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ABSTRACT: This paper describes the crucial importance of irrigated agriculture to developing countries and 
to the world as a whole. This is followed by a summary of key problems that restrict and diminish the benefits 
of irrigated agriculture. Solution of these problems will above all require a holistic approach and will require 
changes in the institutions involved. These institutions include those of the developing countries, of the developed 
countries that provide aid, and of the international financing and technical-assistance agencies. Engineers in the 
developed countries have had, and will continue to have, a leading role but will need some redirection. ASCE 
could provide valuable assistance in this redirection. 

INTRODUCTION 

The term "developing countries" is interchangeable with 
"lesser developed countries," also referred to as LDCs. In 
1995, when the countries of the world numbered 133, the 
World Bank placed them into four categories according to 
Gross National Product (GNP) per capita. In 1995 these were: 
low, $80 to $750; lower middle, $760 to $3,020; upper middle, 
$3,050 to $9,500; and high, over $9,500 (World 1997). (The 
GNP per capita of the U.S. in 1995 was $26,980.) If devel­
oping countries are designated as those in the two lowest cat­
egories, in 1995 there were 90 such countries, with GNP rang­
ing from about $80 to $3,020, and their population was about 
4.8 billion, or 84% of the world population of 5.7 billion. 

In most of these countries, an adequate diet-and therefore 
expanded food production-is a pressing objective; irrigation 
and drainage (l&D) are keys to meeting this objective. There 
are fundamental differences between I&D in the developing 
countries and I&D in the developed countries-a fact that the 
professional planners concerned need to understand if they ex­
pect to participate effectively in this growing and increasingly 
crucial field, namely, the improvement of irrigated agriculture 
in developing countries. 

WORLD POPULATION AND AGRICULTURAL 
PRODUCTION 

From Fig. 1 note the doubling of the world's population 
between now and 2050. Almost all of this increase will be in 
the developing countries. Feeding this population will become 
increasingly difficult because limits on food production are 
being approached in many of these countries. 

Leading authorities-among them, Brown (1998), Falken­
mark and Widstrand (1992), Postel (1996), and "Food" 
(1996)-have described probable future trends with respect to 
the demand and supply of food. Their general consensus is 
that there is no immediate threat of a global food shortage, but 
that it is urgent to institute planning to avoid shortages in 
several key regions, all of which are in the developing coun­
tries. These include India, Pakistan, China, Mexico, Brazil, the 
Middle East and North Africa, and much of Sub-Saharan 
Africa. 
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The concerns of the consensus, which appear to the writers 
to be well founded, may be summarized as follows: 

• Population increases plus the desire for improved diets 
(more livestock products) will greatly raise the global de­
mand for grains. A case in point is China, whose grain 
production is presently reaching limits and is expected to 
decline substantially in the coming decades (Fig. 2). Con­
currently, China's consumption of grain is likely to almost 
double in the next 40 years as the population rises and as 
people demand higher living standards including more 
meat, much of it derived from grain. (World consumption 
of meat increased from 44 million metric tons in 1950 to 
200 million metric tons in 1995.) According to one fore­
caster (Brown 1995), China's shortfall in grain may reach 
210 million tons by 2010 and 420 million tons by 2030; 
other analysts (Huang et al. 1997) are hopeful that China's 
grain imports may not reach quite that high. Similar short­
falls are likely for India. 

• The global output of grain rose greatly during the 1960s 
and 1970s, but there has been little or no rise since 1990. 
World grain prices soared in 1995 and may double by 
2010 according to the Japanese Ministry of Agriculture 
(Brown 1997). 

• Trends	 in recent decades have been unfavorable with re­
spect to world grain production. There has been a drop in 
grainland per person, caused by growing urbanization and 
deterioration of agricultural land, and a decrease since 
1990 in fertilizer use, the latter due to the fact that the 
increased yield due to its application has become too 
small to be profitable (Fig. 3). 

• Production from ocean fisheries has reached natural lim­
its. Curtailment is being practiced now through interna­
tional agreement in order to prevent deterioration and to 
preserve, at least, the natural limits of fish production. 
There is scope for expansion of aquaculture, which, how­
ever, requires scarce and costly grain. 

• Water scarcity	 is having a negative effect on agricultural 
output. Overpumping of several major aquifers is occur­
ring, among them those of the Punjab of India and Pak­
istan, North China, Northwest Mexico, and the Ogallala 
in the United States. The rapid urbanization taking place 
in most developing countries will increase competition for 
scarce water and thereby further reduce its availability for 
agriculture. 

• Many irrigation projects are performing poorly with re­
spect to water distribution. 

• Other water-related negative effects are being caused by 
salinization, pollution, soil erosion, and flooding. 

• Other than water, serious impediments to agricultural pro­
duction in the developing countries are resulting from 
fragmentation of landholdings, poor land management, 
and bad macroeconomic policies with respect to land ten­
ure, land taxation, subsidies, and export and import taxes. 
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FIG. 1. World Population (‘‘Feeding’’ 1994) 

FIG. 2. Grain in China: Production, Consumption, and Short­
fall [Source: U.S. Department of Agriculture, Census Bureau 
(Brown 1995)] 

FIG. 3. World Fertilizer Use and Grainland Per Person 
[Source: U.S. Department of Agriculture, Food and Agricultural 
Organization of the United Nations (Brown 1995)] 

CRUCIAL IMPORTANCE OF IRRIGATED 
AGRICULTURE 

Arable land on the planet, totaling about 1.5 billion ha, is 
almost fully utilized. The one-sixth that is in the irrigated sec­
tor, about 250 million ha, will have to be the main supplier of 
the increased demand, but its output will have to be greatly 
increased. That means squeezing more crop yield from the 
available water. 

Except for the miniscule amount of fresh water derived from 
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FIG. 4. Irrigated Land Areas in the World in Millions of Hec­
tares 

the seas through desalination, the volume of fresh water avail­
able for human use equals the runoff on the land from natural 
rainfall. Hydrologists have made a sufficiently reliable esti­
mate of the average annual global rainfall and of the runoff 
on land, termed renewable fresh water supply on land 
(RFWSLAND), estimated at 40,000 km3 annually. Much land, as 
in the Amazon rainforest, is inaccessible. Hydrologists have 
estimated the accessible runoff (AR) to be about 12,500 km3. 
Of the latter, humanity now uses 54% (Postel et al. 1996). 

In examining the question of available water, one must of 
course consider not only the global but also the regional 
amounts, bearing in mind that water can only in exceptional 
cases be transported economically more than a few hundred 
kilometers. The key regions mentioned earlier as being subject 
to risk of food shortage are also those with growing water 
shortages. These regions will need detailed studies by hydrol­
ogists for determination of the available water in each case. 
Concurrently, economic studies will be needed to ascertain, in 
each case: (1) To what extent can crops presently grown be 
replaced by low-water-demand and/or higher-value crops? and 
(2) how much food, especially grain, should be imported? 

Storage of flood runoff, aimed at increasing the AR, is al­
ready widely practiced. The development of additional storage 
by means of dams is not promising since the best sites have 
already been developed. The only practical alternative is to 
make better use of the AR through conservation (which in­
cludes reduction of per capita domestic use), reduction of 
losses caused by pollution, and increase of efficiency of irri­
gation, which is by far the biggest water user. 

Fig. 4 shows where the 250 million ha of irrigated land in 
the world are located. Two-thirds of all irrigated land is in the 
developing countries, of which three-fourths is in Asia, where, 
unfortunately, significant reduction of cropland, including ir­
rigated cropland, is taking place due to urbanization and en­
vironmental damage. 

There is some scope for expansion of I&D in South and 
Central America, Mexico, and Sub-Saharan Africa, primarily 
in tropical-humid zones. Owing to their wetness, such zones 
must first be drained. Irrigation can come later, as a supple­
ment. Drainage must, however, be carried out with caution so 
as to reconcile the conflicting demands of agriculture, urban 
development, transport, and ecosystems. The complications in­
volved are well illustrated by two widely publicized cases: the 
Everglades in Florida and the Pantanal in Brazil and Bolivia 
(Wade et al. 1994). 

INCREASING OUTPUT OF IRRIGATED AGRICULTURE 

At a workshop organized by the World Bank, leading irri­
gation experts from the developing countries gave comments 
on key topics as follows (‘‘Country’’ 1992): 

• Water	 losses. In Ethiopia, water losses in some areas 
reach 40%. In Jordan, the water system experiences heavy 



water losses. In Sudan, the irrigation system is deterio­
rating. In Mexico, irrigation efficiencies decreased from 
65% in 1988 to 40% in 1990. In Egypt, average convey­
ance losses between the irrigation outlets and the fields 
are 11%, and those between the outlets and the main canal 
intakes are 25%. Although it is not clear from these ex­
perts’ comments whether water losses could be recovered 
in downstream areas, from what is known with respect to 
the configuration of the areas in question, it is not be­
lieved that such recovery would be significant, except in 
the case of Egypt. 

• Growing salinity.	 In Iraq, land lost or impaired by salinity 
is from 20 to 68%. In China, in the Yellow River Valley 
more than three-quarters of the irrigated land has become 
saline. 

• Nonpayment	 of water charges. In Egypt, no water 
charges are collected from farmers, as this is against Is­
lamic precepts. However, in connection with recent phys­
ical as well as institutional improvements now under way 
(pipelines, downstream control on canals, and formation 
of water user associations), some charges are now being 
introduced to help pay for the improvements. In Turkey, 
as agricultural water is heavily subsidized, water-use ef­
ficiency suffers. In Thailand, there are laws concerning 
water charges, but they are not enforced owing to frequent 
changes in government and lack of political will. In Pak­
istan, cost recoveries are too meager to cover even the 
usual O&M expenses, which results in progressive dete­
rioration of supply systems. Another Pakistani expert, S. 
S. Kirmani (he was recipient of ASCE’s prestigious Tip­
ton Award in 1988, had directed the mammoth Indus Ba­
sin Project in Pakistan and later became a high-level of­
ficial of the World Bank) summarized the current food 
situation in Pakistan as follows: ‘‘Though agricultural pro­
duction in Pakistan increased dramatically in the Green 
Revolution years of the sixties, the country was unable to 
sustain growth and is currently struggling to achieve self-
sufficiency in food. Edible imports are skyrocketing . . . 
Pakistan and Thailand are the only two countries in Asia 
that could export food on a sustainable basis . . . but stud­
ies emphasize that realizing this potential lies in improv­
ing current water and farm management practices, and 
agricultural inputs and services.’’ 

• Poor interagency coordination. In Sudan, coordination is 
poor between two key agencies: one that manages the 
major canals and secondary canals, and the other that 
manages tertiary and smaller canals. In Senegal, efforts to 
reclaim the Senegal River valley have not succeeded ow­
ing to lack of central authority at the regional level and 
excessive, uncoordinated intervention at the national 
level. 

• Neglect of high-value crops. In Egypt, about 30% of the 
irrigation supply goes to rice and sugar cane. Although 
profitable to the farmer who gets free water, these crops 
are too expensive from a social perspective. In Sudan, the 
country’s self-sufficiency policy leads to mismanagement 
of water and its use for low-value crops. 

• Neglect	 of pilot projects. In Egypt, urgent steps are 
needed to establish pilot projects on the use of treated 
wastewater. 

A former president of the International Commission for Ir­
rigation and Drainage (ICID), John Hennessy, in a keynote 
address in 1992 said: ‘‘Irrigation schemes in many parts of the 
world are known to be performing well below their full po­
tential. . . .  [There is now] wide recognition that deficiencies 
in management and related institutional problems, rather than 
the technology of irrigation, were the chief constrainst of poor 
performance of irrigation systems.’’ 
The question of appropriate technology, an important one 
for the developing countries, has aroused controversy in recent 
decades. Some practitioners, as in a publication authored by 
three World Bank staff members (Plusquellec et al. 1994), fa­
vor rapid modernization using up-to-date, sophisticated tech­
nology. Others, including the writers, prefer technology that is 
not oversophisticated, with greater emphasis given to elimi­
nating deficiencies in management and related institutional 
problems. Caution needs to be exercised in introducing high 
technology—a view shared by another World Bank staff 
member (Van Tuijl 1993) and by three experts from Israel 
(Ben-Meir 1989; Melamed 1989; Sne 1989), where the level 
of sophistication is among the highest in the world. The use 
of high technology has proved disappointing in many devel­
oping countries; concurrently, the realization has grown that 
correcting deficiencies in management and related institutional 
problems has become urgent. This view was expressed in a 
recent review of literature dealing with water user associations 
(‘‘User’’ 1997). 

SOME CASES 

The situations in several countries, with which the writers 
are familiar, are described in the following paragraphs. Space 
does not allow further descriptions from other countries. One 
of the writers has described some additional cases in two ear­
lier papers (Kirpich 1987, 1993); he is presently writing a book 
that describes 30 cases in 25 developing countries. 

Bangladesh 

The case of Bangladesh illustrates a frequently occurring 
situation wherein low-level technology may have advantages 
and where cooperation among government agencies is essen­
tial. Bangladesh has an area about equal to the state of Illinois 
but with 10 times the population. The annual monsoon flood­
ing followed by a six to seven month dry season make water 
control a vital matter. 

Efforts to date to deal with the cycle of annual flooding 
followed by drought have given only limited favorable results. 
The Bangladesh Water Development Board (BWD) has opted 
for large-scale works (major canals, embankments, and pump­
ing stations) when small-scale works (shallow tubewells and 
portable, low-lift pumps) are more appropriate at least in the 
initial stage of development and probably in the long range as 
well. Yet innumerable foreign consultants have supported the 
monumentalism of the BWD, causing considerable waste of 
time and money. Fortunately, the Bangladesh Agricultural De­
velopment Corporation, a rival agency, has carried through a 
nationwide small-scale program for shallow wells and low-lift 
pumps sited on perennial rivers. This type of development is 
now reaching a natural limit and will have to be supplemented 
by some large-scale works, but these should be planned and 
implemented through joint efforts of the two lead agencies. 

The cooperation of local civil authorities is also of great 
importance, particularly considering that the average landhold­
ing in most of Bangladesh is only about 1 ha! The objective 
of such cooperation should be to secure participation of the 
local farmers in the following key tasks: 

1. Planning of the irrigation distribution system, including 
the location of gated outlets serving a group of farmers. 
Owing to the small holdings, gated outlets have to serve 
a group of as many as 20 farmers. Local people often 
have good practical suggestions concerning the locations, 
not only of the gated outlets, but also of the minor canals 
that serve the gated outlets. 

2. Setting procedures for operating and maintaining the 
farm ditches below the gated outlets. 



3. Arrangements for	 local farmers to provide labor for 
O&M of the minor canals and the gated outlets. 

4. Establishment of water user associations that can coop­
erate with agencies and local banks for agricultural ex­
tension, agricultural credit, and marketing of production. 

To accomplish these tasks, a program is needed whereby 
leaders from among the local farmers can be chosen and 
trained. Efforts for formulation of such a program have been 
under way for several years with assistance from (mainly for­
eign) nongovernmental organizations. 

Mali 

A project of the United Nations Development Programme 
and United Nations International Children’s Emergency Fund 
in Mali illustrates the essentiality of local responsibility, par­
ticularly when low-level technology is involved. Mali is in the 
Sahel, a semiarid belt crossing Africa south of the Sahara. The 
project has assisted villages in obtaining a safe water supply 
by means of drilled wells equipped with hand pumps. Villagers 
soon realized that despite back-breaking handcarry (mainly by 
women), they could irrigate small garden plots to grow crops, 
mainly for sale in local markets but also to supplement their 
meager diet. In reviewing the project on behalf of the United 
Nations, one of the writers spoke at length with the villagers 
to learn of their problems and preferences. Taking into account 
available information on ground water, he suggested that the 
hand pumps be replaced by small diesel or kerosene-driven 
pumps, which would considerably increase the extent of irri­
gation while eliminating the back-breaking and time-consum­
ing hauling of water. Village leaders would have to take the 
responsibility to see that maintenance of the pumps gets done 
in time. A cadre of mechanics would be trained to take care 
of other-than-routine maintenance, which could eventually be 
privatized. 

Mexico 

Mexico illustrates how land-tenure practices can impede use 
of land for intensive, irrigated agriculture. As a neighbor, co­
member of NAFTA, and beneficiary of loan guarantees, Mex­
ico is of primary interest to the United States. In the early 
1970s, with assistance from the World Bank and the United 
Nations Development Programme, Mexico established an en­
tity under its Ministry of Agriculture and Water Resources en­
titled Plan Nacional Hidraulico (National Water Plan). A Na­
tional Water Plan report was issued in 1975 and updated in 
the years following. This was the first time, as far as the writ­
ers know, that a national water plan was prepared by any Latin 
American country. 

The plan, among its conclusions, brought out that further 
expansion of the irrigation of semiarid land, as in the Pacific 
Coast and the Central Plateau, may not be feasible owing to 
limited water resources or high cost. On the other hand, since, 
under NAFTA, the U.S. market for Mexican vegetables and 
fruit should be virtually unlimited, much of Mexican irrigation 
now devoted to grains (corn, wheat, and rice) could be prof­
itably shifted to high-value vegetables and fruits, and there 
could be a case for further expansion of irrigation in arid-zone 
lands. 

The plan also brought out that the tropical-humid Gulf 
Coast is greatly underutilized, with generally good soils and 
ample rainfall usually exceeding 1,500 mm annually. The first 
need would be for drainage, sometimes with and sometimes 
without flood control. Underdevelopment of the Gulf Coast 
has been mainly due to the prevailing landholding pattern. 
Ranch owners are enabled by Mexican law to use the land at 
low carrying capacity per animal. The ranch owners, who exert 
much political influence, are opposed to government water-
control projects since, under the law, landholdings in such 
projects cannot exceed 10 or 20 ha. 

INTERNATIONAL WATER CONFLICTS 

The leading ongoing and potentially crucial water conflict 
is that of the Middle East, about which numerous technical 
conferences have taken place and papers and books written. A 
good example of the latter is the book containing papers by 
27 leading experts, convened in Cairo, Egypt, in February 
1993 (Biswas 1994). From these writings and from personal 
experience in the region, the authors consider that serious wa­
ter conflicts such as that in the Middle East are more of a 
political than a technical nature. 

While technical studies and conferences should by all means 
be continued, little progress in arriving at solutions can be 
expected in the absence of significant progress in negotiations 
over the issues among the sovereign nations involved, with the 
participation of important world political leaders. 

SOME STEPS FOR IMPROVEMENT 

From this rather dismal picture, it seems evident that pro­
gress in dealing with irrigated agriculture, especially in the 
developing countries, requires leadership at both national and 
local levels, a view shared by other observers (Grigg 1996). 
In the developing countries, the heads of the agencies con­
cerned are usually engineers, but they often lack adequate 
knowledge of critically important nontechnical factors such as 
the social structure of the peasant farmers to be benefited, ec­
onomic constraints at local and national levels, and environ­
mental issues. A holistic approach considering all these factors 
is essential. That doesn’t mean that all problems have to be 
solved at once, only that they must be considered concurrently. 

Many practicioners have long advocated award of a profes­
sional degree in engineering only after five, not four, years of 
university education (Pletta 1989). The additional year would 
allow time for education in the humanities, which would 
help develop in engineers the outlook needed to deal— 
holistically—with the multiplicity of issues involved with ir­
rigation in developing countries. 

Besides a broader education, engineers need to keep up with 
the literature. This is indeed a problem, considering the vol­
ume of written material produced by a large number of organ­
izations. To help solve this problem, some sort of abstracting 
service is needed that can select and digest significant litera­
ture. 

Engineers and other experts are eager, as always, to give 
effective advice to the developing countries on how they can 
improve performance and output of their irrigated agriculture. 
However, to do so they must understand—better than in the 
past—that the social and economic characteristics in the de­
veloped countries are markedly different from those in the de­
veloped countries. From Table 1, which summarizes these 
characteristics, it is self-evident that planning and implemen­
tation in the two groups of countries have to be markedly 
different. For example, technological innovations like drip ir­
rigation may not be practicable since, in most situations, farm-

TABLE 1. Population: Some Social and Economic Factors 

Developing Developed 
Factor countries countries 

(1) (2) (3) 

Gross domestic product per capita $100– $2,000 $7,000– $28,000 
Population in agriculture 55–75% 10–40% 
Literacy 21–70% 95 –100% 
Rural landholding Typically 1 ha Typically 20 ha 
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FIG. 5. Organizations Concerned with Irrigation and Drainage in Developing Countries 
ers cannot afford to take even small risks and since markets 
for high-value vegetable and tree crops—best suited for drip 
irrigation—are often limited. 

For the large-scale projects, national policies concerning 
land tenure, export taxes, or other matters may require adjust­
ment before success can be assured. 

FUNDING AGENCIES AND THEIR ROLE 

The national and international technical-assistance and fi­
nancing agencies, including ASCE (Fig. 5) have important 
roles. Those that participate in the financing of construction, 
and sometimes of implementation, are the ones that have the 
greatest influence. Among these, the World Bank is at the top 
of the list, but the other international banks also have an im­
portant role in terms of volume of lending, especially the Asian 
Development Bank and the InterAmerican Development Bank. 

These banks have at times been criticized by environmen­
talists for alleged damage to the environment or for social 
costs resulting from forced resettlement of people, both caused 
by projects that they helped finance (Frederiksen 1996). Some 
of the developing countries also resent what they consider the 
disproportionate voting rights of the wealthy countries on the 
boards of direction of these banks. 

Other criticisms have concerned the effectiveness of these 
agencies in promoting the efficiency of irrigation. (‘‘Effi­
ciency’’ in this context has to be defined broadly and not be 
limited to water distribution; rather it should be taken to in­
clude economic output, the equity of its distribution, and its 
sustainability) (Brookshire and Whittington 1993; Easter 1993; 
Howe and Dixon 1993; Ostrom 1993; Roger et al. 1993). 

An important tool available to the international banks is the 
use of covenants. These are agreements attached to loan doc­
uments whereby a borrower agrees, as a condition of a loan, 
to correct prevailing faults such as those already described. 
Many feel, as do the writers, that the covenants, although usu­
ally well prepared, have not received sufficient follow-up by 
the banks. 

With respect to international water conflicts like that of the 
Middle East, while as previously noted these are greatly af­
fected by political considerations, the international banks and 
technical-assistance agencies can be faulted for failure to take 
the initiative to alert world political leaders regarding the many 
ramifications of these conflicts and the need to foster negoti­
ations among the contending parties. The banks could further 
point out that once sufficient progress has been achieved in 
the negotiations, they would be in a position to finance a major 
portion of the investments required. 

Still another criticism is that the banks have been too se­
cretive in withholding internal papers and discussions con­
cerning these important issues. 

The international banks have been undergoing changes to 
take cognizance of these criticisms. In any case, the role of 
the international banks with respect to the developing coun­
tries continues to be of primary importance. 

ROLE OF ASCE  

ASCE does have a role to play in all this. First, ASCE 
should lend its weight toward improving the education of en­
gineers, and through selection and abstraction of literature 
dealing with I&D in developing countries. 

Second, ASCE should find ways to achieve effective liaison 
with the national and international agencies providing techni­
cal assistance and financing. The aims should be to achieve 
better coordination and avoidance of duplication and—more 
importantly—to exert pressure to carry out reforms and 
changes, which, although often politically painful, are essential 
for progress. 
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