade agieemets and other 
international arraingements lead us inescapably itt(ithe 
iternational arena toi seek hIaritortious policies thalt will 
provide a degree of' market security conducive to the appli
cation ofdgood environmental pi'ctices. 

Many countries, including Ca riada , have substribed to tire 



World Conservation Strategy, which seeks to establish new 
norms olsustainable development, aind, more recently, such 
initiatives have received unprecedented enrcouragellent, 

For example, the 1984 London -coIiomic Stumit re-
suited in I statement indicating that tileleaders of* the Sum-
mit N ations recognized the inrternation aldimensi on ofenvi-
ronment lproblems aid the role of environnrenta Ilfactors in 
ecoiomic development. A to!'low-up report was presented 
to tileheads ollstate a rd government attending the May. 
1985, l1onn surmsi u ni-init, aind tile confeicnce's closing co 

iflu con tained ri un1ihe r of' statements on environmentail
i a 

policy, emphasizing the need fbr strengliened interniational 

cooperation adid new applroach,.:; to Solving environmentl 

probIeis. hicctldcd ilir01ng thiese wis tIle
pledge to "harness 

boti tie mechanisms of gove niiict;l vigilance ard tlie dis-

ciplines of the mairket to solve environmenital problelms." It 

Wds ISO ilLc 1e11the "p)Ol1ter pics " priliciplc should be
kci 

deeloped ail app ore w111cidely ard tIhit science ard
1Ii( 
tech loIc\, ilst corliribctle to Inc iliigre c environmentala 
dilodecC oin ic growth. 

('oicerli hlas recently arisen in CiiCil! over soil dlegrada-

tion. in addilioi co the growing problem orsalinization, re-

sultini, largely froi the practice of scumnmer fallowirig, there 

has been a rapid iloss olcarbon from certain soils, ailrouit-

ig to Isitch Is5() pecent il lfifty years of cultivation. 


As hionnaniitny preI 111d nissCs i1Ce ic'e heavily on tle world's 

arid and mlairginally proilductive areais, so lie danger of ir-

retrievabfc deser'tificalti n becomes of' increasing concern. 

We piltat1risk nc0 itOly what pecll Ineed iow. to Sippo)irt 

themselves. but also their c'titues--whether these Will iii-

VolvC cTrrrc1t hlnd-use pirctices, or options yet unknown. 


Increasingly. then. if'we are to Iniliage ctLIr'es Ur'ces I i 

SLiStainible ha sisI,and ma Mgen's i list rilaiige f'r ,,istained 

hiofogical productivity tie one certain vaIlte iii I raze of 

tnce rtaities. As lands become more initensively andirore 

extensively iiitlrgel, so inmtiSt 1anid I1na na gers recognize ai 

increatsing r'esponsibility, as stewards of tie nroductiiitv of' 

tileplaet. 

Ilere tie issue of' agricuIt uraIlproductivity becomes One 
Will thait of' erlirorlrllrital protection. Several speakers 
hlave already poinlci to tie ilcIality of' laten, h'ictihe r f'r 
precipitation, srtilce or" ground, as a constraint, and in-
creiSiligly so, to igricltu1e. The degraldiltiOni 0' soil aind 
water resources aiild the liliitioll of' genetic diversity are 
issues which !ill is iuch inilhe "e;nviriineit" dossier as ill 
thait f'OrIlgricIulttie, 

It should be ;acknowledioed that this point was ilplied ini 
the recent Scrrnrrlit cCinmiiiunique, which connits the suimiit 
raticons to xwork witih developing coinri.s toward avoiding 
erivironniti Ildaniage. No iiiibt it xWill he ai red firlher, in ile 
lhe coourse ol'tle investigat ions o 'lie World Commlissio n 
Ernvironent aid Dl)cvelopmuent, which receritly heli its first 
heairings in IndonCsia illtis scheduled to visit Caallill ill 
spring. 1986. 

As alriady ucticired, the link hetxxeen aglricrltlre 
anild water is one of those which ielatls tIhe environent 
iiost cIcsely tc ecclnlic levelpmnt.lit Agriculture is i 
prolhction-orieited inilustry the inputs aidn ouiputs of' 
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which we can for the most part subject to economic analy
sis. Witer, on tie other hand, is an essential agricultural in
put that has rarely been considered iii tilesaiie econonic 
sense. Witer is usually unpriced or, at best. drastically 
underpriced. Often, when) pricing does e ist, it is based on 
the cost 01' suIppIy, not on any pricing policy derived from 
water's replacement cost. Also, iany competing uses exist 
for I finite water resourc,. 

In tileabsence of an economn ic value for water, allocat iye 
decisions may be subject to distortion arid resources tiay 
not be developed in i sustainable miianier. A current ex
ample may be f'ound in tile prairie piovinces (Alberta,
S askatchewan, aind Manitoba) of'western Canada. Agricul
tore is atecorionlic miainlstay olf' tie region, wlich accoults 
for iiost of*Can ada ' cereal prcduction. The solthern por
lion of' this region experienced i higher rate of' economic 
gro wth Ithan in an y other parl of' Canada during tlie 1970s 
and early 98os. A recel report showed thalt Water Ise in 
the S askatchewari basini had do Ubled over Itwenty-five-year 
period. It is expected that such rates of' growth could well 
recur. 

A seriotis constraint ol I'uure growth inthis region, how
ever, is that economic , 't vity in af riumber of river basins 
has absorbed essentially all the available water supply. It is i 
f'luiiliar story of' I semiiarid cliiate, variability of' river 
flows aind precipitat ion, and periodic recurrence of' severe 
drought conditions alIready introid ucing rigid iitlrial con
straints. A growing concern is that tilecliriiate could be
come even dricr in ul'rtore if' tie f'orecasts of' ;igreenhouse 
effect come true. While proven institutional mechanisms, 
such as the Prairie Provinces Water hird, exist f'or dealing 
with iappo rtionment and control. the problem f'or tileIuiture
 
is suicIi that new conlinMiticms of' cllviroii renrita I praNctices 
arid siStliiable development liiits xwill probal Iy have to be 
ptr rsired. 

A more realistic approach to valuing water may not, o
 
course, lead to increases intileagriCUiltUrl uses I' water. 
Indeed, arid if' I illiy specuIIlate. lie fu fire for agriculture of' 
the kind now practiced oi the Can adian prairies is far froin 
assured. It xvill, however, contribtte to a more eflicient 
maniagement of that portion of' tie water resource devoted to 
irrigation aind should also contribute iotie ox'erall wealth of' 
sciety b) ensiiring 1ha1twatcr is put troits iost productive 
uses. if' this type it decision miking is to take place, the 
'iunildltiOn for it iiust becoine established within institu

(tions, b) Iias of'econonic. constitutional or legislative 
initiatives. 

TheIuse anil nialiagelielit of' Witter r'socirces thus ex
eruplif), i vital relationship between the environment aid 

econoiy, Ilowve riaige couilr Wilter resources will te
pend oil our econ ic opportuniies aind ourr l'ure eci
iclniic opliOns, just isour econoic irutUre will .!del)enid oi 
the SLlStained productivity of' the biosphere. 

Canada's great gcographic expainse aind sriall popI atiion 
f'Orierly led isti see OIr COlrritiy ISlinlitless. I lowever, we 
have coie to realize that all our lanairesoui'c-'.s have linlits, 
if' soustainable developnrent is oir goall. The need f'or con
cern beconies apparent when we consider thI 40 percent of' 
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our country's GNP and 25 percent of its jobs are directly re-
lated to the land resource-the extraction, harvesting and 
processing of raw materials, 

Though success will require a comnmon societal under-
standing of the importance of sustaining our environment, 
governments must lead in the development of new institu-
tional mchanisms. In Canada, the federal government has 
developed a policy on land use, and each provincial govern-
ment in Canada has either developed or is in the process of 
developing comprehensive land-use policies. Recently, a 
committee of the Canadian Senate undertook a study of one 
aspect of' our land resource--thc iproblDm of agricultural 
soil degradation-and Made a nlmber of knowledgeable 
recommendations which are now urider study. Soil degrada-
tion is of concern primarily in western Canada, which ac-
counts for 55 pe-cent of Canada's agricultural receipts and 
provides the basis for our grain export industry. Additional 
investigative undertakings, and responses, will likely take 

place as Canadians gain a fuller appreciation of emerging 
problems and f"tie need for innovative solutions. It seens 
clear already that we will have to stop making allocative de
cisions in isolation, permitting tiletreatment as a free good
of the vital environmental resources upon which all depend 
fur survival. "The tragedy of the commons," applied to 
such dilemmas by Garret Ilardin, has been alluded to al
ready in this confcrence by Robert Chambers. 

To summarize, let mie restate the view that to be effective, 
specific institutions have to spring from their own, individ
uial societal roots. They muust incorporate appropriate repre
sentation from the stakeholders. Their scopL will be appro
priate to the problems they address, whether local, regional, 
national, or international. They must reflect societal values. 
Increasingly, they will be called upon for acceptable deci
sions, in tie context of other environmental objectives and 
fulure options. 



6o. MAKING INSTITUTIONS WORK-STATE AGRICULTURAL 
RESEARCH VIEWPOINT 

NevilleI1. Clarke, Texas AgricLlltural I.,xlxerimrcit Station, Texas A&M University, College Station, Texas 

PRINCIPAL ROIl; (F Tlll, S'I'ATE 
AGRICULTURAL IXII,.'RINICNI STATIONS 

The state agricultural experirricnt stations in the United 
Slates r pIcsclIII tuitiue partliershiplbetwcci state aniid led-
oral govi'iieit to conduct r'escar'ch of" both national and 
regional application. The state agricultxral experimiernt sta-
tions are part otl a broader institutioinal irrangeme so-ret of 
called land-grialt institutions, which have, inl addition to 
their research ission,, acadeimric and outreach or extension 
cOrMpoliXts oIf the total activity. 'lakcni tgetlier, tlie re-
search, education, and nteliSioll rmissioIs of the larld-grait 
iristititiolis l'orilxx aitrajor colipolillt of" tle infrastructirc 
which has allowCd a highll 'r)lductivC a!riculturc to clicrgc 
ill the tited States. 'Ie state agileurrl cxperiiret sta-
tiors. ill illost cases, have i doiminant fuldlling fl'oill the imdi-
vidual states, but substaixtial support frotiri tie f'edcral go\'-t 
crllerit. The fcdcral cormporiet ofl support pr'oviles Ior a 
coordilatd and .oiiltly lxlned prograi of :.scarch which 
addresses not only local but also regional arid iational re-
scat'oh irceds ill agriculture. One ofl the principal character-

istrcs ofl ihteState a'ricultural Cxpl'riicti statiolis is a close 
couL)ling 1t irgricrurlxlr'.l conirrioudily groups aird othlcr cliel-
Icle il tile individual state. The mission (if tile individual 
state agricultLural experimixenlt stations as well as tle state iag-
ricutt'af expl)ilicrt statiis in the aIggregate is broad arild 
IliLltilfaccted. Inlits iliost siml.le contcxt, thle missions ol thre 

state agricultural experiment stations rtiust include at 
 least 
tlcc dimensions: ( I) the dineixsioi that deals with the iu-

pICIt oi agricultuLC of' geographic diversity witlhii 
 the state
and the natioli, (2) the various ftOod aid fiber conmnmodities 
id natural lsoIll,.c iSSlCs tlt lntilst be (ealt with ill a'ri-

culture, and (3) tlre iincrcasinigly large iirray of' scientific 
disciplines that must work togcther to solve tle corplex 
problems 'acing agriculture tollay. The state aIicultIur-Al cx-
licrilielit statiois view,' the broad prograis that address
these three dimunsioi.s their missioni's the base plo-o l 
grun" which in itself' musr be dynamiic and sustained to 
mect tie cotntiltflinlg Ieeds of' agriculture across the counltry. 
Related to this are a series of' new rescarcri iliiatives which 
clierge fiom lilne to tilc, initialives based cither' oii research 
oppolttilities r i new p1i)oblc that rLitsl he solveds iii 
produictioin agriculltur. The combhriition of' base prograii
and new initiatives forrlis tIre overall p'rogriiam of resea'ch ill 
lie state agriculltural cyxperiicl statioils, 

WORLD A(;RICUII'URE Rl,,I,ATIONSIIIPS-A 

SHRINKING (;IOBI 
As has beeni well described iti other parts of this sym

l().sitl I, inI al:a0st a illilnsions,i .agriculture has become 
international in its scope and applications. The issues re
latcd to international irade and competition call to mind the 
similar capabilities and tile collillioln n+ceds for technology 
as well as iecds for0il)tCdpClndent tderstanding olFlthe op-
CiatiolS of the igrictltunIl ilstitutions lof' the various coul
tries and tlie way ill which they ncet together inl world 
tradc. We share i aly comlolrn pest aid disease problems 
that cal he nlrost effectively attacked by compleientarity of 
cooldixiatcd rcscarch activities. Many of' tile geographic 
harrier's to tire traiisiriissioii oI v'a'iouis pesis ri1d discases no, 
lon1gMr exist ill todiy's world will irioelrn trantso)rtatioii 
operlting as it does. These lactors present to the agricul
tUlal eCsCarch inlstitutilirs of' the Va'iouLs cOtirtrics of' the 
world a variety ofi existing arid lcv oppolrtuniities fo0r col
laboration ili research. Making institutions work to achieve 
the kind of' collahoratioii that will make the most el' ective 
use ol' the lotal agricultural research resources is : 1 elotoI 
that deser'ls considerable new allentioll. 

,STATE AGRICU !LTRA IEIXPERI N 'NT 
S''TATIONS-THIEII ENAIIING NIEC IIANISM FOR 
R(SI\IA( 'II IN IN'I'ERNATIONAL AGRICU'URE 

Without appearing to he imiiiriodest, it would be reasonl
able to say that the capability I'mthe Unrited State' to pal'
ticipate iii iiternrational a.giricultura.l rcsCarch is dLC ill niajor
ltt1lOx'lion to the existirig stWte agi'iculIunal Cxperiiiient sta
ti, ij)iif'rastructuire, c(ti)led with the remainder of*the lald
grant ilistitutiois ill each of' the fifty stales. "l'aken together 
with the capabilities of thelAgricultuiral Resei'ch Seivice at 
lie fedcral level, tl+,; tillcrs a major opportunity for ilicr'c

minleial cl'f'oi'ts in the areas of' international agriculture. One
(ifI the iiiost ilnpc rtan f';act irs relatcd to the sLiccc ss of inter
nation. prograiiis of' rcseai'lic conducted by the state agri
cultural experiment stations is the linkage within the land
grint systerms to the complereitary academic and exten
sion pIrograims that exist ill this strLicuire. 

Tile WO-WAY S'TRiE'l IN RIiSIiArCl 
The state agricultural cxpcriicnt slttitonis have as thieir 

primary reasoin For hei iig (lie conducLt of' rescarch that sup
porls tlie agricultral enterpri ses and agribusinCss within 
each of he intlividual states. I lowevcr, as previously stated, 
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there are many ( pportunities for complenentary research in 
the international arena, research which provides a syn-
ergistic engagement with other developed countries, as well 
as research ill tile developing countries. There are many 
geographical simiharities between a state like Texas and 
many parts of the world. There arc many common livestock 
and crop species th(lt share similar prtlblenis in both tile de-
veloped ani developing countries of tie world and reany 
areas of relatcd science that cal be engaged in complernen-
tary activity. It is ilportat to the long-term health of inter-
national research in tie state agrieultural experiment sta-
lions for th1e effort to be mutually complementary ill terms 
of application of results. This is because, as previously 
stated, the :alerictIltural experiment stations have as their 
first miissien providing service to tile state in which they 
exist. It is not Iltall diflicult, in lly view, to tevelop broad 
a1nd very ruCanlrofol prO2grllSI of agricultural research that 
represent a two-Way street: areas of research in which the 
presence of teais of l'eoplC frol1m an individual state agri-
cultural experiment station in another country represents a 
positive investment in the parent state's agriculture. Select-
ing complementary research objectives that are mutually 
supportive is one of thc key concepts in nmaking tile state 
agricultural research institutions work in the internatioial 
areua. 

I)I VEII ()PIN(; VERSUS i)EVEIIPEI)
COUN'I'RIES-RESEARCHi IMPLICA'rIONS 

Ofen, agrictultural research in tie public's eye is viewed 
as essentiaflly rescarch done by the dehvei pel countries in 
the develhping COLItries. Obviously. this 'orms a riraJOr part 
of tile total activity and provides all oppoIrtunitv to work on 
problenis with common pIysi(g rapIlic. pest anrd disease. Or 
other geographic relationships. The research bet ween devel-
opcd and ldeveioping countries provides fOr our future re-
search linkages, olten involves the training of scientists in 
tle develhoping CILotrics as i cr1pr1rlenliCtary part 0i1 tile 
total activity, and works toward the building of institutions 
ill tile developing countries with which more effective re-
search linkages and collaborative activities carl be estab-
lished in the luture. Not as well alIlified in the public's eye 
but pcrhaps just as iliportant are tile opportunities for col-
Ilabora tion between tile agriculturall rescarch institutions 0f' 
the developed countries. I lere there is the opportunity fOr 
shared science, for an immedi ate synergism andImfr aIlore 
effective and eflicicnt use of' total research resources. The 
relationships tend to be iIismtutirtri-tO-iistitLltiOIi in this kind 
of international collahor, ion rather than depending upoi 
governments to still ulat intermatioral research and devel-
oprhlenrt in tie developing Cruntries. 

OUTR EACII VERSUS RESEARCH 

In the developir g countries, tile olteacllh activities from 
the JL :!,',zJ,{Cl crl rics Ilav ol'cni be initially n Ilirre inn-
portance or at least ',I*CLILIl importance to the research ac-
tivities. While both of these activities represient highly 
visible and highly important linikages to the developing 
coLlntric, !rom the developed countries with regarl to agri-

culture, it is important in making institutions work to main
tain a clear definition of the difference between the Iwo ob
jectives. Precise expectations of accomplishments need to 
be clearly stated in tile relationship between agricultural re
search institutions in developed and developing countries 
with regard to research. As indicated above, there isoften a 
key element of scientists' education and training associated 
with tile effort and an inst itution-building component that 
enables research in the future where opportunity might not 
exist at tie morient. There are many comiplementary rela
tionships associated with work on agriculture in the devel
oping countries, but aIclear definition of the specilic objec
tives is a key component to maintaining a long-term viable 
relationship. 

EXAMLES OF INTERNATIONAL 
OEAPORIUNTESP 

The opportunities to work together in international agri
culture are Multiple and might be illustrated by several 
classes of examples. 

t. International collaboration on ; broadly used single 
coninodity, sorghm. The sorghun research program of tilc 
Texas Agricultural Experiment Station has a broad geo
graphic diversity corresponding to the diversity of our state's 
agricultural climate and cropping systems. Because of this, 
we have established very important worldwide linkages
with research oil sorglium in both the developed and devel
oping countries. Wild germ plasm, work on coriir11r0ni dis

eases, sharing of overall production techniques, research ini 
pathology and entomology have brought a rich and reward
ing collaboration between scientists and between countries 
across tile world. 

2. Water, tile Iiajor theme of this con ference, is a cor
iion problem to almiost all countries. It is a global agricul

tural issue. There are many exanmples of common linkages 
on a nattral resource issue such as water. Per haps one of the 
riost effective ones at work today is tlie relationship be
tween the United States and Israel and the binational agri-
Cultural research and development fund program (BARI)). 
Water is a principal area of lcommon concern between Texas 
scientists and Israeli scientists, ard tile 3ARD mechanisril 
has provided a maJor enabling collaboraltion ard CoLiini LIii
cation on this common resolrce issue. 

3. A third linkage, in addition to specific coriiro(dities 
aid natural resources, Would be geographical proximity. In 
the case of onr Texas Agricultural Experiment Station, this 
is exemplified in our collaborative programs of research 
with Mexico. We work very closely with Mexico on plant 
ard animal pests and disease as well as on coimion produrC
tion problems and natural resource activities. A winter 
cotton nursery, located in soLiIthieri Mexico, 1lf)iliCs tile 
effectiveness of' our plat breeding progran for that Con
nlirdily by a factor or two through growotts that Occur in the 
winter in that part rif Mexico. Major collaboration in animal 
disease and ill plant disease areas is also irider Way ini that 
country. Through sharing of coniion resources ard work
ing together on coninion problems, the effectiveness of the 
research of our two countries is arnplificd and U.S. scien



tists working in Mexico become aware of and know how to 
deal with a variety of exotic diseases and other pest prob-
lems that do not exist in the United States. 

MAKIN- INSTITUTIONS WORK 
As has been stressed several tinies in preceding corm-

merits, the state agricultural Cxper imen t slations [are a inis-
sion oriented, problem solving set of research institutions 
whose first allegiance is to tlie stale oflorigin, whose second 
allegiance is to lie regional and national problems of agri-
cultural Iproduction intileUnited States and whose other ac-
tivities need to be complementary to these principal imis-
sions. IRecognizilg the fundamllental motivations for tie 
state agricilttura experiment stations dtocs not detract in 
any way froi a veTry active ald substa[tiye involyeIelt in 
inItermational agricultural research. The mst ilport ant aid 
most relevant management piinciplI tiat must be recog-
nized to make the state agricultural experiment stations 
work intlie internati,.mal areiia is to identify and deal with 
cn1iii instlktituial ob*jectives aiid c0inlOnI prtidtiction 
dliaitdireeIrih Probleilis, 

()lie of tlie key issues to he ovelrtiimie iii making tie state 
agrictltiNial institutions work in the irternational arena is to 
develop explicit understandings with regard to the coinriit
mciit of tine of key scientists inthe state agriicldtural exper-
imeni stalills. The individuals who have the Capability or 
making the greatest coitribiltiOi il inlcrriatital agricul-
tiial resCarch Ire tile oncs wh t are Iolt hadly lleeded at 
hliniC. In oiur state , Initdel which is working well recog-
nizes that key individtals will have a dillicuilt tiilie being 
available for long-tern overseas assignments hlut tha1t such 
ilividuals can rmake meaningful shorter-term conlil-
merits to overiseas activities and bridge tile gap hetween with 
key graduate stluldelts aid iilividtials more committed to 
I'rll-tiiie iliternitinlal lctiviies. 
There are a nublher of' new and inntVatiVeoe t itds f'or 

linkage that are enierging today that allow ft irbeticr col p-
ling of Ilie s iai agricIlitural experiient sialions Itolie olier 
eClenents of inIernational agriculure. I have alIready iien-
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of Israel and 1e United States. The CGIAR International 
Laboratories represent areas of excellence in international 
agriculture scattered throughout the world. The U.S. Agency 
for International l)evelopment is making a substantiial eflort 
at developing linkages between the areas of excellence in 
science in (he United States and these various international 
laboratories to have a two-way scientilic exchange and col
laboration. "'hrough this mechanism, more can be learned 
from tile international laboratories for use in the United 
States, and certainly scientists in tie United States can 
effectively collaborate with world-class scientists in (lie 
CGIAIR laboratories. More and more, we see emerging ili
stitution-to-institution relationships in interiational agri
ctiltural research, particularly intie deveCIped colintries. 
l'hese institutional relationship s also grow stronger each 
year by virtie ol' tie training that the ilternationaIl scientists 
have had intie developed count ries and tie remaining link
ages to the parent academic institution when they return 
home to take major leadership roles intheir countries. More 
and more, as scientists in agricultn recbeetie experienced 
in the intlernational arena, there is a scientist-to-scientist 
communication and 'rom that, a collaboration that is eflfc
tive inmutually complementary ways. 

CONCiUSIONS 
In conclusion, tie state agricultural experiment stations 

constitute a major resource to enable an eflective commtni
cation and Collabhoration in interniational agricultural re
search and deveItpnienut. There are many complementary 
international research capabilities that caii be exploited be
twee scholars and institutnins with comnoi iiotives and 
objectives. There is a growing ctmitment to a secotual 
rics oitcoriimon protleris that must he solved througli ag ri
cultural research and development ainig the scientists of 
the world. There are enierging a series of innovative ap
proaches thIat will allow lkir a more effectivec in 11111iiicat ion 
and collaboration between iisliiit ions aiiid scieniti s Ca
palble of addressing key questions inagricIltiuralI research 
around tile world. It is incilllerlt upo all isilittiioins Ito 

iioned tle 13AIRI) iiechanisi for linking agricultural seieni- take advantage of' lie major opportuiities that exist to en
lists in Israel and Ile United States on proleIcins o1 mutual Ihianice this coiiinlflLiil lion toward the coliniinil goal of'pro
interest. This mechanisin is funded bv the iiitei'est earnings viding more affordable, wholesoie, and healthy food and 
froii a pool of noney jointly provided by the governients fiber for the increasing population of tihe world. 

jt
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61. THE TREND OF U.S. POLICY IN DEVELOPMENT WITH 
LARGE-SCALE AGRIBUSINESS AROUND THE WORLD 

Edgar C. Ilarrell, U.S. Agency fOr International Development, Washington, I).C. 

I want to talk about the relationship between the delivery of 
services through 'he private sector and development, 

Four years ago Peter McPherson, the administrator of 
All) (Agency for International I)evelopmen) set lip a new 
btirean il All) to stid how, bilateral donors such is the 
U.,S. gov'ernment's All) can work with and through tile pri-

tl partuhva le sector to achC dClVCxpcIeeIi goals 'llIlariy iln 
'grIculture. What waedifferent about Ihe bureatts ianddte 
ws that McPhersoi wanted LS to rV anid work directly witl] 
private companies and institutions. This is different froni the 
more faImiliar, traditional All) governiinent-to-governinient 
programs. We chose to work primarily with the private
coniplliaies and institutions in the developing counties 
rather than directly with the U.S. companies. We decided to 
start with hlie market and marketable oppo rt tities ratlier 
than with a particular probleIm area or technology and let 
those opportunities be identified h'y the people who knew 
the Iiar-ket. that is, the co[ipanies arid institutions ill the Lie-
veloping world or the U.S. coriipaniCs that had experience 
there. There are a fcxv advantages tI this apl:proach: ()ie is 
that tile people who develop Ire ideas are closer to tlie nria-
ket. SeCOld, Most 0f tile bLISiIeSS oppo rtuLilitics are fairly 
well developed by the tintle they come to All), and so we are 
able i)leact ruilich more quickly. Third, there would be full 
sharing of risk. Traditionally, All) is in the risk t-isiness. 
and that is precisely where a bilateral or iultilateral donor 
should be. We decided that we also wouMt take risks, but 
thai we xvl share those risks equally with private corn 
panies and with institLitiiis. That is, if' We lost, they lost, 
and if they gained, xvc gainedi as xveil. So there xxoLIId be 
Ciual sharing of both the losses and the gains. And finally 
we financed basically snall projects to test ideas and cxperi-
mnit with new approaches that if demrroristratef to bC sLC-
cessful and Viable, could he replicated by tie rest of the 
agency or by mIulltilateral donors or by IL.1X7 (less developed 
ciLintry) governments tiemselves. 

We really Started with two programs, and all tile 1kIcus 
was il agri busi ness. We did set ip an investmerit xvindow, 
and over the course of fhe Iklur years thal I w'as depulty 
ass,:'snt ,,rtr (if the bulleat. xc invested abot $4o 
million. The average si/e off a project vas ahoUt S .5 riil-
lion. We leveraged abouLt $i o niillion in private agri-
business investiient. All the investmients witi the exception 
of one were in agribusiness in the developing worlf. The 
average terr u of our lending was about 12 percent, eight 
years repayment. To some people this may sound onerous. 
The enterpreneUrs that ,,.e worked with in the developing 

countries basically had no access to institutional credit. It is 
not the price that is important; it is the fact that they now 
had access to credit and someone willing to work with them. 
Moreover, we were consciouis ol the costs of our l'unds (U.S. 
Treasury borrowing rate) and tile cash flow potential of 
projects we invested in. 

'lhe second area we worked on was policy, particularly ill 
trying to strengthen an1d deepen capital markets to mobilize 
and allocate savings for private investment. One of tlie big
gest problems today in the developing world is the crowding 
oit oft lie private sector from tlie capital markets by govern
nieits. About 6oi to 70 percent of the capital available ini de
xeoping cLuntlriCS ih many parts of the world, and I speak 
specifically ol Africa and Latin America, is taken by the 
goverrinlient sector, leaving very little to r the private sector 
to continue their businesses. 

What we discovered From this experience was lir,,t t All, 
that the developing countries' iovernments liked thic pro
graIn. There is a change of phidsloph, going or in the de
ve'loping wv'orld. partly because we worked in i bsiness, 
we discovered that many governlemls are not satisfied with 
tlieir own mianaged extension programs, tIhat they are very 
costly. h'lieprivate sector can and (ioesprovide tlie exten
sitn program. arid this is a subjcCl ill a book that RLIth 
Karen and Simon Williams are iublishing with some case 
studies. The private sector has a self-irlterest to continue the 
program and to make it service-oriented and cost-effective. 

The second tling we Iot1rid was thiatimany governments 
are interested today i privatizing some stale-owred enter
prises, and not only inI agriCLI1,1LrC. They have foIrnild thiat 
they cannot run theni efficiently. Their investments are not 
market driven, and they are a idrain on the capital and 
operating expense budgets. 

l'hird, new markets coLIld be developed which are good 
for the Coitries. The governients liked the idea of* iiar
ket-driven opportunities which lead to foreign exchange, 
higher vaI le added to fnarmers, and allocation of'savings di
rectly to productive investLre nit and iot consiimption. They 
liked the idea of better use of agricItLIral lariid. One 0f Llie 
interesting cases that will ComeiC oiiLllOthe Siriiori Williariis/ 
RLrthi Karen book is tile Miriiias project ii Kenya, which 
was hasically a nuclear estate suigar pro Ject ir ari area that 
was not producing sugar. After flour or five years the cor
pany provided technical service to about 20,000 to 25,010 
f rm facilities outside the nuclear estate that provided sug
arcane for production by the falctory. The company l'otid 
that they also had to provide extension ., -rvices fOr other 
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crops such as maize and sorglum because the farniers had 
to have tood or cash during the period when they were wait-
ing for their cane to grow and be harvested. A whole new 
relationship developed between the company and small 
farmers that was not necessarily contractual; it was in tile 
self-interest of both parties. The company provided services 
not only in terms of productive inputs and technology and 
markets for sugarcane but also for other crops that could be 
given and marketed by the farners. 

[le second thing we found was that the general wisdom 
that "itthere was a good opportunity, the private sector 
would lind it,- was not necessarily correct. We discovered 
that private institutions, particularly the linancial institu-
lions, were missing some good opportunities. The first 
projects we financed were as agribusiness investment funds
in Kenya arid in Thailand. lii both cases this was the first 
nlediuni-term. ixud interest rate linancing available for 
small, rural, private agribusiness firms. ',Ve shared the li-
mincing 50/50 with the banks, but they assumed the risks of 
on-lending. And what these banks found out was that not 
only did tley generate new custolCrs in terms of. deposits 

and other new banking services but they aiso had the oppor-

tunity to be in tie fore lrnt 'of investment tipOrtuti-
new 
ties. II tlie case of Thaiaid tlie bank involved is beconiing a 
leader inprivate financing of aqaculture and animal uLIs-
bandry proijects. 

The other thing ih'aiwas interesting was in the case of 


Kenya tile costotfj iobs createu thIroiugIi sub-leIidiig to Smiall 

rural agribLisiness processing firms was about S2,ooo per

job. This is quite a good figure interms of' relative experi-

ence and job creating by investlment. 


Another area that we entered was retail leasing. We Ii-

nanced a project inPakistan to develop new farni inlple-


enits for small farmers. What became interesting in this 

project is thiat tile
COIIIpaIy 1i0t iiI y will begin I)r10(1dCtiOn 

of the small fari implenrents, but they lay set ilp a retail 

leasing operation where instead olsellirig iriplerients to tie 

'arniers tihey will lease and service them. So agair you Ihave 

a direct relationship between th production and, interrms 

offa f'arm irmplerment or an input to f'arming. service to the 

f'arnier in usimig it. and also a way of firancing that will be 

very cost-eflectivc for the faraiicr. We also financed a retail 

leasing facility with a finarcial initerinediary iii Pakistan. 


\Ve also found that tile proL'alnls could ibe quite coniple-

nlenar to the govcrrninnt programis. The one that I want to 

Iienltiori particularly was our participation on the financing 
of he first private meatpacking project., Or shlghter project,
it Thail and. All otliers are currently owned by tile ccntral 

govcrireiiit or niII The interesting partricipal gOVernMiCis. 
of lthe project tons was that the iicat processing plant Woul 
provide the exter, ion to siall farmers ('or raisiig pigs and 
cattle Oil their' fariii where iarinre could be recycled and 
improve the fertility of the land. But this also became very 
carlpleineiiary to the government pr'ograri in ,:iliniating 
hoof and iioulh disease beeanse the governuenl wanted 
most of tie production f'irol the mleat processing plant to be 
cxported. So the governnent I'onrd this is a very counple-
rientary proigram to the traditional kind of extension in 
ternis of vaccines, ctc. I'Oragriculture. 

The third interesting area we found was, and this is really
the very important part of the study by Ruth Karen and Si
inon Williams, was the social and development equity as
pects of it. Again, in the carse of Thailand one of the cases in 
the book they are publishing is an agribusiness firm called 
Charoen Pokphand. That company decided that there was a 
market for pork, and they went out to help small farmers 
raise piglets for slaughter. They provided all the infrastruc
ture: they bought the land, they resettled the farmers, they 
provided the health services, and so forth, to go along with 
these villages they hielped to establish. They found that after 
seven years profit', had been sufficient that they could give
the farmers the ihonses, tile and the inf'rast ructure thatland, 
had been developed. Moreover the value added to the farm
ers in terms of incomes was about three to live times 1'romgrowing pigs than it was (or growing traditional rice or cas
sava. So there was a situation again where working through
the private sector the governlenls won interms of income, 
interms of rurn, eniployment, in terms of new markets; the 
private company won in terms of developing relations with
 
farmers, plus prolit, and the farmers won in terms of social
 
services as well as 
income, and in tiis case, additional as
sets tfat they would own.
 

Fron this experience we als.) fo nd two major opporttii
ties ernerging that we as part of the agency are going to
 
spend more time air. One is technology development. We
 
found that we were receiving opportunities that we'd like to
 
finance: they had good management, good developnent ini
pact, and good miarketing. but the technology wasin't f'lIly
developed. The agency has a long history in financing rc
search through the Science and 'echnology Bureau. We
 
found that there were opportunities to work with private

companies to develop new technologies that would Only

take a year or two to develop. In the case of Costa Rica, we
 
had a company colme to Is ftOr assistaice in expanding a
 
pan to use coffee waste as animal feled. 
 T[hyIi did not have a
 
very good process because it could not take out the irii
purities that were not good (or arinials such as caffeine lig
nins and tannins. The first thing we did, and this is tecCiiol
ogy transf'er where Americans are excellent, we contacted
 
some engineering firms who helped the Costa Rican firms
 
to reline their process No thatl they corld take out the iun
purities and raise ltwproportion that coffee waste would
 
substitute f'or sorghum and iiaize.
 

In addition, one of' tle by-products of taking the coffee 
bean from the kernel is a MucOus which is high in pectin.
Pectin is a very good enzyne.There has never been a pro
cess developed to comnercialize pectin fIrom the riucoUs of' 
col'fee waste. I lere is a case where, with a limited arnount of 
rioney, $50,(0 eacIih, Or a t talof' $( (,oo we wold 
jointly work with that companyri and lrlAmerican engineer
ing firmio develoht process. 

So we hillat is a real Op)poirtUnit f'or All) tof'eel there 
share the risks with private conipais in developing tech
nil ogy ftOr developing countries narkets. This is where 
Arm,'rica is so strong in teIriis Ol our research institutes and 
our private sector. Many developmnent institutions work on
 
technology transfer but technology developnent in develop
iIng countries with private companies is a new opportunity. 
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The second area which I have already mentioned is that fessional life, at the number of new entrepreneurs that are 
we are very pleased with this linking of markets to produc- cropping up everywhere. I can think of Thailand where I
tion. That is allarea where we have now financed three or 
 first went in 1956 and look today at their strong private ellfour projects. We believe we are developing enough back- trepreneurial risk-taking private sector as compared with
ground data and experience that we can replicate these. We what it was ten or fifteen years ago.
feel that the linkage b.ings in the production technology. Fourth, there is awareness of technological advances

Tile private company brings illhelp on the crop selection; worldwide. There are going to be tremendous opportunities

there'i a big market potential in developing countries if they to work with private companies and institutions in develcould acce:ss it and produce it,for example, exotic fruits. oping countries and help them to adopt and use the bio
vegetables, and plants. There is also diversification of U.S. technology and bio-gcnetic engineering know-how and the
agriculture mclon production, etc., in the developing world, basic technology that has been developed illthis country.
particularly in the Caribbean. I think there ale tieinendous opportunities for everyone,

Third, you have the processing done on-farn for value and this also applies to the water sector, which is an impor
added. I gave the coffee example plus the social infrastruc- tant part of this conference. 
ture and equity example in Thailand that comes along illthis In terms of policy within the agency, I think these efforts
mutual relationship between private processing companies at working with the private sector will continue, will be awho will stick with it for their own self-interest and 'armers, complement to the traditional government-to-government

Four points summarize this experience over the last four programs, and I think that basically we will be illthe lour 
years. First, nothing is inconsistent between development areas where advances will be made. One, we will be work
and working with private :ompanies and institutions. Pri- ing with private intermediary financial institutions to pro
\,ate companies arc not development agcncies-Il think we vide new types of financing or services to private com
agree on that-hbut they can be excellent vehicles for achiev- panies, and that means AID will probably be spending moreing developmental objectives. It is a situation where all win. of its money directly to private intermediary financial in-
The government wins. the farmer wins, and business wins, stitutions to provide credit to small f'armers or small busi
if it is done properly. ncsses. Two, farmer outreach programs through private

Second, there is growi.ig dissatisfaction not only in the companies. Three, new technology development. And four,
private sector but in the governments themselves trying to continuation of work with tile improvinggovernments ondo the whole job. It is too costly and ineffective. tie macro and scctoral policies to provide tileincentives for

Third, there is a new self-confidence. I'm always sur- tie private sector to do the kinds of things that are important
,,:ised, having worked in developing countries all my pro- for development. 

http:growi.ig


62. THE PRIVATE SECTOR AS A FORCE IN 
AGRICULTURAL DEVELOPMENT 

Tracy S. Park, Tenneco, Inc., Houston, Te as 

Corporate endeavor in less-developed areas of tie world 
helps maximize the social welfare of the people. Without a 
healthy society, there are no stable markets and no prospects
for sound business growth. Corporations should be able to 
relate their long-range goals to those of tile countries in 
which they work. They should identify with major eco-
nomic and social goals of their host country. 

As a major U.S. firm concerned with these considera-
tions and one which is engaged in both domestic and inter-
national business, Tlemnco is a diverified company whose 
livisions and subsidiaries span eleven major industries. It 

provides products and services in four basic areas: energy, 
maimfutacturing, natural resources, and insurance. Tenneco 
ha! grown to be a major worldwide organization with an-
nual revenues of $15 billion and ,:,sts of Si8 billion. It is 
ranked as the sixteenth largest U.S. company in sales, and 
employs about ioo,ooo people worldwide, 

Of immediate interest to this conference, Tenneco's sub-
sidiary. Tenneco West, Inc., owns and manages over i mil-
lion acres (4oo.uoo ha) of land in the I Jnited States devoted 
to grazing ant intensive crop produ tion. It leases a con-
siderable amount of its land to independent farmers and 
ranchers, makes information available to them to encourage 
optimum utilizat,,in. and handles and markets tie crops 
grown on these lands on1behalf of the independent farmers, 
Simply stated, Tenneco has for years in the American South-
west been inplementing the corporate core and satellite 

f'arming management techniques which have been proven so 

successful in certain developing couretries, as recently docu-

meniLd by joint USAIl)/Business International studies, 

Ruth Katren has given this conference a detailed report on 

the results o! their research in this area. 


Commencing about six years ago, Tenneco demonstrated 
its commitment to international agriculture by starting the 
first of its several international agri)usinCss ventures in one 
of the most remote and environmentally harshest regions of' 
the world. It, and two additional examples in other inter-
national regions, will he briefly reviewed. 

THE SUDAN 

Tenneco pioneered the transfer of modern agricultural 
technology to a remote area in northern Sudan by building
and operating ain irrigated farm. This project offered all tIe 
challenges a company would want: saline and sodic soil; 
searing ambient tempratures; line, blowing dust; no infra-
structure, and an un,'killed kibor force. This farmn evolved 
from discussions in 1976 between the president of the Sudan 

and the chief executive officer of Tenneco. Simply stated,
Tenneco decided to establish a model farm in tile Northern 
Province which would demonstrate modern methods of 
crop production and provide insights on how it could br;! 
act as a catalyst to develop the area. 

The Northern Province is one of the most arid regions of 
the world. Nonetheless, it has great potential as a producer
of agricultural commodities. With more than 8i,ooo ha 
acres of rich alluvial soil watered by the Nile River and a 
relatively small population, it is capable of producing stir
plus food. However, tile area remains underdeveloped, and 
its people continue to subsist on traditional methods of crop 
production. 

Based on its experience, Tenneco concluded that the 
near-term future of the Northern Region lies not in develop
ing large corporate or government farms, but in improving 
the productivity of tile area's existing small farms. Most of 
these farms are located on the fertile land nearest the river 
and are producing far below their potential.

The main reason for tle Northern Region's low productiv
ity isthe continued use of traditional cultivation techniques.
Farmers do virtually all their work by hand or with animals, 
following a routine that has remained basically the same for 
centuries. As a result, a single farner can handle no more 
than about i ha of field crops, which is barely sufficient to 
pay back his costs and feed his family, much less provide
surplus cash. The key to increasing productivity on these 
local farms is mechanization. If farmers can achieve econo
mies of scale and then produce and market surpluses, the
 
land isrich enough that they will be able not only to support

the cost of mechanization but to substantially boost their
 
incomes.
 

Successful mechanization ini the Northern Province will 
first require that farmers modify their irrigation practices.
They still use the small basin practice of flood irrigation, a 
practice which involves diversion of' water from one small 
plot (often no more than 10 to 20 in square in size) to an
other. This small basin practice is a major impediment to 
any mechanized farming operation insofar as it seriouslyhandicaps tie capabilities of farm machinery to till, plant, 
cultivate, and harvest crops. IHowever, border strip or long
furrow irrigation on land that has been leveled eliminates 
these problems. Furthermore, such improved systems of 
irrigation represent only a nIehification of the farmtirs, 
present understanding and capabilities. 

Tenneco has found that the cheapest and most effective 
means of land leveling, particularly well suited to the Sudan, 
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is that which employs laser-controlled eqlipment. In effect, 
the laser auLtOllates the entire process, thus reducing the 
number of*skilled personnel needed to do tie work and en-
suring a precise grade. Unlike conventional leveling, laser 
leveling does not require a survey crew since the laser itself 
is used to map the SLlface ol the field and determline the cuts 
and fills necessary to creat, the desired slope. The laser unit 
cal then be programnled to that slope, and it Will con-
tinually check and correct tie grade as tileearth-moving 
machine moves across the field. Once complete, leveling
allows water to flow evenly throigh fulrrows or between 
border strips for distances ip to several hundred meters. 
The result is reduced water consumption and evaporation, 
better drainage, higher crop yields, and less labor. 

Land leveling opens the way for I'ully mechanized crop 
production. With long furrow or long horder irrigation.
farmers are relieved of their most tinme-consuming task, tilIt 
of colistructilig borders aroand dozens of small plots 'ial 
then diverting water fr'oml next.one plot to ilie Without tile 
cross-borders, machinery caln operate easily, and it can then 
take over the tasks of land preparation, seeding, spreading 
fertilizer, harvesting and lire shing. This allows each larnier 
to devote his at tention ' maintainiing (lie prinmary irrigation 
canals or to spend more timre lt outside work, Such as 
cultivating fruit and vegetable gardens. Once maichinery is 
Illy incorporated into local I'a'ii onea operaliO., farmer 

working fuilltime during the growing season can 1iaidle up 
to 24 hectares, instark contrast to the one or two hectares lie 
Iarmis with tradilional methods, 

Besides allowing farmers to exteld their acreage. level-

ing and mechanization have other important benefits. First, 

with heavy tillage and tinil'Orapplication of seed and fer
tilizer, yields increase significantly. III addition, machinery 
enables the farmers to mainta i strict tilietable. That is, 
they caii plant and harvest Oil rue anid iosO last enough to 
allow for two crop rotations per year on a single piece of 
land. '[his not only increases yields through timrely plant-
ing. but transforms the neglected summer season into an 

important part of tIhe crop cy,:le. The concept has been very

well accepted and l'enneco hopes to continue the program. 


After live years of direct farming and assisting riulierous 
other private farmers and agricultural cooperatives in niortlh-
ern Sudan, Tenneco now plans to produce certified seed for 
distribution to farmers in the area and around the country. 

PUEIRTO RICO 

Another example of' overseas corporate involvement in 
agriculture is Tenneco's Vieques Island spice farm project ill 
Puerto Rico. The U.S I)cfensel)epartment has consider-
able activity on Vieques. nany of' whose inhabitants are 
jobless. ''o improve the situation, the Defense )epartment 
asked each of its top teli contractors to assist in econoniic 
rehabilitation of the island. As one of the top ten , l'ernneco 
and one of' its large subsidiaries, Newport News ShipbUild-
ing, have responded by embarking on a joint venture pro.iect
with a successful New York City spice and herb growing 
company to build a spice and herb farni on Vieques Island 
in Puerti Rico. 

Working with the U.S. Navy and Vieques Island comniu
nity development officials, an aerial survey was made of the 
island to select good potential sites for the farm. Soil 
samples were taken and an excellent farm site was selected. 
Field growing trials are already under way. Positive findings 
are expected from tilebusiness and marketing study now 
being completed. 

The project as designed villgrow such spices as basil, 
oregano, tarragon, rosemary, sage, thyme, nasturtium, bay 
laurel, chives, and parsley for the fresh and dry markets. It 
is envisioned that there will be a core farm of one hundred 
to several hundred hectares of spices with a similar area of 
various vpices that will be grown by tilesurrounding small 
farmers and packaged and marketcd by a joint venture 
company.
 

The most limiting factor onitie small island is 
 f'resh 
water. The farm will be designed to include some of the 
latest techniques of water management. A catchnient basin 
will trap rain in ponds to recharge tie aquifer and aliso to 
serve as a source of' water for tiledrip systerli. The use of a 
drip system will allow us to provide irrigation sclheduling 
with only enough water applied to meet (lie evapotranspira
tion of lhe growing plants. To supplement tile irrigation sys
lem, small wells vill ie drilled to produce the fresh water 
from all underlying aqu ifer. The total discharge rate of'tile 
w,'ellsvill not exceed tlie recharge rate. This Wvill ensure that 
saltwater intrusion will not become Iproblem. 

We are optimistic that this project wvill enable Tenneco
 
and Newport News Shipbuilding to filfill their objective
 
and make a significant contribution to the island's ecoiloniic
 
development.
 

USIA 
As a third exanple, Tenneco instigated] tile establishment
 

of a joint venture date processing company to process and
 
export common variety invert dates from Tunisia to North
 
America. 

As the largest s gle processor of dates produced in tile 
U.S., Tenneco's date division pioneered the development of 
several techniques to utilize date!; as ingredients in pro
cessed foods. Fxamples include date paste, date sugar, and 
chopped dates which are Widely used in pastries, confec.
 
tioneries, and granola-type cereals. 'loensure a stable sup
ply o' ingredient dates to the industrial users, 'enneco was
 
interested in locating additional sources of quality dates to
 
ieet this growing markel dermand.
 

Historically, Tunisia's common variety dates have proved 
difficult to market both domestically and abroad. Develop
merit of the country has brought a gradual shift in the pref'
erences of Tunisian consumers, avay fron the conirion 
date to the sweeter and softer-textured dessert date, called 
Deglet Noor. 

An attractive feature allowing I'or increased exports oftihe 
coriinon dates is that their processing season f'alls after the 
Deglet Noor season. Local processors can thus extend their 
processing season. This not only generates extra returns for 
the plant and equipment, but it also keeps labor employed 
for a longer part of the year. 



To meet the high standards of the U.S. Department of Ag-
riculture, a number of cultural and processing techniques
need to be implemented within the Tunisian date industry,
Tenneco is willing to help the date growers improve their 
quality in return for the opportunity to market these dates in 
North America. Therefore, it is possible to bring together
the Tunisian date growers association, a Tunisian invest-
ment bank, and Tenneco into a mutually beneficial invest-
ment opportunity. 

In addition to the three projects just outlined, Tenneco has 
completed or currently is engaged in agricultural feasibility
studies in: 

Australia Gabon Pakistan 
Cameroon Kenya Saudi Arabia 
Colombia Mexico Turkey 
Costa Rica Morocco 
Ivory Coast Nigeria 

In summary, I believe we all realize that many agri
business companies, large and small, know how to mobi-

The Private Sector in Agricultural Development 413 

lize, relate to, and energize small farmers, in both de
veloped and developing countries. Believe me, private
business can do it. There are niumerous regional and global
financial and technical assistai:ce institutions who would 
like to see small farmers and corporations working together 
with complementary goals. 

Just as companies can motivate small farmers around a 
"corporate core," I believe the ccmpanies likewise can be 
motivated to accept the challenges and risks of investing in 
projects overseas reflecting their areas of expertise. It seems 
to me that one of the most dramatic actions that this great
university could take in follow-up to this fine conference is 
almost self-evident. Find ways of encouraging and motivat
ing the U.S. agribusiness private sector to seek out manage
nient and investment opportunities. An individual company 
must find its niche, and it i, most certainly out there waiting 
to be tilled. 



63. PRIVATE SECTOR DEVELOPMENT OF COCOA IN LESS 
DEVELOPED COUNTRIES 

B.K. Matlick, Agribusiness Department, Hershey Foods Corprafion, Hershey, Pennsylvania 

Ten years ago Hershey thought that cocoa beans grew on the 
docks of New York or Philadelphia: we knew absolutely 
nothing about the production ol'cocoa. Sure, we knew from 
the maps where it was produced and had nice pictures, but 
we knew nothing about it. We fortunately had a chairman 
who was very concerned. The violent fluctualion of tile 
price of cocoa beans was very upsetting to our company-
we constantly had to be changing the size of our product in 
the markelplace-so we sat down in a long-term strategic
planning session to see what could be done. I lershey Foods 
Corporation was dletermined to try to do something about 
the long-term supply of cocoa beans. We knew it was a tree 
crop and we knew that it was growing in underdeveloped 
countries in tiletr pics, but we really didn't know very
much more. 

My associate Glenn Trout and mvself were given the 
chi ,len,. We wee professionals in agriculture. Hershey 
makes milk chocolate, and my training was in dairy manu-
facturing. I was purchaser of all the milk for the Ilershey
I'oods Corporation, and I was working with dairy f'armers. 
Glenn called one day and said, "Do you want a new chal-
lenge?" and I said, "Sure, why not?" We first went around 
the world meeting with ministers of agriculture and large

,tgribusiness companies to try to convince them to prodtuce 

more cocoa. They responded by saying, "Ifwe thought 

cocoa production was such a good crop, why didn't we grow

it ourselves." We decided to grow cocoa on a demonstra-

tional and experimental basis to gain experience and knowl-

edge about the production o('
cocoa, 
Our particular expertise at Ilershey is in manuf'acturing,

sales, and marketing of chocolate, so this was something
really new to us. There was one thing we thought we could 
do and that was to understand the technology of cocoa pro-
duction, but we felt that we had to get hands-on expcrience.
For various reasons we selected a site inthe little country of' 
Belize, which s just south of the Yuca;an Peninsula, bor-
dered by Guatemala to the west and Honduras to the south. 
We purchased about 8oo ha there and set Lip the task of 
growing cocoa. We have an agribusiness technical staff 
of three professional agriculturalists. One thing we con-
sciously did was staff the farm with local people. All we did 
was visit the f'arrn regularly, giving the technical require-
ments and letting them do the job. 

The technology was basically from the Tropical Agricul-
tural Research Station. CATFIE, in Turrialba, Costa Rica. 
We also visited Ecuador, Ghana, Nigeria, Malaysia, New 
Guinea, the Philippines, and other major cocoa-growing 

areas. We picked up what we thought was the best technol
ogy and applied it. We had some problems, of course, be
cause we were growing a crop we (lid not understand. We 
were growing cocoa in a country that was not a major
producer and we were using people who were not faliliar 
with cocoa: so, we had three strikes against us and in all 
probability we should hav fiiled. However, v.e didn't. W, 
now have more than 240 ha of cocoa. We have a very exten
sive laboratory where we are doing research on fermenta
tion, irrigation, drought stress, field spacing, fertilizer, and 
tie various field problems of cocoa. 

'[his was started in 1978, and up to 1982 we kept it quiet.
We really didn't say anything because we knew we didn't 
have anything to talk about. We really didn't know if' we 
were going to succeed or fold Lip our tents and go home, but 
it became apparent about this time that we did have some
thing, so we did start talking. Originally, our plan was that 
once we developed the technology we were going to go back 
to those large agribusiness companies who were growing
tropical crops. At that time all these companies weren't in
tercsted; they had all the problems they could handle. 

Cocoa, being a tree crop, requires about four to live years 
of development bef'ore you get a positive cash flow, and the 
financial ofticers of these companies did not like that sort of 
investment. So, we turned again to the question of how we 
were going to transf'er this technology. We kept knocking on 
doors. If' you think it is tough being a government employee
trying to get to know somebody in private industry, you
should be on this side trying to get to know how the govern
ment works. I have not figured it out yet; it is vcry, very
complicated. We spent three or four years just trying to fig
ure out who in our government or who at World Hank were 
the decision makers, how to get in to see them, and how 
they operated. It was very much of a maze to me because 
our industry is very small and simplified. We were at tile 
point, however, where we had ;omething to transl'er and tile 
opportunity to tiantsfer was, quite fiankly, to the foreign 
governments and through USAII). They were looking for an 
agricultural crop they could recommend to LDC that would 
generate foreign exchange. They needed a crop in which 
marketing was no problem. Cocoa is a crop that is traded 
every day in international trading, so it has a market and it 
is a nonperishable product. '[le farmer can sell cocoa when 
he wants or needs to. 

We are currently providing technical assistance for 
USAID-sponsored projects in Belize and Honduras and are 
in the talking stages in Panama, Jamaica, and Grenada. We 
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started out with a very large objective, and we are still a 
long way from achieving that objective, but we now see 
light at the end of the tunnel. We have developed a research 
farm in Belize. We have a technical staff and regularly in-
vite the extension people to come to the farm and visit. We 
also have held seminars. Last fall we held a seminar in 
which technicians from Haiti. Ilonduras, Costa Rica, the 
)ominican Republic, and Belize attended. 

We have what we think is a small way of returning to tile 
developing and cocoa-producing countries a small bit of our 
success. We hope that the technology transfer that we have 
will allow us to make a contribution to the world cocoa 
producers. The current world average yield of cocoa pro-
duction, especially tie Caribbean and Central American 
areas, is about 28 kg. ha Under the technology we have 
available they can easily increase that to I, 120 kg •ha '. 
The world price no\\, is ab)out in country price $0.34 per
kilogram. This results in aboutt U.S. $305 per hectare gross 
income, 

I fee l that aIsmall farmer can handle 4 ha of cocoa, so it is 
a crop in which we heel he can make a living aind improve 
his life-style. If lie makes a profit, then his neighbors Will 
look arou nd and suddenly say, "That house is painted, tle 
kids have new shoes, the older son is going to school; I 
would like to have that too. I would like to learn to grow 
cocoa." We f'ecl that once they do that, it Will ensure i long-
term supply of cocoa at a reasonable price. It is a small yen-
ture oln our part. but is it something to which we feel corn-
nutted. We felt for years that anything we did Would have no 

impact; therefore, we did nothing. Finally, however, we de
cided to do something. 

The keys !o our project are marketing and technology. We 
have a market and we also now, through our research f'arn 
in Belize, have the technology. With that combination and 
with land, labor, and the hard work of local farmers, we be-
Iieve that cocoa can be it successfull crop. Recently, we were 
approached by the local farmers about how they could get
stai ted in cocoa farming. After a couple of years of plan
ning, we have a project in which local farmers are being fi
nanced by tie local government to purchase about 10 ha of 
land; Ilummningbird-I lershey Ltd. is providing tile extension 
service, and the local government is making land available. 
The first land is now partly planted with cocoa. We feel that 
if these people show some degree of success then we can 
duplicate this project in other parts of the country so that it 
will eventually grow into maJjor export crop. 

Belize has only about 150,000 people; therefore, we are 
not looking at a large amount o money to niakc an impact 
on this country. It is something that Icrshey has set out to 
do. We spent a significant amnount of moncy in developing 
the farm; we spent the last six years in developing the agri
ctlttniaI techliiqies, and now we are trying to transfer that 
technology. We feel that the technology we have developed 
will result in a profit for :mall farmers and that this vill 
stimulate furthcr development. We will then be more con
lidcnt about the futture of the basic raw materials we need to 
continue to make elrshey chocolate. 
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64. THE WORLD BANK AND IRRIGATION 

Montague Yudelman, World Resources Institute, Washington, D.C. 

INTROI)UCTION 


Irrigation developmtent has beei, a major source of growth
in agricultural output over the past thirty years. Between 
1950 and 198o, the area under irrigation expanded from 95 
million to 260 million ha. This expansion was most pro-
nounced in Asia, where Chin.i and India, (lie world's two 
most populous countries (with a combined population of 
approximaely 1.8 billion) now have around half of' tie 
world's irrigated acreage. 'he area with the smallest acreage
under irrigation is Africa, where only 3 percent of total out-
put comes from irrigated land. In general, the regions with
tilehighest growth rates in agricultural output have been 
those with the most rapid expansion in area under irrigation
while the converse is true about those with the slowest 
growth rates.


Irrigation will contiml c to play an important role it]
increasing food production--- projections are that around 
75 percent of (lie increase in fod supplies in Asia in 199o 
will have to come front irrigated land. To. :micailly, irriga-
tion is important foar three reasons. First, itcan eliminate or 
reduce plait stress during periods of water shortages, thus 
giving higher and more stable yields. Second, irrigation can 
supply water in seasons when it is not normally available so
allowing more than one crop toibe grown on the same land 
during a year. Finally, irrigatioi; can support crop produc-
tion in arid areas previously too (fry to sustain any crop
growth. Whatever tile technical merits of irrigation, though,
due consideration has to be given to the economics of water 
use--and the managemcnet of irrigation systems-a topic
discussed at greater length below. 

The World Bank is a very large investor in irrigation de-velopment. The Bank's investments in irrigation iniAsia 
have contributed to the "icld" revolUtiMn that has done so 
much to allay ;horl-teri concerns about AMalthusian crisis 

;in that region. Nonetheless, while irrigation has expanded,
major problems inldesigning and implementing irrigation
projects have arisen. In retrospect, it ,:.ers that the Bank 
has had unrealistic expectations. Fortunately, unrealistic cx-
pectations about costs, time requircd, area to be irr~gated,
and yields have been compensated by unexpectedly lugh
prices for larm products. Irrigation costs per icctare are 
rising-with investment reaching $2,00 per hectare--and 
tie terms of trade have now ttirned against agriculture. 
Consequently, ,?rearer reilism is r . inpreparing proj-
ects, as well itsin their managcient. 

BANK IENDING FOR.IRRIGATION
Airrigation 

.:ween 1974 and 1984, tile
World Bank extended loans 

and credits for around $12o billion for a wide range of' 

projects-(transport, utilities, industry, mining, and education. 'rie largest proportion of these loans, close to 30 per
cent, were for agricultural development, including more 
than $ii billion for irrigation projects. This represents
nearly io percent of the Bank's portfolio and one-third of all 
lending for agricultural development. It also represents

i 	 more than half of all the external aid (bilateral and multi
lateral) for irrigation development. Thus. tileBank is un
questionably a major actor in tiledevelopment of irrigation 
among its member countries, especially those in Asia 

The Bank lends primarily for projects. Perhaps, though, 
one of its most notable successes in dealing with "water
related" issues was in its role as a supranationA agency
helping to resolve an internatioal problem of riparian
rights. I refer to the division of the waters of the Indus fol
lowing the partition of the Asian subcontinent into India andPakistan. The Bank, a muItilateral agency with the confi
dence of' the major parties involved in the dispute, was able 
to draw up an accept:ble plan for allo,:ating the vwate: s of 
the Indus. Thereafter, it was able to mobilize resources to 
construct tie reseroirs needed to implement tie plan and 
help finance and supervise the construction of these reser
yoirs, including the Tarbela Dam-the world's largest earth
tilled dam. 

No doubt, tileBank will continue to play an important
diplomatic role of this kind, a role oper, (mly to itnmulti
lateral agency that is seen to be objectiv;., that has a large
and capable technical staff, and that can help finance and 
implement any proposed solution. I do not think it is en
tirely fanciful to believe that a multilateral agency such its 
(lie World Bank will be in a position to help resolve some of 
tile
major international riparian issues that influence water 
use in (lie Middle East and the Ganges Plain. And the reso
lution of riparian issues in these regions will have an enor
nious impact on development in tie years to cone. 

Most of lthe Bank's lending is for projecs-a well-defined
 
set of activities that can be implemented over aI limited time
 
period. Lending for irrigation projects is intended to sup
port national efforts to intensify water use to increase agri
cultural output and reduce annual fluctuations in food pro
duction. Bank-financed projects cover a wide range of 
activities: froi large dans to financing of hand pumps and 
shallow wells; from completely new irrigation systems for 
desert lands to (lie rehabilitation or extension of' existing 
systems in nionsoon climates; from large can:l distribution
 
systems to on-farni water managenitnt; from land leveling
 
and land consolid:ition to the use of sprinkler and drip

systems; from planning new projects to operation
 
and maintenance and training for ongoing or new systems;

fron large systems with more than a million hectares to 
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groups of snIall irrigation subproJects with individual sizes 
of from 50 to 500 ha: from support of large state irri gation 
systems to providing rural credit for small farmers to ac-
quire irrigation pumps. 

Bank-supported projects to promote irrigation often in-
clude Other compon iients. 'u roads, credit,Typical are rail 
extension, marketini g, research, educatio anditraining, 
healtl>, potable water, and electrification. Ilnpractice, actual 
irrigation system costs mayibe anywhere flroim 45 percent to 
90 percent of'total project costs. Noinirri gatior components 
are included inprojects only when they are necessary for 
the project benefits to be realized, can be independently jus-
tified, or are part of lpreparatory work for fltittre pro'jects. Ili 
(lie main, ilost of, these compoinets ie deemed essential to 
improving (lie livelihood of small farmllers ".ndto generate 
rural emiploynent opportunities. two important objectives 
in Bank-supported projects. 

UsualyIIV. it is prelferable that projects be plained So1thlat 
they are technically and economically viable as entities--

econonic viability being linked to a re asonable ecilionic 

rate ofrcturn. I
However, the Bank also finances 'time slices" 

of very large proiccis that canlot be complelcd within nor-

Inal project loan periods of Iive to seven years, arid this 

raises an interesting issue regarding tile"'duratiol'"(f a 

project for purposes of evaluation. By wiay of illustraltion: a 

project,,\'ilarI irrigation area of 425,000a reqtires abiut 

Illteen ycars to conipletc: [lie first littre slice of' five years 

would bring about 1(5,(000 iilaUnder Cultivaliin. The ceco-

noiiic rate of i'etlrn (IERR)f'Or tilefirst phiase is estimai~ited to 

b e a bo ut i oI erce nt, and tihe ove ra ll rilte he
a0 re t r n 1 0"i 

linal project is projected to be about ;6 percent. Such a 


o
project Inee tsthe criterioin olfeco llt tic viability. In a nother 

project o 'abott i30,0)0( iiIa ini size, tholigh, tile
IERlR for iile 
first time slice is estimated to be negligible because offthe 
heavy initial in vestments. This raises soine irimpo'taint con-

cerns, and several tests iMiust lie riet bywstci projects beftore 

lie Bank agrees Itlinance a "tiie slice' of' this kind. Is tlie 


overall ERR fOr tie f'illproject satislactory? Calr tile Bank 

rely on tile pIete tle project
governnient's conmitmient to coii 

expelitiously aid soundly, especially since tire Bank will
 
not give any advance guarantec that it w'ill participate ii the 

financing offlater phases? Forltiriately, Bank experience 

with finirancing "tinle slices'" has been positive in the 
sense 
that governments have IulIfilled tlieir coniitniinelts to sus-
tain their investmrents to complete projects. 

RF.CORI) OF II.I'ENN'I'l'O)N 
The Bank's experience with implcenning irrigation proj-

ects has been mixed. The record shows substantial differ-
ences in lie impleniitatiti olprojects between what was 
expected anri whliar actilly hiaplpencd. This is espec ially so 
in regard to cost overrun s duriiigconstruction aid OLier-
estimation ofLthe area to be irrigated. 

A sarmple of twelve projects iii Asia. Latin Anierica. and 
A'rica is ainalyzed iii '[able I. This small sample includes 
new and rehiabilitated irojects: the data are fronipublished 
reports. The most niotable i'._ature oL tlie pr'ojccts is that 
lie actual costs of coipletin g thein was nearly twice tile 

expected cost-$1 .59, nimllitia compared with $816 mil-

lion---and this figure was close to a 26 percent shortfall in 
the acreage expectd to be irrigated. As a consequence, the 
csst per hectare was $1,128 rather than $461. In orlv one 
project was tileactual cost per hectare less than the planned 
cost, and this arose because the area irrigated by the project 
Was more than two times tat planned. 
The World Bank itself has reviewed forty projects. This 

larger sam+ple--ii which the Bank in'vested aII average of 
$22 nillion per project--- revealed a similar pattern to that 
of tie twelve projects in' Table I. Only 25 percent of these 
projects were completed on time, and the average cost over
run was 38 percent. This sample also included estimates of* 
Otput that were produced from the projects, s w,,,ellas esti
maltes of,tlie ecot>ilic rates of,return on tie pro*jects. About 
half of the projects led to a greater volume of Otiput tha, 
wals cx pec tcd, but tile Most flavorable effecct Oin tile econoiiiic 
rate of return for this group of' projects came f'rom a pro
lit nced rise in commiodity prices--average prices being 
40 percent higher than expected. As a result, thirty-iwo out 
ol tile f'oty projecis Iihad econoni licrates of return greater 
than or eual to Iopercet--a rate of return analogous to 
the OppOrtUlit1 cost of capital a1rid so considered to be "ac
ceptable." Eight projects did not achieve acceptable results. 

The projects in tile two samples were plann ed and coni
pleted at a rime when the terms of trade were relatively 
favorable for agri cl t L 'e. IIigher prices for output helped 
olset tiledelays, cost Overnruns and shortfall in areas irri
gated. So why did llrobems arise inthe inipcienratiii ionid 
Operation of' these pro.ject's? 

L ESr F 
LESSONS FROM EXPRIENCE 

The evidence indicates that Bank-financed irrigation 
projecis in tlevchpioii L. ltries seIdiom iieet their expected
perforramrice levels iilissues of cost. colpletion, coverage, 
aid prodir-tion targets. While imany facLors have contrib
tiLted to the shortfalls in perforriance, three broad categories 
of prob lemis appear to be pervasive: ( i ) iniiadeqiate project 
prepvr'atiti. (2)fpoor miana emrentiind orilgarization, antI 
(3) poOr operatioii and iain ienance. 

Inaidequte Project Preparation 
Many issues have to be resolved bel'ore projects get under 
way. l)elays occur while rip,,rian rights are resolved or leg
islative issues are settled over sharing costs aid benefits of 
irrigation. Then, too, there are delays stemming I'rom tile 
fOe t that most bureaticracies handlirg irrigat on are in the 
public secio and have little flexibility indealing with the LId
ditional demands for stll' ild budgets that arise ro(l devel
opulent projects. Once the project is approved, btough, c.Y
perience has indicated that inadequate project prcparation 
has been ia i jor ciuse of cost Overrtis, titre Overruns 
poor water coverage and, friCl tieiily. faiilure to iieet proLiiuc
tion targets. 

Design I'lili'cs in projects stern, ingood nicasir'e, af'roinr 
lack of adeqluatc inill'lillatiollard understanding oif the 
project arca--a direct result of inriadcliate project preI ,ara
tion. A very revealing--though by oitimeaLillS5isaI 
cx anil'Ic of' irisItficient preparation can be illustrated Ilroin 
experience inThaila:ind. Most ofl'Thailand's irrigation devel
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Table 1.Performance data for twelve World Bank irrigation projects. 

"roject Area 110 ha) Cost IS/ha) Ove otal Cost ($ million1
Regiont/Type Number Target Actual Target Actual (years) Target Actual 

Asia
 
New irrigation I 
 1M 34 !,27(1 6.205 8 127 211projects 2 102 102 815 883 3 83.1 90.1

3 77 65 812 1,968 9 62.5 127.9 
4 19.7 19.7 939 1,188 3 18.5 23.4 

Subtotal 298.7 220.7 975 * 2,050 *  291.1 452.4Rehabilitated 5 186 2011 199 390 NA 37 77.9irrigation projects 6 200 177.8 146 366 NA 29.1 65.1 
7 229 184 102 254 NA 23.4 46.8 

Subtotal 615 561.8 1,16 * 388 * - 89.5 189.8 
Other areas 

New irrigation pr jects

Latin America 
 8 213 212.6 468 1.293 II 95 262Africa 9 126 126 786 3,175 NA 99 400Africa 10 488 184 362 4011 NA 176.5 117.7 

Subtotal 817 512.6 4541 1,521 * - 37(1.5 779.7 
Rehatbilitated 

L.atin America II l0 7.88 78(1 1,923 I 7.8 15l.atin America 12 35 35 1,646 2.174 I 57.6 72.6 
Subtotal 45 42.88 1,4541 2,146 * -- 65.4 87.6Total new projects 1,115.7 733.3 594 * 1,680 * 661.6 1,232.1Total reh.ailitated 661 614.68 235 * 459 - 154.9 277.4 

Total 1,775.7 1,337.98 461 * 1,128* - 816.5 1,509.5
 

• = weighlted average. 

NA not available.
 
- not applicable.
 

opment has been in the Central Valley, a very productive alists so as to achieve timely deliveries of* water to prorice-growing region responsible for the bulk of Thailand's ducers, consistent with a realistic production patterns. Exrice production for export. The Central Valley has soils that perience indicates, though, that the agriculturalists are are high in clay-i ,Ifor rice production. In contrast, seldom heeded, so that designs include elabor.!te schemesnortheast Thailand ,. -,ils that are very sandy, resulting in for '.ater use that are unrealistic; as a result, many irrigawater losses through the soil from 3 to 20 times higher than tion system. are overdesigned and operate below their prothose of the Central Valley soils. Some years ago, several ductive capacity. The resolution of this issue depends on theirrigation scheme, were developed in northeastern Thailand, project leadership. Experience in some projects in Asia hasprimarily for rice production. The engineers who designed been very positive. Project managers have undertaken dethese projects, rather than taking soil surveys for the area, liberate efforts to foster a dialogue among staff with differassumed that the soils were the same as those of the Central ent disciplines. The results has been a much better apprecia-Valley and designed the projects accordingly. Because the de- tion of the issues linking conveyance and distribution ofsigns failed to account for the high water losses of the north- water to cropping patterns with subsequent improvements incast soils, less water is available than planned and the proj- design.
ects are not nearly as effective as was expected. Experience also teaches that it is important that farmersAnother widespread illustration of poor preparation is in the project area participate inpreparation and managetl.-manner in which soil surveys are done. Frequently, sur- ment. Failure to take account ol their needs and desires can,,,:yors look at the soil to adepth of only i I. Drainage bar- hurt the performance of a project. A case in point is in arie'rs often occur within 5 to to in of the surface. When project inAfrica that was intended to increase rice producthese barriers are not discovered, waterlogging and salinity tion by rehabilitating and extending a relatively small irriproblems occur within a short period of time. These prob- gation scheme. Production of rice from the area was exletus have arisen in many projects in Latin America and Asia pected to increase dramatically. However, project plannersand have added cnormou,4y to tle final costs of projects. incorrectly assumed that the prevailing socioeconomics of'
The preparation and design of projects muist include con- the area were favorable to the intensification of rice produccepts about how the water will be distributed at the farni tion. In fact, though, paddy farming was considered an unlevel and what it will be used for. This requires a close desirable occupation, having low social status and yieldingworking collaboration between engineers and agricultur- a much smaller income than other on- and off-farm activi

http:1,337.98
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ties. Paddy farming was desirable only as a means to pro-
duce food for fnamily consumption. As a result ot this over-
sight, while the product was designed fOr rice nionoculture, 
tie pro.ject's lrrniers did not plant rice intensively. Other 
t'ood crops were plamted and the benefits accruing to the 
irrigation investment were very low. 

Irrigation projects that enicompass the settlelment or re-
,;ettlement of faroiers req uire special ct s ideration in terms 
oltpoicct preparation. The pleXvious exam ple pointed ouit 
the need to desigil for an appropriate cropping scheie. Lx-
perience in land settleme t prolojcts in Laitin America and 
Asia mnakes it clear that research should be Undertaken to 
determine which cropping schemes arc appropriate for the 
prevailing cultural practices and soil and water conditions 

performance of an inigation system. Generally. projects 
operated under the umbrella of nationwide irrigation agen
ties have perlormed well compared with those operated 
under autononio+O: or specialized authorities. But there are 
so many exceptions that it is not possible to draw any gen
eral conclusions about which form of organization works 
best. Be that as it may, evidence shows that weak institui
tions-whether national, regional or autononi us--are one 
of the ma in caui ses ot'poor management of delivery- syste ins. 
Experience makes it clear that a key to improved institu
tional performance is linked to seciring enouigh qualitied 
personnel, especially for location on the site of the project
even if it is necessary to pay hardship allowances. Other iiii
prweinents that have helped institutionsihe more effective 

new linds. h'Ihepresenlit in tile suIcCess of tile pro1ject ;houhIld inclde: making allhowance for stalf housitig; ensuring that 
not be premised on cropping,schemes alien to the f'arniIrs as 

uiLISIsa patterns prod uctioi oItC I p1ai by
01' L- eled illno-

agriculturalists to generate higlh incolies 1')r settlers-do 

not inld accCPtIancC. shouild alIsO include
W,.ide Research 

ca ieltil study of the aIollunt of land that shoul be niade 

avlilible il CachI f'arll 'aniiilN'. If giveli Cn ogh land. irriga-

lion sch les 11r small ovwner-oPCrators canibe very Site-


ccssfnl anl clin c If t t lnd is provided, hoiwever,
tl . 111 little 

tilehope rtlrtl may
of increasillg iliCoies and produlctivity 

cLIlie to nitlhing but Create rulral
poverty and despair. 


The Wortlt Bank hias eCOnici tIat Of
fill tile poIlic ies 
oL tle past have [lot produced Ithe anticipateid results. Witll 
respect to tile tendecy ioward inadelquate preparation IfOr 
irrigatiL on pr1ojects, thelan k hias illslitLI teit a iewiCilC-

ment to correct this problemi. Specifically, the Bank niw re-
Lil ires tIat bothIaltdare aLIM1)tIwa Ie desiens be well adt-

valiced at t ie loani Designs fiOrlarge
li I11f tlhe apprloival. 

,Monolithic liliLId be and design IlOr ()tiler
lCdatIs 1Inalzed, 
facilitics should be ieillpIied Iir It least th-- first y'ear of 
ciistriction or inlplemntation. R'search (inthe agricul-
turalaspeCis tOi'tl C jcI Shou ld be well iluder way and the 
I lianagece illt and organIiz/ation01' tile lplloject IinliliIated. 
This policy [ilas helped to il1prov'e pioject preprat ioli by ill-
creasing tle probability tiat the most glarin errors will be 
caight bel'iIrC tie plojcct is Lidlrtaken. 

larnaflnueni &lld ()rganization 
A numLber of issues that tall ulnder the general rubric oif 
iianagcient and organizatioil have an importalit bearing on 
tle cflectiveness of irrigation pro jccl s. ()n is what kind of 
ilsitItil llnIa fiallework is most COIdlici C to high perftr-
lin1 lice in tie irrigiatiol sector. ll so IC COlitlitriCs, aiMtn1111
nous institutions or atihlioritics organize aiud manage irriga-
tion proljects: ill tlhers. thiere is a national irrigation ageilcy 
while yet inotlhers, governfivlelts have all overall ministry of 
agricillure that iicILIdes all irrigatioll uiCpartlnlCnt. Ill still 
(Ltier cotitijes, sLICCCss ill project L)peratilion is utepceniti 
Lpnphthe C~oldinllation of sevcral lillistrics. SoLlie countries 
have a high :,'grve of decent ral izat on inpr ijc t iialage-
iieniit that ihICILRIes a great deal Lit Coltoil at local levels: il 
others, especially incentrally plainned cono~mics, there is 
very little local aLitoloilly. 

It is dificult to draw conclusions based oi Bank experi-
eice about the Iirnm of organization that leads to the best 

there is aidetlUqate filnaiiCing for ielwork; establishing clear 
project objectives, policies and lines o1 COiuii u.nication; 
Understanding l'arnicrs' needs aii goais aind, in SOiIC in
stances, ensuiring adequate ad liliStratiVC and legal auIII
thority to operate effectively. 

The Bank's experience in many projects is that "'poor
 
mntilatagemrlent" is an inlportant reasoLn wly many projects
 
fail to iiect expectations. Experiel ilchas shown that good
 
iniiagers can raise the productivity of poorly designed sys
leus while poor ianii agers canl alild wellilL) lower rettins oi 

idesigned a.lnd syStCiiis.
previoIuSllvCwell-nriaiaged Coise
iuently, one o'the recent priority areas inBank actions is to 
elicOUiae increased investmnent in training managers and 
other key project staff: and to disccurage high turniver of 
projcct managers. 

()ie ot tile in)poLrt aii issLies ill orgaizatin anii illdtalage
iiitof irrigation projects is farnher participation. There 

are very fcw niajor projects \liec IfariIers participate in 
managenient, :althtLigh as a general rile. many projects rely 
OilgrotIpS olf I'armers ptaying some role inhlndling water 
beyond tie primary a nd seconda.iry delivery points. When 
tan le 'Sope rating ill grOlips have participated il the man
ageient of'systems, then the Bank's expCerince has been 
that they have assisted inensuring more eflicien and equi 
tiable Use of water. Ul'OIrtir teIy. larer groups or associa
tiris tend to be weak, poorly organiel, and poorly ti
lnalced. Insolar as tlie Bank is concerned. the promotion o1" 

tarillclrparticipatiol Ihas beef One ot tile lost ClIisive as
peels of'project implementation. As yet, there is no ready 
solution to this issIue, at1h1l0ghIi increasing efTorts are under 
way to work with farin groIips and associations. 

Operation, Maintenaiie, anl Cost Reiovery 
Bank experience is that iMdequate atteition is paid to 
operation and maintenance (O&M). Yet, effective O&M is 
an essential requiinlit for the efticient working of irri
gation systeiis. L.eakagcs, seeping, clogging of' canals, 
wastage, ar1d dtestruCtionl 0ll diistribLitioni systelis are all 
symltoms oLpoor maintenance, and many oL these sy llIp
tlolis ire prevalent ill most ilank-ftoidCdl projects and in 
Illost national systems. One estimate is that imnproved oper
ation and mainiCnarice at1oiie Xw ld add tile equiivale nt ot 
to percent to the area that couldhbe irrigated Itrom existing 
systcms--needless to say, improved O&M would raise tie 
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return on many of the large irvestments already made by fined systems make illegal diversions of water more difficultgovernments and the Bank. and easier to detect. Yet, wherever such concrete-lined minorDespite the gains to be made-and losses to be pre- systems have been constructed, tiledistribution of water hasvented-low priority is given to operation and maintenance become mre efficient and corrupt practices have beenin national programis. A recent survey of thirty-one Bank- reduced.
funded projects confirmed 
 that the responsible authorities The issue of cost recovery or linancing operation andhad made very little in the way of allowance for improving maintenance is a vexing one. The Bank has always mainoperations and postprolect maintenance. The survey showed tained that farmers should be charged for their irrigationthat maintenance efforts are viewed as having low priority water for many reasons. Farmers are made aware that waterand so budget allocations aire meager and good staff prefer is not a free commodity and thus, it is not used wastefully.to be assigned to design and construction. This becomes a Water charges also help reduce ineialities in income beself-defeating system as the neglect of &MNmakes the tween those who have irrigation water and those who do notwhole systeni less effective tlha it could be. by capturing some of the benelits from irrigation. WaterOne conseqiece 1'Ile dil'ic ty Of con vincini govein- charges also provide f'unds for essential maintenance workmeits or irrigation autIhoities to pay more heed to opera- on the irrigation systems. Uif'ortuLiately, few public agention and maintenance is ihalthere is a tendency to favor cies-and iliost systems are in tilepublic sector-are discii1 ore capitaI-inteiisi e sy steiis tat req ire less iainte- pined about recovering costs, and tlie level of'collections isince. In some Cases, this has involved a "tecillological" low. Furthermore, in many instances, those funds that areSubstitute for bette nIanagellent." For eXa lple, Oi one collected are not earnarked for maintenance.IBaik prject. puirlpiiig equ ipieiit. which ill traditionl syvs- The worst aspect of poor cost recovery and system operaterlos is attended by o)perat IOrs. \%aI inILe sO as to operate tion is tiat they increase the likelihood of poor performancewithout attendants. This eliminated M important source of in the future. As has been emphasized, most irrigationinefliciency and corruption. Modern puiliping equipment schemes depend on the water users to help maintaincan be made reliable by better qtia litV colt rot 

the
in iiiaiLi fkiC- pilysical structures by organizing to do some oi tic mainteturing and by installing aippropriate control aid protective nance work oii the system themselves and by paying fccs onrelays. Preventi e maintenance an d good repair services can water charges to support tie cost of maintenance. If the syslimiiize dlow litiie . Indeed, experience has shown that tein does riot provide reliable and tiniely water deliveries,while nio0dern eqtliplrelrl is More costly,' it is iti)chii more re- it is diflicult to imiotivate farmers to aid inthe provision ofliable thal tladitiolal systems. The Cconolies of onle re- the systems Support. It becomes difficult to collect waterVolve aloutid tile colnIparisOl of high inlt l c p ial costs i LI charges, and tlie water users become tnwilling to organizeIOw recurrelt costs with low capital Costs aid high recuirrent to do maintenance. ConsetilitlI y. tlie physical structurescosts. Recent experience has been iposiixe . The lesson is are not properly nmaintained and the system deteriorates, bethait it is xcry diflictill to nllodify adlministrative Iureaucra- coiling less and less able to provide adequate irrigation.

ties so isto have i level of operation and mliaintenaice of
traditional .-stens thlt can compete with cfleclive moderr CONCLUSIONsvstems. 
 Irrigat ion has played and Wv'ill continue to play ai i inpor-The same princliple applies to til iltroductioll of poly- taut role inthe production of food in many developing courtethylene pipes as LCollVxcecs of*water iroitile ,o1rce to tries. I)eveloping countries have placed great hope in tiletile Itarrea.ite. The use of' pipes eliinateS water losses teveloiment of irrigation iii the past, and vill continue tothrough scepigc aIlI spi llage and greatly redutices water dis- 10 so0inthe I'titure.Gi'en the limited financial resources andtribtitioll prolciris aiiroiig farllers. Ierio'dic maintenance of" 
 the needs for development, it becomes increasing importailtChannels by l'arnMer nltS -- i dificult lsk toorganize that eacti in\'CStniet proltlces liaxinluinii benefit. In this reill the t":_st of crCinistanlces - becomes uniecessary. The ga'd, irrigation development has le nfai short of, its potcnicost of a,i utnergrouLnd pipe distributiom nretwork is much tial, even thiough it has yielded suhstanitial returns. There ishigher ian tile,.'tcnstrtiction ,4ditches. But experience has Much rot)iii for imlroveirerit, though it is expected that ushox\rn that the perfrnaice of the costliel solition is such ttire projects x'ill come closer to realizing their potential. Irthat there are greater rcltnil's to tie high-technology alter- rigation iroJects are complex social as well as physical sysnative Ilain to lc Iradilionl sseni. terns that are difficult to tl,'sign, implement, manage, aiid'[here arc olier cxamples of' Bank-prOMnited design staM- operate. It will not te easy to improve tle performance ofdar Is0 OVierCOile pir iii alilteniranrice. A rigid concrete-lincd irrigation projects indeveloping countries, but the rewardx'tc rotirse i-cLILces seepage losses andlL1is easier to maintain wv'ill wor(th the cffort.be xw'ell 


thani cartheilncnveyanlice sy stelis:niorre important, cnicrete 



65. THE ROLE OF BILATERAL AGENCIES IN WATER AND WATER 
POLICY IN WORLD FOOD SUPPLIES 

N. C. Brady, U.S. Agency for International Development, Dep 'tient ol State, Washington, D.C. 

INTRODUCTION 

Water resources have been a inajor factor in enhancing the
economic and social developni *it of tile United States. 
Maiiy of you may be keenly awa e ot"the role water conser-
vation and use havc pl]ayed ill tIl- western part of this coun-
try, not only in relation to agricilture, but to energy alid do-
Ine stic and indlistrial dlevelopment. Water has played a 
dilferent bul qually signilicant role in the more heavily 
p)opl:l1,ted and industrialized c:istern United States where
cnvironmental quality and health issues tend to dominate,. 

Wiith our own de\velopment experiences in mind, it was 
only natural that I'roni the inception of the Point [-olr pro

ian, ill 1949, waler consideralions have been a najor part 
of the bhilatral aid program of this country. Irrigation proj
ects, fOr exaiple., have dominated our aid waltr efforts, but 
signilicant atteintion has also been given to power gencera-
tion, flood control. alid he:, and sanitation issues.,.itIt 

1i, tlie 1950s and i96o0,, oulr Itchinical coopteration pro-
grait placed prinary eitlitas is on the develI opin oit nul-
iterous irrigaliOll project'. li cootperatioin with other donors 
we helcped accelerate the worldwide incease in land under 
i'rigation lOlt 94l lni1linla I in 1950t abot 2(1 million 
Ila today. Most of thi i inc'tase , 01' clti'Se, occurred in the 
deveI o)i ng c(OunilriCs. 

Iliially, Most of 1OurelOlirces \were Used to tinance capi-
tal cOnsiruCiin. We lie Iptd design anltd build large d:inis aILl 
iinapJOr distr i[bilion caitalI.s. The ciniphasi; was ol enginecr-
ing, tle Iaspect which we1thought teliired priority cllsid-
eration. We paid less attention to tile institutional. tianage-
tnteitt, atd on-farl distribution aspects, perhaps assuming
Iitht ile dcvcI opi ttg COliitiCs, Ltiliizig tieitr Own ciltural 

IllechanislinS, would take c:re of these other probleins. 

C)NS'RAINED IMPACT OF SOME NEW 

SC EINIS 


The irrigation schleies which we and otheir tlnols helped 
cOIstiIt I ave hald aiiemarkable :td positive imnipact on 
tOod prtdCtion atid plocr genteration in tile deve loping 
cOinlitrics, specially those in Asia. But in getneral they have 
been niulich less successlful thani was originally anticipatled. 
Today, I'ar less land tihan was planed is irrigated by newx 
prijccts, alld power iitlit.lfi likewise belIw lesign'irt 1 is 
levels. I ain sure vou have devoted much ittle at this coniler-
etnce to ascertain why perft rinatiec has been tar below ex-
pectltions. I will not attempt tIo eiulneralte all Ine tactlors
which Itvt itlite ncell this perlOrnianctc but instead will 
identify a fev major lessons All) feels havae been learned 

over the past thirty-live years in water conservation and use. 
These lessons have helped determine the nature of the cur
rent programs which the U.S. Agency for International )e
velopment is supporting. They have called to our attention 
the tact that several criteria Iust be met if effective and sos
tathed water conservation and utilization systems ,re to be 
developed. This is (ruc whether we are discussing water for 
agricuLItLe, heal th1and sanitation, tlood control, poweror 

generatio,.
 

I would like to ocus otil three niajor lessons we have
Ilealrned and show how our cUrrent programs are responding 
to these lessons. 

THREE MAJOR LESSONS 

Scope of Developnent 
First is the recognition that the developnent of' a water 
project involves far more than the construction of a dam and 
power plant and of inaior distribution canals. All aspects of 
water LiC inust be considered, especially the managenent 
of the system antid all its pails. This lesson has had a major 
ilipact oil the nalture of water projects we Support. We nlow 
leave to tie World Bantk and other dotors Imost of the 
resptjtlsibility Ior sitlporting major capital construction 
projects. We focus our e ITOrts, tIiro ugh sonC 12( irrigation 
proIjecs, on such1 activities as: 

i . Improving tlie perl'ornance of e.\isting sylsteis ratlier 
than creating new ones. 

2. Sit:engthening existing water-related institutions in 
host countries. 

3. Initiating atnd supporting training coLIises to edutcte 
technicians on inmproved manaigetent tecIniues. TIs far, 
such courses have been held in India, Pakis:'n , Nepal, Sri 

Lanka, Bangladesh, Bolivia, and Peru. 
4. 1lolding two senior officials workshops, otie in Colo

rado and one in Indii. The dec isiott makers must recognize
the wisdon of a total systems nian.gement approach. 

5. Holdinig eighlt diagntostic wt'orkshops: three iii Sri 
Lanka, three in India, and one each in Nepal and Bangladesh. 

6. Making ;even irrigation svctor sltSI' Vs, il Iindia, 
Nepal, Bangladesh, Thailad, Sri Lanka, Peru, and I laiti. 

7. Making a Iaiijor irrigation stratevy rcview in India. 
8. I)eveloping handbotoks and ielpta tioial giide s With

primary eiiphasis oni water imanagemt.ci 
9. Provision tl'design assistance, especially oti the niodi

ticatiotn of existing systemtis to proviIe Inore elficienit ot
fart delivery oft lhe water. Much of lhe technical assistance 
for these activities is provided throtigh our Water Mattage

http:imanagemt.ci
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ient Synthesis 11project, which IIas a global ritauiLd atC aswell as I special f'cus on Asia. The project involves several 
U.S. universities and cooperators oversees and there is great 
dena.id for tile services heing offered. The pro'ject is now
increasing its attention to African irrivatito d,-velopnlent 
problems. 

Irrigartionr Sy-stem Compoets Other than Water 
The second lesson We have Icarried is that irrigation systens 
ofItetn do not tMet expectatiors if they fc us only ofi water
an1d its consCr''ation anid utilization. Frot experience ill 
Asian agriculture, I*Or example, we have leartied that nuch 
Of*tli success til lie,0'0Vilg at ion schlntires has beeii diLe to tie 
coniconritant availability of higli-yielding and pest-resistant
varietics of wheat, rice, and nraize along with the greatlv

expanded use of' fertili/cr, and, il sonic cases, pesticides.

ThronI&ih our- support lOr nttoiral agricUltUral re"earch pro-


tllllS, ittrnatiorial agil0tu/rall ISecuuh cetters, and U.S. 

luniversi ties Wc hle\. hlcd Ldevelop these higl-vielIng

techinolonies, v., ich. in turn. have inCrascd the el'ectivc-
tess ohf the irrieation svstems. We have also placed cirpla-
sIs Oil the treed for fertilizers to utilize mrore fulN- tie yield 
potential of tire new varieties. Withrtit alditiOnil fertiliZCr
inputs the rrriraIC cereal sCls woul have hrad little illIpact 

with or withtrt irrigatirti. likewise tire sCds and fertilizer

alone would have had orrly rrodest inmlpact wi1hoUt irrigation 

water. 

User frrvolvenren.. 


A third lesson suggests that water S'syserr arc itost sle-

cesfuil if there is at least sotie involvetnent of the potenrtial 

users of the sv,tcr fr in the very begitning of*project de-

velopirent, I.ikewi e;, tlie tnst successful systenis 
 involve 

these ttsers aid their institulions ill basic decisions as to how 

the system is to lie managed and linanced. I am certain this 

point has received adequatC attenitiot at this rireetiig.


A turbe- of All) pIrjCcts fotcIs ott tIe itIvolveriterit of

Users early irr tie process and nore cotmpletely thar itt the 

past. \Ve encourage greater f,'nner involvemnrit by helping 

to establish and operate water Liscrs, orgarlizatiorrs. \Ve also 

help develop better corrrnunicatiots hCtwCCr farmers and 

governent oflicials. Specilic farmer involvermnent activities 

include: 


I- joirrt workshop with FA() ill 1984 0'1 Itarrer partici-
patiot itl -irrigation water rtarialeetrrt,

2. Assistirg efforts to Orgarrize alWaler users' assOciation 
in Sri Lanka. 

3. Trainiieg Pakistani extension personnel to organize 
water users' assrciatiotis. 

4. Studies of' iacroecmric public policies which itt-
Iluence a Farmiter's ability to prolit f'ron irrigation, 

SPECIAL, CONSTRAINTS IN AFRICA 
Unffortunately. most ol the conditions which have led to it 

least Sotlie dlegrCe of sut.ccess it Asian waler martagerierlit 
projects are missing in iriuci olf Africa south of the Sahara. 
Iligh-yielding I'od crop varicties adapted to African coidi-
tions are trly now being developed. Fertilizer utse is lower 
by far itl Ahrica than in tyll other niajor ltDod producing 

area. nai and institutional developing is generally not aswell advanced as ill Asia. Furtlherniore, A[rica has a much 
lower overall water availability per hectare inl Asia or Latin 
America. 

As a cotnsequencC of'these facts, irrigation projects in Af
rica generally have been only aiiarginally successfluil at best. 
New irrigation schemes ol'ten supply water to only a [raclion of tiI land area for which the project was designed. It 
many ofI these cases tile aclial CoIss per irriga ted hectare are 
astronmnical. 

All) has recognized these conditions inl Af'rica and is 
taking steps to help change thle. While our direct iivolvC
mert in major irrigation sclhemes is riot too great, we arc 
trying toi help Africa develop other technology packages.
For example, we provide albout S1oo million anially to 
stpptort agricultural research elforts ill Africa. Most of 
this support is irade available to national researchctenters. 
Some, ho\'ever. isprovided through live International Agri
cultural RCsearchr Centers IARC(s) and several U.S. Liriver
sities that are involved in collaborative research support 
programs (CRSlls) ott major f'ood crops and [arn animals. 
While progress has been slow, signilicarnt results have been 
achieved. For exarmple:

I. A new drolghl-toleranit lvbrid sorglturri has been de
velopCd arid ieleasCd. 

2. New high-yielding maii, hybrids are int wide use in 
Kenya and Zirrbabwe. 

New pest-resistanrt cassava ard cMovpea varieties have 
been released. 

4. A new biological systemn has been develhped to corr
trol tie cassavait mealy brig. 

5. Potelntil Iacciies for East Coast Fever of cattle and
 
fli pleuropnemtnnia inrgoats have beei developed.
 

Much of tire collbor-tioti with national research cenrters
 
is through research networks coordinated by IARCs or U.S.
 
universities. We are working with other donors to expand

these research nctworks.
 

If Africa's food prOductiOiI isto be increased sigriilicantly.

fertilizer availability arid rlse rust grow rmarkedly otl that
 
cotinent. \Vorldwide, increased crop prtoduction has been
 
closely corrrelated with fertilizer use IS well is with in
creases itt irrigated land area. There is rio reason to believe
 
that this situationl will nol prevail it Africa. Cotsequently,
 
steps must be taken to help tile Africans provide sufficieit
 
fertilizer Forltod crops. lhe experiences ol' Asia and Latir

America which clearly detorstrate the syrrbiotic effects of
 
fertilizers and water tIust be heeded in Africa. 

Another aspect of water rirantagerlient which liist receive 
priority attentioln, particularly inl Ar,ica, is water ainaage
tieri ontunirrigated drylands where most of tire crtop pro
dttctiont occurs. IIrtovative soils and crop marnagettieti sys
teirs untst be developed to capttire rainwater and keep it itt
tire soil tr StLto-t crop growth. Farmiing systeis reseat-eh 
tisiig so-called alley cropping is shrorwitig considerable po
tentfial. I egtniirt1ots tltees aid sli-tibs arc growi itt rows along
with fo0od crops. When properly fertilized with phtrsphorus,
tie trees arid sCtIbs can enharie resistance to ruriofl and 
erosion while sirtlitntIeIrusly, through fallerr leaves and 
otther residues, providirg a inulch to reduce evapr'atiot 

-}q
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losses from the soil surface. We are supporting research oi and sanitation. As a consequence, most of these projects
alley cropping at two international agricultural research have lived up to expectations. We are now trying tonot 

centers and at national 
centers in cooperation with a crop- couple these capital inputs with concentrated educational
ping systems research projec, involving a number of U.S. programs to help the water users understand other aspects of
universities, sanitation which must be included in an overll health and

AID is also supporting a number of upland soil and water sanitaion program. I received a report only this week of aconservation projects. For example, we have helped initiate successful pilot project in Togo which has usedi this broader 
a dryland research network for cooperating countries in the approach. Users are involved through tile development of
Middle East. The goal is to help these countries increase the user institutions with some responsibility for the system's
efficiency of ':ater use through inproved soil and crop man- ianagc :nt. 
agement practicei. Inithe semiarid tropics, we have par
tially supported the development of a simple land farming CONCUSION 
practice which helps capture precipitation on heavy clay I would like to close on a personal note.
soils. This practice has successfully doubled the number of Water resource cons., 1erations have always been an ii
crops which can be grown each year. portant part of my life. I was born in southern Colorado and

The agency i:s toalso supporting efforts improve water- spent my early years on an irrigited farm. My lorefathers
shed management as a means of controlling soil erosion and were among those who tiansformed desertlike western areas
enhancing water conservation. Included are extensive efforts into productive agricuitural land, and many of my family
to help reforest badly denuded areas, thereby i'cduCii the miembers still make their livinig o.n irrigated farms. Their
silting of reservoirs and muni:'ipal supply systems. experience proves that water deficiencies can be overcome. 

As I broadened my knowledgu of agriculture and ex
tended it to international concerns, I noted that while the

Even though I1have concentrated my remarks on agricul - causes and effects of agricuIturial failure are usually similar,
ture, it should be emphasized that somc of the same prin- the real difference is often in how to solve the problem or
ciples we have discussed for irrigation pro*jects also apply to get around the constraint. 
health and sanitation projects. All) :rnd other donors have This then is what AID and other bilateral donors often 
provided hundreds of millions of dollars to help improve deal with--helping the developing countries find that corcomnnity water systems. As was the case with past efforts rect soluion. We are succeeding, and we are struggling for
ii agriculture, however, most of the attention has been greater and faster success. Our vision is to help the people
'iven to the devclopmcnt and ins'allation of pumps and as- of the world to feed, clothe, and sustain themselves while,
sociated equipment. All too littl,emplrasis has been placed at the same time, cherishing and conserving our precious 
on other aspects of water utilization such as waste disposal natural resources. 



66. THE LAND-GRANT SYSTEM IN INTERNATIONAL 
AGRICULTURAL DEVELOPMENT 

John Patrick Jordan and Edward M. Wilson, Cooperative State Research Service, U.S. Department of Agriculture, 
Washington, D.C. 

ABSTh kCT 

The most significant contributions th,. inited States of America 
can make to the developing nations are to issist in the building of 
human capital and institutions which enco'urage research and edu-
cation in food production, food proc,':,.,Ug, post harvest technol-
ogy human natrition. and water. 

The United States particip:-iiin in international development
not only isjustifiable on hu anitarian grounds, but is in the inter-
est of our economic stability and national security,

The involvement of the land-grant universities/siate agricultural
experiment station system in tceh:tical assistance to developing
countries comes as a natural extension of their mission. 

One of the outstanding achievements of these institutions was 
the partnership with India from 1952 to 1972. This partnership re-
suited in nine Indian agricultural universities' developing strong 
programs of agricultural rescarch, teaching, and extension using it 
land-grant concept adapted 'roi the U.S. model. 

Over the past three decades we have learned much about tile 
processes o international development and world hunger. We now
know tlie strengths of a collaborative approach, the need for Iont,-
term commitment, and the importance of emphasizing htuil 
capital and institution building. These are appropriate roles for our 
universities and will help developing countries build indigenous
capacities for meeti ig their own needs on a long-term, self-
sustaining basis. 

With a world which is beconfineg more crowded, more pollutcd,
less stable ecologically, and more 't01nCrable to di.ruption, it is i-
perative that we look at ways of buiding closer relationships 
amon1g us to solve worldwide food problems. The issue of peace
revolves to a large extent around the availability and distribution fit 
food: therefore, the significance of our work should not be undtr 
emphasized. We are engaged inissues of life and death, of var :,did 
peace. 

INT'RODUCTION-WHY BE INVOLVEI)? 

The Global 2000 Report to the President in 1977 concludes that if present trends continue, the world in the year 
2000 will be more crowded, more polluted, less stable eco
logically, and more vulnerable to disruption than the world 
we live in now. It projccts that by the year 2000 we will have 
an additional 2.35 billion people to feed. This population
growth alone will cause requirements for water to double 

tn nearly half the world Still-greater increases would be 
needed to improve standards of living.

Serious deterioration of agricultural soils will occur 
worldwide is a result of erosion, loss of organic matter, des
ertiication, salinization, and alkalinization. 

These projections would justify increased United States 
participation in international agricultural development on 
hunianiti:rian grounds alone. In reality, however, our partici..
pation is also in the interest of economic stability and na
tional security. 
Inth security.In the 1970s developing countries accounted for most of 

the growth in U.S. exports. The value of agricultural cx
ports rose from $7.8 billion in 1970-71 to $43.8 billion in 
1980-81. As farm prices rose through the 1970s, Ameri
can farmers increased production and came to view the ex
port market as their source of prosperity.

In i98t and 1982, global r,.-czssion hit the developing
countries especially haitd and this had an immediate impact 
on te U.S. export trade. Export of U.S. agricultural prod
ucts to developing countries declined by i t percent in value 
ill 182, and another i 1 percent in 1983, a direct result of 

, i do e r tr ct in 9 o a tres u 
slowing of economic growth in those countries. 

The inequity in per capita GNP and in access to food be
tween developing countries and industrial countries is not 
consistent with global peace and stability. Unless there ischange, the report of the Presidential Commission on World 

The most significant contributions the United States of' 
America can make to the developing nations are to assist in 
the building of human capital and institutions which encour-
age research and education in food prouuction, food pro-
cessing, post harvest technology, human nutritiotn, an 
water. It is important that development bring insight and the 
knowledge base so necessary for human beings to live life 
to its fullest, in harmony With the natural environment and 
at peace with each other. 

The involvement of our nation and its land-grant univer-
sities in international agricultural development is a commit-
tflent propelled by tie potential for global famine and the 
overwhelming need to relieve general and chronic poverty 
that keeps millions of people hungry even in time of plenty. 

Hunger predicted the following in March, 198o: '"Fhe most 
potentially explosive force in the world today is the frus
trated desire of poor people to attain a decent standard of 
living. The anger, despair, and often hatred that result repre
sent real and persistent threats to international order." The 
involvement of the land-grant universities/state agricultural 
experiment station system in technical assistance to devel
oping countries conies as a natural extension of their mis
sion. These universities were created to bring knowledge 
and the capacity to change to those at the grassroots. They 
were chartered by Congress through the Morrill Act ". . . to 
teach such branches of learning as are related to agriculture 
and the mechanic arts . . . in order to promote the liberal 
and practical education of the industrial classes. 
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THE LAND-GRANT MODEL 

Clearly the U.S. farner is the backbone of our agricultural 
industry, but much of the credit for making this industry the 
most productive in the world must go to the agiicultural 
programs of our land-grant universities. These universities, 
through their research and education programs, prov:ded 
the knowledge for progress. 

Before the establishment of the land-grant system, there 
was nothing uniquely American about higher education on 
this continent, even though we have had higher education 
institutions since the t630s. The University of Georgia was 
the first state-chartered institution of higher learning and the 
University of Virginia wits the first tax-supported collegiate 
institution in America. But when the doors of the University 
of Virginia opened tinder the leadership of President Thomas 
Jefferson in 182.4, there was nothing special about the cur-
ricula nor the structure of the ,niversity that made it any 
dif;ereni from all the other eniin. ies and colleges in the 
New World. They were based upon a good solid liberal arts 
curriculum, but exposure to science was principally through 
the fields of malthematics, natural history, and perhaps some 
introductory courses in chemistry and physics. No one had 
suggested that knowledge ought to he applied to the solu
tion of real-world problems. 

This did not become a viable idea until the latter portion 
of the I94os, when Professor Jonathan Bald%% n Turner of 
Illinois came up with the idea that we ough to have institu-
tions dedicated to the agricultural and Pl.chanic arts ;n 
which science would be applied to the solution of real-world 
problems. Ie published his first paper on this idea in 1850 
and by 1857 Congressman Justin Smith Morrill of Vermon! 
proposed legislation to authorize the establishment of such 
institutions. The act passe,] both houses of Congress and 
was sent to President Buchanan, who promptly vet;ed it. 

In spite of entering into the most devastating and divisive 
war in the history of the United States, the next Congress 
readdressed this issue, passed the Morrill Act, sometimes 
called the Land-Grant Act, and President Abraham Lincoln 
signed it into law in 1862. The idea provid:'d a framework 
against which the first uniquely American contribution to 
higher education was established. We now had schools dedi-
cated to applying knowledge to issue,, ,f"agriculture and 
natural resources across the lenth and breadth of the nation. 

The agriculture r)rogral of these institutions has three 
basic functions-teachir e, research, and extension. All 
three are interrelated and nmutually supporting. The system 
includes fifty-eight state and territorial experiment stations, 
seventeen historically black colleges and universities known 
as the 189o institutions, plus sixty-two schools of forestry 
and twenty-eight schools of veterinary medicine. The sys-
tern supports some 24,000 research projects using 12,500 
scientists (7,500 full-time cquivalent), 13,oo graduate and 
postdoctoral researchers and professionals, and 7,oo tech-
nical support personnel. The bulk of the involvement of"te 
land-grant institutions in international development has 
been in agriculti re and has used the state agricultural exper-
iment stations, Cooperative Extension Service, and related 
teaching faculties in agriculture :,s a foundation of talent. 

INTERNATIONAL PROGRAMS-THE BEGINNING 

The involvement of U.S. agriculturally relaied colleges in 
technical assistance and in the training of foreign students 
spans more than a hundred years. In 1876, the Massachu
setts State College of Agriculture, now the University of 
Massachusetts, assisted in developing the Sapporo Agricul
tural School in Japan, and in 1924 Cornell University began 
its Cornell-in-China program. 

Early participation was on a small scale involving indi
vidual faculty members, and only a few of the largest uni
versities which had the capabilities and the interest to Lake 
on international projects. The approach was given a boost 
by President Harry S. Truman, who, in his inaugural ad
dress on January 20, 1949, pledged to set forth a program 
by which the United States would help developing countries 
help themselves. President Truman's administration marked 
the beginning of official U.S. government cooperation in 
international agricu!tural development. The U.S. Depart
ment of Agriculture was given the responsibility of imrple
menting many aspects of the international agricultural 
development program and in turn asked the land-grant in
stitutions for help. 

THE INDIA EXPERIENCE 
One of the outstanding achievements of that period was 

the partnership with India, which wanted to build institu
tions that through study and practice would enhance the 
rural communities and increase food production. Six U.S. 
and-grant universities-Illinois, Kansas State, Missouri, 

Ohio State, Pennsylvania State, and Tennessee-were in
vited by the government of India to help. The program was 
initiated in 1952 with the financial support of the U.S. gov
eminent. When the program ended in 1972. nine Indian ag
ricultural universities had developed strong programs of 
agricultural research, teaching, , nd extension using a land
grant concept adapted fivi" thle U.S. model. 

Over the twenty years of this linkage program, the six 
U.S. universities sent 217 staff members to India for tours 
of two to seven years and 124 for horter periods, totaling 
more ihan 6oo professional years of effort. More than a 
thousand Indians came to the United States for study. 

The phenomenal progress made in India in the production 
1"food and fiber can probably be attributed to this inter

university cooperation. 

INTERNATIONAl. AGRICULTURAL RESEARCH 
CENTERS 

Another acconiplishneat in which the land-grant institu
tions were involved was the establishment of international 
agricultural research centers in the developing countries. In 
the 196os, the Ford and Rockefeller Foundations sponsored 
a sinaIl number of international agricultural centers in de
veloping ',.'mtries many of which were staffed initially 
fron the U.S. land-grant institutions. An excellent example 
of this involved Norman Borlaug, who left the University of 
Minnesota to work at the International Maize and Wheat 
Improvement Center in Mexico, whcre he won a Nobel 
Prize. 



The inter-university cooperation between Cornell and the 
Philippines' College of Agriculture at Los Bafios provided a 
strong base for development and led to the selection of Los 
Bafios as the site for the world-famous International Rice 
Research Institute. which helped launch the Green Revolu-
tion in Asia. 

Recognizing the need to expand the scope and to build 
new centers, ThtL World Bank, the Food and Agriculture Or-
ganization of the United Nations (FAO), and the United Na-
tions Development Program (UNDP) joined forces to spon-
sor and manage a new kind of international association, 

As a result, the Consultative Group on International Ag-
ricultural Research (CGIAR) was organized in 1971. The 
objective of CGIAR is to bring together countries, public
and priviate institutions, international and regional organi-
zations, and representatives from developing countries in 
support of a network of international agricultural research 
centers and programs. Today there are twelve centers sup-
ported by some thirty donors, 

XI1L 


A significant landmark was achieved in 1975 when Con-
gress enacted Title XII of the Foreign Assistance Act. Con-
gress recognized the capabilities of the land-grant universi-
ties and through this legislation provides for an expanded 
long-term involvement of these universities in international 
agricultural development. It also provides for collaboration 
between the land-giant universities ind the U.S. Agency for 
International Deelopment (All)) in program selection and 
plannin,,. 
The task has been accomplished through diverse lecha-

nisms incliding: strengthening grants, memoranda of under-
standing between AID and some universities fOr continuing 
long-term cooperation, the establishment of' a joint profes-
sional career system to allow university fhculty to work for 
AID and All) professionals to spend some time on univer-
sity campuses, and a joint enterprise mode, which is a 
mechanism to improve AID's access to the resources of the 
smaller universities. 

In the ten years following its enactment, the Title XII pro-
grai has had significant impact on attitudes, communin-Wca
tion, and understanding of fle aevelopmcnt processes. The 
land-grant universities have been called on to contribute in 
every part of the developiig world. The Collaborative Re-
search Support Program (CRSP) is an effective mechanism 
of operation which has evolved and need!; to be highlighted 
in Idiscussion on the role of the state agricultural experi-
mcnt station in international development, 

The CRSI~s are long-term research programs, supported 
by All) for collaboration of U.S. universities, All), USI)A, 
and other research institutions with institutions in develop-
ing countries. The CRSP may target any aspect of' the food 
production chain, including nutrition, socioeconomic, or 
cultural factors. This arrang tment brins together the re-
sources necessary to successfItlly conduct a muitidiscipl in-
ary, multifaccted, international research program. The over-
riding objectives of the CRSPs are to improve agriculture 
both in the developing countries Ind in the United States. 

Foremost among the CRSPs are the sorghun-millet CRSP, 
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the small ruminant CRSP, the bean-cowpea CRSP, and the 
pond dynarnics-aquaculture CRSP. These programs are ex
tensive and involve several of our universities vnd large 
numbers of scientists. In the case of the sorghum-millet 
CRSP there are some eighty-two scientists front eight U.S. 
land-grant universities collaborating with scientists in thir
teen host countries. 

A new cooperative program will soon be started. The 
purpose of this program is to assist the International Agri
cultural Research Centers (1ARC) with research problems 
when the IARCs lack needed specialized facilities, such as 
highly technical, costly equipment, or specifically trained 
personnel. The USDA's Coopeative State Research Ser
vice, working with the land-grant universities, will assist in 
carrying out this program with All). 

THE BENEITS TO THE UNITED STATES 
Humanitarian, economic, and political reasons are those 

most often cited for the U.S. involvement in international 
agricultural development. The need to free the world from 
starvatiun and malnutrition, to find markets for U.S. agri
cultural products, and to foster social and political stability 
in the world are magnanimous reasons and need no further 
elaboration, but there are several benefits derived by indi
viduals, institutions, the IU.S. agricultural industry, and the 
United States in general which are often ovclooked. 

Personal Benefits 
It is said that U.S. agricultural professional who has lived 
and worked in a developing country is never the same again. 
There is much truth in that statement because the profes
sionals gain a clearer understanding of world problems re
lated to their fields of study. They become more sensitive to 
the need for an ecological approach to problem solving and 
the importance of integrated systems of production and pest 
control. A sense of humility and an enhanced compre
hension of gratitude is often an added bonus. The partici
pants return to the United States with increased vigor and 
enthusiasm. 
Iand-Grant Universities-Windfall 

In a time of' declining national enrollment and fiscal ex
igency the international dimension provides an opportunity 
for the universities to augment their enrollment and provide 
added opportunities for the research and extension faculties. 

The presence of foreign students on the campuses en
hances the learning environment with its Multicultural and 
multiethnic dimensions. The overseas experience can pro
vide a new dimension for the faculty and enrich the cur
ricunla for all students. 
ForeignGraduates 

Following graduation, international students often return to 
prominent positions with their governments and over time 
become influential leaders. They often provide the avenue 
through which trade and programmatic advantages may ac
cruc to the United States. This is particularly true in the area 
of farm inputs such as tools, machinery, seed, fertilizer, 
pesticides, and feed additives. 



432 PANEL DISCUSSION-THE ROLE OF VARIOUS GROUPS 

Enhanced U.S. Agricultural Productivity 
Agriculture is a science, and science knows no national 
boundaries. The facts uncovered in one country usually 
have application in another. U.S. agriculture has benefited 
from both plant and animal germ plasm introduced from 
other countries, particularly with respect to disease and 
drought resistance. It is often forgotten that, for example, 
our soybean industry was founded on the introduction of 
germ plasm from China. This effort has been a two-way 
street, with the United States improving varieties and send-
ing them back to the originating country. The United States 
has made substantial contributions to the international crop 
germ plasm resources incluuing so-called minor crops such 
as the sunflower (Heliunthus annuums) and blueberry ( Vat-
cinium slp). Tvo excellent examples of foreign genetic re-
sources benefiting IJ.S. agriculture are the potato (Solanum 
tu(berostni) and tomato (L ' olwr. icon escui'ntnmi). 

file modern potato varieties obtained mLuch of their dis-
ease resistance fonm genes derived from wild germ plasm 
resources imported from developing countries. The late 
blight resistance genes caine from the Mexican SOliullm 
demissum and other wild species. These sources also have 
provided genes for immunity or resistance to frost: bacterial 
wilt; viruses A, X, and Y; races of golden and root knot 
nematodes, potato aphids: Colorado potato beetle: hopper 
burn; scab: leafroll: and other potato disorder,, 

The wild tonato species from South America, the origi-
nal home for tomatoes, have provided mos, of the disease-
resistant genes which have been incorporated within modern 
U.S. tomato varieties. Resistance to Fusarium and Ver-
tic illium disease pathogens obtained from these imported 
wild tomato species have saved the U.S. tomato growers 
millions of dollars each ycar. Additional promising tomato 
germ plasm resources include salt-tolerant arid drought-
tolerant species from the Galapagos Islans. 

Moreover, modern history is resplendent with examples 
of developing countries' buying considerably more U.S. ag-
ricultural products because they have strengthened their 
own economy through U.S. agricultural aid, thus providing 
tile capital with which to buy U.S. food coinimod itfics, ma-
chinery, fertilizer, seed. euc. 

TlE FUT'URE 
Since President Truman's commitment in 1949 to provide 

assistance to developit.g countries, wC have learned much 
about the processes of international development and world 
hunger. Today we are sensitive to related social, political, 
economic, moral, and educational challenges. In the words 
of Clifton R. Wharton. Jr., chancellor, State University of 
New York, "It challenges us to set aside differences of ide-
ology and institutions in pursuit of the common good of 
humankind." 

Our land-grant universities having made significant con-
tributions, oiten long-lerm support which is now possible 
through tie Title XII legislation. The collaborative ap-
proach to research and training encouraged by Title XII will 
result in mutual benefit to the United States and developing 

countries. Speaking on the role of universities in international affairs at Michigan State University, Erven J.Long, 
director of the Office of Research and University Relations, 
AID, said, "I see the universities' potential role as of enor
moas significance; as having greater significance to the fu
ture of international relations of this country than any other 
institution, public or private-save only one! That one ex
ception of still greater importance is our system of constitu
tional government with its supporting system of periodi
cally recurring free elections." 

The experiences in Asia and Latin America have demon
strated that the land-grant universities in cooperation with 
local institutions can make significant improvements in the 
agricultural sector of developing countries. The challenge is 
to adapt this experience in working effectively with the di
verse developing African nations. Several of these nations 
are faced with severe agroecological problems, eroding 
natural resource bases, and declining per capita food pro
duction. In addition the cultural, social, economic, politi
cal, and communication systems are significantly different 
from that of the United States, Asia, and Latin America and 
differ markedly among African nations. 

For U.S. agricultural professionals to work effectively 
in Africa they must have a working knowledge of the local 
language. Our universities should orient their social and 
political science curricula to global topics and expand their 
language training capability. Consideration should be given 
to includino g a foreign language requirement ill our under
graduate agricultural curricula. In tile area of economics, 
more research and training is needed in international trade, 
marketing and monetary policy. Our graduates must be pre
pared to function in an increasingly interdependent world. 
They should be taught systems approaches to problem solv
ing in agriculture and be prepared for the interaction be
tween agriculture and the social processes, with all of the 
humanistic implications. 

Development projects must be collaborative and long 
term. The donor countries should coordinate their efforts 
among themselves and with the developl,,g countries. This 
would improve priority setting, reduce unnecessary du
plication, and provide adequate resources to tackle pressing 
problems. An example of a multidonor collaboration model 
is the Cooperation for l)evelopment ii Africa (CDA). Co
operation for Development in Africa is an informal associa
tion of donor countries consisting of Belgium, Canada. the 
Federal Republic of Germany, France, Italy, the United 
Kingdom, an( tile United States. 

The idea for CI)A originated in France, where it was 
noted that certain economic problems could not be solved 
by one donor country alone, but needed to be coordinated 
to prevent duplication an(d overlapping anong donors. It 
was also noted that Africans themselves have formed Af'eica
wide institutions to foster development. These institutions 
include: the Organization of African Unity Scientific, Tech
nical and Research Commission (OAU/STRC), the African 
Development Bank (AFI)13), the Association for the Ad
vancenient of Agricultural Sciences in Africa (AAASA), 
and the Southern Africa Develoment Coordination Confer
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ence (SADCC). The CDA donor countries found it useful to Rico Agricultural Experiment Station and Cooperative Ex
join African groups to work on sectors considered critical to tension Service have proposed the establishment, at their 
development in Africa. station in Mayagaez, of a staging area and support program 

The CDA fratiework for developing agricultural research Ior any and all agricultural research and extension program,,
initiatives is very broad. It permits a br;oad scope of activi- that might be targeted to assist the Spanish-speaking nations 
ties and is designed to accommodlate a wide range of donor around the Caribbean. The emphasis is on nations at the 
and recipient country funding and administtative styles and west end of the Caribbean. The Utiversity of Puerto Rico 
procetures. The CDA Ad Ifoc Technical Committee on Ag- would provide translators, individtals witil background on 
ricultural Research serves in an advisory and consultation specilic agricultural commodities and technologies cur
capacity to ensure that individual Ictivities a': initiated by rently used iti various areas of tIle Caribbean, knowledge
CDA members in concert with African governments and re- o1' tile individuals who are holding positions of authorit) in 
gional entities. Cl)A-supported initiati\'s within any given tile Spanish-speaking Caribbean nations, and test plots on 
ecological zone or country would aim to strengthen and Piterto Rico that could be used for preliminary work since 
corn pleIme nt current resear ch activities. In cisultation tile island contains alImniost all of. the varied cnviromentl 
with African organizlations, CI)A donor-Sulpported activi- an,.l soil conditions found in the western Caribbean. 
ties would be based oii aill alnalvsis of the research prograns The Same concept has been dcvelopcd bv the Virgin Is
as related to agricultural prductivity. lands Experiment Station. etliphasizing tile eastern Carib-

It will be necessary for us to find new and creative wavys bean nat ions thlt are principally Finglish speaking. The Vir
to work together as the science of ll'ricnItiire becoImesiMore gilt Islands progaill is already ill its initial stages. The idea 
complex. Witli tile great visibility given at this tillie in the in each case is I' r tile land-grant system to use these Calrib-
United States to tile new technologics broadly labeled "bi o- bean Stations as conduits arid flCilitators through which ag
technology," it is appro(pri ate to initiate discunssions Ola al ricituralI resea rch and extension tccliques and develop
international basis. [e develIo ping Co ltries stand all ts be applied in Sulport ol tie Caribbean BasiniiiCeitS Calt 
untapped source of germ p nlas,a geiietic pool which could Initiative. A similar approach is being discussed alnong
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RECOMMENDATIONS OF THE CONFERENCE
 

Conference participants took part in the Nominal Group 
Technique (NGT) process to determine recomrnendations to 
resolve critical issues of water supply, water management, 
water and energy, technology, waier salinity, and integrated 
ecosystems management. Conference participants were 
asked to respond to the question: "What are tile most sig-
nificant issus in (insert group name) thll Must bc resolved 
over the next decade to help alleviate world hunger?" Their 
responses are grouped by subject category and listed in pri-
ority ranking. 

VA'IR SUPPLY 

i. Conduct research on atmospneric/occanic interrelation-
ships to obtain a better understanding of' climatic paterns 
and their changes and weather modification, especially with 
regard to precipitation. 

2. Apply soil/watcr conservation techniques in water-
sheds which enhance on-site water-use cfficiency and down-
stream water quality and quantity.

3. Make provision for sustainable and prioritized use of 
surface and groundwvater to meet the needs of people, crops, 
livestock, and indu stry, and to balance food and economic 
needs against environmental concerns, 

4. Evaluate aid (Ilanltify aquifers and regulate ground-
water withdrawals foi' priority food crops and urban uses. 

5. Develop flexible agriculture productio, systems which 
can withstand extended, recurrent drolghts. 

6. Cinduct research to optimize the use of water and 
land resources in the production of ::rops, livestock, and 
wildlife. 

WAT R SA ,1N IlY 

i. Develop drainage on exi.sting and future irrigation 
projects. 

2. Improve water-use efficiency. 
3. Educate farmers concerning cff'cts of soil salinity, 

recognition of its symptoms, and changes that can be made 
in cropping systems wliei salinity problems oc:ur. 

4. Prevent salinity problems through improved water 
management and distribution systems. 

5. Improve water distribution systems and delivery sys-
tems to reducec excess irrigation application. 

6. Grow crop species, develop new varieties, or use 
natural vegetation tolerant to salinity as conditions permit 
to utilize saline waters effectively, 

WATER MANA;EMENT 

I. Develop national policies for water and agriculture. 
2. Improve water niragement of existing irrigation 

systems. 
3. Increase incentives to farmers to manage water more 

effectively. 
4. Provide training in irrigation management. 

5. Use fairm inputs and services more effectively in 
existing systems. 

INTEGRATE) ECOSYSTEMS 
i. Preserve natural resource,; (water, plants, and soil) 

and encourage their optimal use in the context of existing 
agricultural, ecological, and social conditions. 

2. Develop government policies to achieve equilibrium 
between population and suppolt areas. 

3. Create more understanding of the causes of failure of 
crop plants to yield their genetic potential given water avail
ability and quality. 

4. Consider all alternative sources of water, including 
ocean water. 

5. Improve integrated ecosystems management within 
targeted corllnluinities through multidisciplinary research 
and extcnsion using local institutions and personnel with 
priority on farmer inputs. 

WATER AN!) ENERGY 
i. Select or develop alternative energy sources with par. 

ticular elmph asi,. on small ('2 to 3 lip) systeis to replace or 
supplement conventional energy resources in agriculture tc 
exploit site-specific energy resources. 

2. Dcvelop national policies to remove energy con
straints to irrigation developnCt and to providL incentives 
to farmers. 

3. Involve local people in water and energy development. 
4. Establish information exchange, voc,tional educa

tion , and demonstrations for local people to improve tech
nical skills in cost-effective water and resource management. 

5. Install transportation infrastructure for getting re
sources to and from markets on a timely basis. 

TECIIN)I O(;Y 
i . )evelop appropriate agroteclinology and management 

systems for higher arnd more stable yields in dryland and 
rainfed agriculture. 

2. Improve existing irrigation systems to increase pro
ductivity ard eff'icieicy within existing social and cultural 
contexts. 

3. Provide pracical and rclevant education and training 
to users of technology. 

4. )cye h,'P appropriate incentives for adoption of' water 
efficicncy measures by f' mers. 

5. Integrate technologies--planting, tillage, harvesting,
water management, pesticide control, crop selection, and 
climate. We must altack tfe problem with a system rather 
than one technology in order to be successful. 

6. Develop technology to prevent mid alleviate water
logging and land productivity degradation within irrigated 
areas. 
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